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Standard Model 
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beyond the 
Standard 

Model 
 

How do experiments support a wide array of measurements and searches? 
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TRIGGER PHILOSOPHY? 

Standard 
Model 

Measureme
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How do experiments support a wide array of measurements and searches? 

Higgs Physics 
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WE THROW OUT THE VAST MAJORITY OF 
OUR DATA . . . 

protons 

protons 

Bunches of protons pass through each other every 25 (50) ns, 
for 40,000,000 possible opportunities to store data every second 

but only O(1000) can be kept for analysis 

Trigger 
40 MHz 

800 Hz 
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AND PEOPLE ARE PRETTY CREATIVE! 

tau 

polarization 
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HOW TO BALANCE COMPETING NEEDS? 

top quarks 

W properties 

Z bosons 

SUSY 

Hidden Valley 

Technicolor 

gravitons 

black holes 

Z’, W’ 

Higgs 
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TRIGGER 

ATLAS: 3 Levels CMS: 2 Levels 
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¡  Physics-object based 
§  electrons, muons, jets, b-jets, taus,  
§  SUM ET, MET 

¡  Reject as early as possible, leaving more time for more 
complicated decisions 

¡  Need to be able to measure trigger efficiency 
§  back-up triggers required?  

¡  Result, ~500 distinct selections at the trigger level 

TRIGGER PHILOSOPHY 
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TRIGGER MENU JUGGLING: 
 ATLAS ORGANIZATION 

Physics Groups 
B Physics  

Top 
Standard Model 

Higgs 
SUSY 

Exotics 
Heavy Ions 

Monte Carlo 

Combined Performance 
e/gamma 

Flavour tagging 
Jet/MET 

Tau 
Muon 

Inner Tracking 
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Magnetic monopoles (DY prod.) : highly ionizing tracks
Multi-charged particles (DY prod.) : highly ionizing tracks

jjmColor octet scalar : dijet resonance, ll
m), µµll)=1) : SS ee (A

L
±± (DY prod., BR(HL

±±H Zlm (type III seesaw) : Z-l resonance, ±Heavy lepton N
Major. neutr. (LRSM, no mixing) : 2-lep + jets

WZ
mll), iTechni-hadrons (LSTC) : WZ resonance (l

µµee/mTechni-hadrons (LSTC) : dilepton, 
al

m resonance, aExcited leptons : l- WtmExcited b quark : W-t resonance, 
jjmExcited quarks : dijet resonance, jeta

m-jet resonance, aExcited quarks : 
qilmVector-like quark : CC, 

 Ht+XAVector-like quark : TT
,missT

E SS dilepton + jets + A4th generation : b’b’ 
 WbWbA generation : t’t’th4

jjiojj, oo=1) : kin. vars. in `Scalar LQ pair (
jjiµjj, µµ=1) : kin. vars. in `Scalar LQ pair (
jji=1) : kin. vars. in eejj, e`Scalar LQ pair (
tb

m tb, LRSM) : A (RW’
tqm=1) : 

R
 tq, gAW’ (

µT,e/mW’ (SSM) : tt
m l+jets, A tZ’ (leptophobic topcolor) : t

oomZ’ (SSM) : 
µµee/mZ’ (SSM) : 

,missTEuutt CI : SS dilepton + jets + ll
m, µµqqll CI : ee & 

)
jj

m(rqqqq contact interaction : 
)jjm(

r
Quantum black hole : dijet, F T

pY=3) : leptons + jets, DM /THMADD BH (
ch. part.N=3) : SS dimuon, DM /THMADD BH ( tt

m l+jets, A t (BR=0.925) : tt tA
KK

RS g
lljjmBulk RS : ZZ resonance, 
ili,lTmRS1 : WW resonance, 
llmRS1 : dilepton, 
llm ED : dilepton, 2/Z1S

,missTEUED : diphoton + 
 / llaamLarge ED (ADD) : diphoton & dilepton, 

,missTELarge ED (ADD) : monophoton + 
,missTELarge ED (ADD) : monojet + 

mass862 GeV , 7 TeV [1207.6411]-1=2.0 fbL

mass (|q| = 4e)490 GeV , 7 TeV [1301.5272]-1=4.4 fbL

Scalar resonance mass1.86 TeV , 7 TeV [1210.1718]-1=4.8 fbL

)µµ mass (limit at 398 GeV for L
±±H409 GeV , 7 TeV [1210.5070]-1=4.7 fbL

| = 0)
o

| = 0.063, |V
µ

| = 0.055, |V
e

 mass (|V±N245 GeV , 8 TeV [ATLAS-CONF-2013-019]-1=5.8 fbL

) = 2 TeV)
R

(WmN mass (1.5 TeV , 7 TeV [1203.5420]-1=2.1 fbL

))
T

l(m) = 1.1 
T

(am, Wm) + T/(m) = 
T

l(m mass (
T

l920 GeV , 8 TeV [ATLAS-CONF-2013-015]-1=13.0 fbL

)
W

) = MT/(m) - Tt/
T

l(m mass (Tt/
T

l850 GeV , 7 TeV [1209.2535]-1=5.0 fbL

 = m(l*))Rl* mass (2.2 TeV , 8 TeV [ATLAS-CONF-2012-146]-1=13.0 fbL

b* mass (left-handed coupling)870 GeV , 7 TeV [1301.1583]-1=4.7 fbL

q* mass3.84 TeV , 8 TeV [ATLAS-CONF-2012-148]-1=13.0 fbL

q* mass2.46 TeV , 7 TeV [1112.3580]-1=2.1 fbL

)Q/mi = qQgVLQ mass (charge -1/3, coupling 1.12 TeV , 7 TeV [ATLAS-CONF-2012-137]-1=4.6 fbL

T mass (isospin doublet)790 GeV , 8 TeV [ATLAS-CONF-2013-018]-1=14.3 fbL

b’ mass720 GeV , 8 TeV [ATLAS-CONF-2013-051]-1=14.3 fbL

t’ mass656 GeV , 7 TeV [1210.5468]-1=4.7 fbL

 gen. LQ massrd3534 GeV , 7 TeV [1303.0526]-1=4.7 fbL

 gen. LQ massnd2685 GeV , 7 TeV [1203.3172]-1=1.0 fbL

 gen. LQ massst1660 GeV , 7 TeV [1112.4828]-1=1.0 fbL

W’ mass1.84 TeV , 8 TeV [ATLAS-CONF-2013-050]-1=14.3 fbL

W’ mass430 GeV , 7 TeV [1209.6593]-1=4.7 fbL

W’ mass2.55 TeV , 7 TeV [1209.4446]-1=4.7 fbL

Z’ mass1.8 TeV , 8 TeV [ATLAS-CONF-2013-052]-1=14.3 fbL

Z’ mass1.4 TeV , 7 TeV [1210.6604]-1=4.7 fbL

Z’ mass2.86 TeV , 8 TeV [ATLAS-CONF-2013-017]-1=20 fbL

 (C=1)R3.3 TeV , 8 TeV [ATLAS-CONF-2013-051]-1=14.3 fbL

 (constructive int.)R13.9 TeV , 7 TeV [1211.1150]-1=5.0 fbL

R7.6 TeV , 7 TeV [1210.1718]-1=4.8 fbL

=6)b (DM4.11 TeV , 7 TeV [1210.1718]-1=4.7 fbL

=6)b (DM1.5 TeV , 7 TeV [1204.4646]-1=1.0 fbL

=6)b (DM1.25 TeV , 7 TeV [1111.0080]-1=1.3 fbL

 mass
KK

g2.07 TeV , 7 TeV [1305.2756]-1=4.7 fbL

 = 1.0)PlM/kGraviton mass (850 GeV , 8 TeV [ATLAS-CONF-2012-150]-1=7.2 fbL

 = 0.1)PlM/kGraviton mass (1.23 TeV , 7 TeV [1208.2880]-1=4.7 fbL

 = 0.1)PlM/kGraviton mass (2.47 TeV , 8 TeV [ATLAS-CONF-2013-017]-1=20 fbL

-1 ~ RKKM4.71 TeV , 7 TeV [1209.2535]-1=5.0 fbL

-1Compact. scale R1.40 TeV , 7 TeV [1209.0753]-1=4.8 fbL

=3, NLO)b (HLZ SM4.18 TeV , 7 TeV [1211.1150]-1=4.7 fbL

=2)b (DM1.93 TeV , 7 TeV [1209.4625]-1=4.6 fbL

=2)b (DM4.37 TeV , 7 TeV [1210.4491]-1=4.7 fbL

Only a selection of the available mass limits on new states or phenomena shown*

-1 = ( 1 - 20) fbLdt0
 = 7, 8 TeVs

ATLAS
Preliminary

ATLAS Exotics Searches* - 95% CL Lower Limits (Status: May 2013)

Note: the Exotics group has an “other” category… 
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Model a, o, µe, Jets miss
TE ]-1 [fbLdt0 Mass limit Reference

MSUGRA/CMSSM 0 2-6 jets Yes 20.3 )g~)=m(q~m( ATLAS-CONF-2013-047
MSUGRA/CMSSM µ1 e, 4 jets Yes 5.8 )g~)=m(q~m( ATLAS-CONF-2012-104
MSUGRA/CMSSM 0 7-10 jets Yes 20.3 )q~any m( ATLAS-CONF-2013-054

0  1r
¾qAq~, q~q~ 0 2-6 jets Yes 20.3 ) = 0 GeV0   1r

¾m( ATLAS-CONF-2013-047
0  1r

¾qqAg~, g~g~ 0 2-6 jets Yes 20.3 ) = 0 GeV0   1r
¾m( ATLAS-CONF-2013-047

)±  r
¾qqAg~ (±  r

¾Gluino med. µ1 e, 2-4 jets Yes 4.7 ))g~)+m(0  1r
¾) = 0.5(m(±

r
¾) < 200 GeV, m(0  1r

¾m( 1208.4688
0  1r

¾0  1r
¾qqqqll(ll)Ag~g~  (SS)µ2 e, 3 jets Yes 20.7 ) < 650 GeV0  1r

¾m( ATLAS-CONF-2013-007
 NLSP)l

~
GMSB ( µ2 e, 2-4 jets Yes 4.7  < 15`tan 1208.4688

 NLSP)l
~

GMSB ( o1-2 0-2 jets Yes 20.7  >18`tan ATLAS-CONF-2013-026
GGM (bino NLSP) a2 0 Yes 4.8 ) > 50 GeV0  1r

¾m( 1209.0753
GGM (wino NLSP) a + µ1 e, 0 Yes 4.8 ) > 50 GeV0  1r

¾m( ATLAS-CONF-2012-144
GGM (higgsino-bino NLSP) a 1 b Yes 4.8 ) > 220 GeV0  1r

¾m( 1211.1167
GGM (higgsino NLSP)  (Z)µ2 e, 0-3 jets Yes 5.8 ) > 200 GeVH

~
m( ATLAS-CONF-2012-152

Gravitino LSP 0 mono-jet Yes 10.5  eV-4) > 10G
~

m( ATLAS-CONF-2012-147

0  1r
¾bbAg~ 0 3 b Yes 12.8 ) < 200 GeV0  1r

¾m( ATLAS-CONF-2012-145
0  1r

¾ttAg~  (SS)µ2 e, 0-3 b No 20.7 ) < 500 GeV0  1r
¾m( ATLAS-CONF-2013-007

0  1r
¾ttAg~ 0 7-10 jets Yes 20.3 ) <200 GeV0  1r

¾m( ATLAS-CONF-2013-054
0  1r

¾ttAg~ 0 3 b Yes 12.8 ) < 200 GeV0  1r
¾m( ATLAS-CONF-2012-145

0  1r
¾bA1b

~
, 1b

~
1b

~
0 2 b Yes 20.1 ) < 100 GeV0  1r

¾m( ATLAS-CONF-2013-053
±  1r

¾tA1b
~

, 1b
~

1b
~

 (SS)µ2 e, 0-3 b Yes 20.7 )0  1r
¾) = 2 m(±  1r

¾m( ATLAS-CONF-2013-007
±  1r

¾bA1t
~

 (light), 1t
~
1t

~
µ1-2 e, 1-2 b Yes 4.7 ) = 55 GeV0  1r

¾m( 1208.4305, 1209.2102
0  1r

¾WbA1t
~

 (light), 1t
~
1t

~
µ2 e, 0-2 jets Yes 20.3 )±  1r

¾) << m(1t
~

) - m(W) - 50 GeV, m(1t
~

)  = m(0  1r
¾m( ATLAS-CONF-2013-048

±  1r
¾bA1t

~
 (medium), 1t

~
1t

~
µ2 e, 0-2 jets Yes 20.3 ) = 10 GeV±  1r

¾)-m(1t
~

) = 0 GeV, m(0  1r
¾m( ATLAS-CONF-2013-048

±  1r
¾bA1t

~
 (medium), 1t

~
1t

~
0 2 b Yes 20.1 ) = 5 GeV±  1r

¾)-m(±  1r
¾) < 200 GeV, m(0  1r

¾m( ATLAS-CONF-2013-053
0  1r

¾tA1t
~

 (heavy), 1t
~
1t

~
µ1 e, 1 b Yes 20.7 ) = 0 GeV0  1r

¾m( ATLAS-CONF-2013-037
0  1r

¾tA1t
~

 (heavy), 1t
~
1t

~
0 2 b Yes 20.5 ) = 0 GeV0  1r

¾m( ATLAS-CONF-2013-024
 (natural GMSB)1t

~
1t

~
 (Z)µ2 e, 1 b Yes 20.7 ) > 150 GeV0  1r

¾m( ATLAS-CONF-2013-025
+Z1t

~
A2t

~
, 2t

~
2t

~
 (Z)µ3 e, 1 b Yes 20.7 ) + 180 GeV0  1r

¾) = m(1t
~

m( ATLAS-CONF-2013-025

0  1r
¾lAl

~
, L,Rl

~
L,Rl

~
µ2 e, 0 Yes 20.3 ) = 0 GeV0  1r

¾m( ATLAS-CONF-2013-049
)i

¾(lil
~

A+  1r
¾, -   1r

¾+  1r
¾

µ2 e, 0 Yes 20.3 ))0  1r
¾) + m(±  1r

¾) = 0.5(m(i
¾,l

~
) = 0 GeV, m(0  1r

¾m( ATLAS-CONF-2013-049
)i

¾
o(io

¾
A+  1r

¾, -   1r
¾+  1r

¾
o2 0 Yes 20.7 ))0  1r

¾) + m(±  1r
¾) = 0.5(m(i

¾,o¾) = 0 GeV, m(0  1r
¾m( ATLAS-CONF-2013-028

)ii
¾l(Ll

~
i
¾), lii

¾l(Ll
~

iLl
~
 A 0  2r

¾±  1r
¾

µ3 e, 0 Yes 20.7 ))0  1r
¾) + m(±  1r

¾) = 0.5(m(i
¾,l

~
) = 0, m(0  1r

¾), m(0   2r
¾) = m(±  1r

¾m( ATLAS-CONF-2013-035
0  1r

¾ (*)Z  0  1r
¾(*) W  A 0  2r

¾±  1r
¾

µ3 e, 0 Yes 20.7 ) = 0, sleptons decoupled0  1r
¾), m(0   2r

¾) = m(±  1r
¾m( ATLAS-CONF-2013-035

±  1r
¾ prod., long-lived ±  1r

¾±  1r
¾Direct 0 1 jet Yes 4.7 ) < 10 ns±  1r

¾(o1 < 1210.2852
, R-hadronsg~Stable µ0-2 e, 0 Yes 4.7 1211.1597

`, low o
¾GMSB, stable µ2 e, 0 Yes 4.7  < 20`5 < tan 1211.1597

0  1r
¾,long-lived G

~
aA0  1r

¾GMSB, a2 0 Yes 4.7 ) < 2 ns0  1r
¾(o0.4 < 1304.6310

 (RPV)µ qqA 0  1r
¾

µ1 e, 0 Yes 4.4  decoupledg~ < 1 m, o1 mm < c 1210.7451

µe+Aoi
¾+X, oi

¾
ALFV pp µ2 e, 0 - 4.6 =0.05132h=0.10, ,

311h 1212.1272
o)+µe(Aoi

¾+X, oi
¾

ALFV pp o + µ1 e, 0 - 4.6 =0.051(2)33h=0.10, ,
311h 1212.1272

Bilinear RPV CMSSM µ1 e, 7 jets Yes 4.7  < 1 mmLSPo), cg~) = m(q~m( ATLAS-CONF-2012-140
eiµ,eµieeA0  1r

¾, 0  1r
¾WA+  1r

¾, -   1r
¾+  1r

¾
µ4 e, 0 Yes 20.7  > 0121h) > 300 GeV, 0  1r

¾m( ATLAS-CONF-2013-036
oio,eeiooA0  1r

¾, 0  1r
¾WA+  1r

¾, -   1r
¾+  1r

¾
o + µ3 e, 0 Yes 20.7  > 0133h) > 80 GeV, 0  1r

¾m( ATLAS-CONF-2013-036
 qqqA g~ 0 6 jets - 4.6 1210.4813

bsA1t
~

t, 1t
~

Ag~  (SS)µ2 e, 0-3 b Yes 20.7 ATLAS-CONF-2013-007

Scalar gluon 0 4 jets - 4.6 incl. limit from 1110.2693 1210.4826
)rWIMP interaction (D5, Dirac 0 mono-jet Yes 10.5 ) < 80 GeV, limit of < 687 GeV for D8rm( ATLAS-CONF-2012-147
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1.8 TeVg~, q~

1.24 TeVg~, q~

1.1 TeVg~

740 GeVq~

1.3 TeVg~

900 GeVg~

1.1 TeVg~

1.24 TeVg~

1.4 TeVg~

1.07 TeVg~

619 GeVg~

900 GeVg~

690 GeVg~

645 GeV scale1/2F  

1.24 TeVg~

900 GeVg~

1.14 TeVg~

1.15 TeVg~

100-630 GeV1b
~

430 GeV1b
~

167 GeV1t
~

220 GeV1t
~

150-440 GeV1t
~

150-580 GeV1t
~

200-610 GeV1t
~

320-660 GeV1t
~

500 GeV1t
~

520 GeV2t
~

85-315 GeVl
~

125-450 GeV±  1r
¾

180-330 GeV±  1r
¾

600 GeV0  2r
¾, ±  1r

¾

315 GeV0  2r
¾, ±  1r

¾

220 GeV±  1r
¾

985 GeVg~

300 GeVo
¾

230 GeV0  1r
¾

700 GeVq~

1.61 TeVoi
¾

1.1 TeVoi
¾

1.2 TeVg~, q~

760 GeV±  1r
¾

350 GeV±  1r
¾

666 GeVg~

880 GeVg~

100-287 GeVsgluon
704 GeVM* scale

Mass scale [TeV]
-110 1 = 7 TeVs

full data
 = 8 TeVs

 partial data
 = 8 TeVs

full data

ATLAS SUSY Searches* - 95% CL Lower Limits
Status: LHCP 2013

ATLAS Preliminary
-1 = (4.4 -  20.7) fbLdt0  = 7, 8 TeVs

 theoretical signal cross section uncertainty.m*Only a selection of the available mass limits on new states or phenomena is shown.   All limits quoted are observed minus 1

SUSY:  this is just a representative selection… 

1 TeV 
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MAKING THE MENU 

¡  Need low threshold leptons 
§  to keep SM (W and Z) and the Higgs is light 
§  SUSY cascades can result in lots of low pT stuff 

 
¡  Impose isolation requirements 

§  this reduces rate for a given threshold, but can become inefficient at 
higher energy 

§  add higher pT un-isolated thresholds 

¡  Make multiple object selections (2 electrons, or 1 electron + 1 
muon) 
§  results in many combinations, could be optimized per “signal” channel 

with competing interests 



¡  Present the analysis to your colleagues 
¡  Propose trigger item 

§  Calculate rate (both total and unique) 
§  Present plan for measuring efficiency + any back-up trigger needed 
§  Present plan for how to adapt with changing conditions 

§  should item be pre-scaled?  Thresholds increased? 

¡  Bandwidth allocation is driven by priorities of the experiment 

13 

SO, YOU HAVE AN ANALYSIS IDEA? 



¡  How to cope with additional pile-up for LHC Run 2 and 
beyond? 
§  Add more information or increase the quality of information available 

§  ATLAS plans to increase granularity of Level 1 calorimeter 
information, add topology information at L1, and have fast-tracking 
input to L2 

§  For “Run3”, tracking would likely be added at Level 1 
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MOVING FORWARD? 

CALORIMETERS: LHC 

FNAL-CERN Summer School 2009 
Calorimetry Lecture 2 

15 

15 

ATLAS and CMS 
electromagnetic 

calorimeters 



CMS 
ELECTROWEAK 

OVERVIEW 

15 
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ATLAS ZZ PRODUCTION 
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PRODUCTION OF ZZ 

Non-resonant ZZ production proceeds at leading order (LO) via t- and u-channel quark–antiquark
interactions, while about 6% of the production proceeds via gluon fusion. The ZZZ and ZZ� neutral

triple gauge boson couplings (nTGCs) are absent in the SM, hence there is no contribution from s-
channel qq̄ annihilation at tree level. These di↵erent production processes are shown in figure 1. At

the one-loop level, nTGCs generated by fermion triangles have a magnitude of the order of 10

�4

[1].

Many models of physics beyond the Standard Model predict values of nTGCs at the level of 10

�4

to

10

�3

[2]. The primary signatures of non-zero nTGCs are an increase in the ZZ cross section at high ZZ
invariant mass and high transverse momentum of the Z bosons [3]. ZZ production has been studied

in e+e� collisions at LEP [4–8], in pp collisions at the Tevatron [9–12] and recently in pp collisions at

the LHC [13, 14]. No deviation of the measured total cross section from the SM expectation has been

observed, and limits on anomalous nTGCs have been set [8, 9, 13, 14]. In searching for the SM Higgs

boson, the ATLAS and CMS collaborations observed recently a neutral boson resonance with a mass

around 126 GeV [15–17]. A SM Higgs boson with that mass can decay to two Z bosons only when

at least one Z boson is o↵-shell, and even in this case, the contribution is less than 3%. Searches for

high-mass non-SM ZZ resonances have not resulted in any excess above the SM expectations [18].
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Figure 1. Leading order Feynman diagrams for ZZ production through the qq̄ and gg initial state at hadron

colliders. The s-channel diagram, (c), contains the ZZZ and ZZ� neutral TGC vertices which do not exist in

the SM.

This paper presents a measurement of ZZ production

1

in proton–proton collisions at a centre-of-

mass energy

p
s = 7 TeV using 4.6 fb

�1

of integrated luminosity collected by the ATLAS detector at

the LHC. ZZ events are selected in two channels

2

: `+`�`0+`0� and `+`�⌫⌫̄. Two selections are used

1Throughout this paper Z should be taken to mean Z/�

⇤ when referring to decays to charged leptons, and just Z

when referring to decays to neutrinos.
2
` represents either electrons or muons. ` and `

0 are used to denote leptons from a di↵erent Z parent, but not

necessarily of di↵erent flavour. Decay modes mentioned with the use of ` indicate the sum of the decay modes with

– 2 –

Non-resonant ZZ production proceeds at leading order (LO) via t- and u-channel quark–antiquark
interactions, while about 6% of the production proceeds via gluon fusion. The ZZZ and ZZ� neutral
triple gauge boson couplings (nTGCs) are absent in the SM, hence there is no contribution from s-
channel qq̄ annihilation at tree level. These di↵erent production processes are shown in figure 1. At
the one-loop level, nTGCs generated by fermion triangles have a magnitude of the order of 10�4 [1].
Many models of physics beyond the Standard Model predict values of nTGCs at the level of 10�4 to
10�3 [2]. The primary signatures of non-zero nTGCs are an increase in the ZZ cross section at high ZZ
invariant mass and high transverse momentum of the Z bosons [3]. ZZ production has been studied
in e+e� collisions at LEP [4–8], in pp collisions at the Tevatron [9–12] and recently in pp collisions at
the LHC [13, 14]. No deviation of the measured total cross section from the SM expectation has been
observed, and limits on anomalous nTGCs have been set [8, 9, 13, 14]. In searching for the SM Higgs
boson, the ATLAS and CMS collaborations observed recently a neutral boson resonance with a mass
around 126 GeV [15–17]. A SM Higgs boson with that mass can decay to two Z bosons only when
at least one Z boson is o↵-shell, and even in this case, the contribution is less than 3%. Searches for
high-mass non-SM ZZ resonances have not resulted in any excess above the SM expectations [18].
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Figure 1. Leading order Feynman diagrams for ZZ production through the qq̄ and gg initial state at hadron

colliders. The s-channel diagram, (c), contains the ZZZ and ZZ� neutral TGC vertices which do not exist in

the SM.

This paper presents a measurement of ZZ production1 in proton–proton collisions at a centre-of-
mass energy

p
s = 7 TeV using 4.6 fb�1 of integrated luminosity collected by the ATLAS detector at

the LHC. ZZ events are selected in two channels2: `+`�`0+`0� and `+`�⌫⌫̄. Two selections are used
1Throughout this paper Z should be taken to mean Z/�

⇤ when referring to decays to charged leptons, and just Z

when referring to decays to neutrinos.
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` represents either electrons or muons. ` and `

0 are used to denote leptons from a di↵erent Z parent, but not

necessarily of di↵erent flavour. Decay modes mentioned with the use of ` indicate the sum of the decay modes with
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Non-resonant ZZ production proceeds at leading order (LO) via t- and u-channel quark–antiquark
interactions, while about 6% of the production proceeds via gluon fusion. The ZZZ and ZZ� neutral
triple gauge boson couplings (nTGCs) are absent in the SM, hence there is no contribution from s-
channel qq̄ annihilation at tree level. These di↵erent production processes are shown in figure 1. At
the one-loop level, nTGCs generated by fermion triangles have a magnitude of the order of 10�4 [1].
Many models of physics beyond the Standard Model predict values of nTGCs at the level of 10�4 to
10�3 [2]. The primary signatures of non-zero nTGCs are an increase in the ZZ cross section at high ZZ
invariant mass and high transverse momentum of the Z bosons [3]. ZZ production has been studied
in e+e� collisions at LEP [4–8], in pp collisions at the Tevatron [9–12] and recently in pp collisions at
the LHC [13, 14]. No deviation of the measured total cross section from the SM expectation has been
observed, and limits on anomalous nTGCs have been set [8, 9, 13, 14]. In searching for the SM Higgs
boson, the ATLAS and CMS collaborations observed recently a neutral boson resonance with a mass
around 126 GeV [15–17]. A SM Higgs boson with that mass can decay to two Z bosons only when
at least one Z boson is o↵-shell, and even in this case, the contribution is less than 3%. Searches for
high-mass non-SM ZZ resonances have not resulted in any excess above the SM expectations [18].
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Higgs also produces ZZ, but one Z is offshell – “contamination” of  
this analysis expected at the level of 3% 

SM does not have  
neutral triple gauge  

boson couplings  

Predicted ZZ cross section, with NLO and natural Z width:     

in the four-charged-lepton channel: an on-shell ZZ selection denoted by ZZ ! `+`�`0+`0� where
both Z bosons are required to be within the mass range 66–116 GeV3 and a selection which includes
an o↵-shell Z boson denoted by ZZ⇤ ! `+`�`0+`0� where one Z boson is required to be within this
mass range and the other can be o↵-shell and have any mass above 20 GeV. In the `+`�⌫⌫̄ channel,
the ⌫⌫̄ system is expected to be produced by an o↵-shell Z boson in 2.6% of the events. Since this
fraction is small and only one event selection is used for this channel, it is referred to as ZZ ! `+`�⌫⌫̄
throughout the paper. The ZZ(⇤) ! `+`�`0+`0� channel has an excellent signal-to-background ratio,
but it has a branching fraction six times lower than the ZZ ! `+`�⌫⌫̄ channel; the latter has higher
background contributions with an expected signal-to-background ratio around one (after applying the
event selections described below). This paper presents the total ZZ production cross section, the
fiducial cross section in a restricted phase space for each decay channel (integrated, and as a function
of kinematic parameters for the ZZ selections) and limits on anomalous nTGCs using the observed
ZZ event yields as a function of the transverse momentum of the leading Z boson4. The results
presented in this paper supersede the previously published results [13] which were derived with the
first 1.02 fb�1 of the dataset used here, only with the ZZ ! `+`�`0+`0� decay channel and with the
use of the total ZZ event count for the derivation of the limits on anomalous nTGCs.

The total cross section for non-resonant ZZ production is predicted at next-to-leading order
(NLO) in QCD to be 6.18+0.25

�0.18

pb, where the quoted theoretical uncertainties result from varying
the factorization and renormalization scales simultaneously by a factor of two whilst using the full
CT10 parton distribution function (PDF) error set [19]. The cross section is calculated in the on-shell
(zero-width) approximation using MCFM [20] with CT10; it includes a 5.8% contribution from gluon
fusion. When the natural width of the Z boson is used and both Z bosons are required to be within
the Z mass window, the NLO cross section is predicted to be 5.89+0.22

�0.18

pb. The cross sections given
here are calculated at a renormalization and factorization scale equal to half the mass of the diboson
system. The total cross section using the zero-width approximation was previously measured to be
8.5+2.7

�2.3

(stat.) +0.4

�0.3

(syst.) ± 0.3 (lumi.) pb [13].
This paper is organized as follows: an overview of the ATLAS detector, data, signal and back-

ground Monte Carlo (MC) samples used for this analysis is given in section 2; section 3 describes
the selection of the physics objects; section 4 describes the fiducial phase space of the measurement,
the corresponding ZZ cross section definition and the acceptances of the event selection and fiducial
phase space; section 5 explains how the backgrounds to the `+`�`0+`0� and `+`�⌫⌫̄ final states are
estimated with a combination of simulation and data-driven techniques; section 6 presents the results:
cross section, di↵erential cross sections and nTGC limits; finally, a summary of the main results is
given in section 7.

2 The ATLAS detector and data sample

The ATLAS detector [21] is a multipurpose particle detector with a cylindrical geometry. It consists
of inner tracking devices surrounded by a superconducting solenoid, electromagnetic and hadronic
calorimeters and a muon spectrometer with a toroidal magnetic field. The inner detector, in com-
bination with the 2T field from the solenoid, provides precision tracking of charged particles in the

specific lepton flavours.
3Throughout this paper, the 66–116 GeV mass range is referred to as the Z mass window.
4Leading Z refers to the Z with the higher transverse momentum in ZZ ! `

+
`

�
`

0+
`

0� decays or to the Z boson

decaying to a charged lepton pair in ZZ ! `

+
`

�
⌫⌫̄ decays.
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FOUR CHARGED LEPTON CHANNEL 
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Figure 2. The mass of the leading lepton pair versus the mass of the sub-leading lepton pair. The events

observed in the data are shown as solid circles and the ZZ(⇤) ! `+`�`0+`0� signal prediction from simulation

as boxes. The size of each box is proportional to the number of events in each bin. The region enclosed by

the solid (dashed) lines indicates the signal region defined by the requirements on the lepton-pair masses for

ZZ (ZZ⇤) events, as defined in the text.

3.3 ZZ ! `+`�⌫⌫̄ selection

ZZ ! `+`�⌫⌫̄ events are characterized by large missing transverse momentum and two high-p
T

,
isolated electrons or muons. Selected events are required to have exactly two leptons of the same flavour
with 76 < m

`

+
`

� < 106 GeV and to have passed at least a single-muon or a single-electron trigger.
The mass window is chosen to be tighter than the mass window used for the ZZ(⇤) ! `+`�`0+`0�

channel in order to reduce the background from tt̄ and WW . The lepton pair is required to have
�R(`+, `�) > 0.3. This requirement reflects the choice of the isolation cone for the leptons. The same
trigger matching requirement as in the ZZ(⇤) ! `+`�`0+`0� channel is used.

The ZZ ! `+`�⌫⌫̄ decay channel analysis makes use of several selections to reduce background.
The largest background after the mass window requirement consists of Z+jets events, which are
associated with non-zero missing transverse momentum when the Emiss

T

is mismeasured or when a
b-quark decays to leptons and neutrinos inside of a jet. Since the Z bosons tend to be produced
back-to-back, the axial-Emiss

T

(defined as the projection of the Emiss

T

along the direction opposite to
the Z ! `+`� candidate in the transverse plane) is a powerful variable to distinguish ZZ ! `+`�⌫⌫̄
decays from Z+jets. The axial-Emiss

T

is given by � ~Emiss

T

· ~pZ/pZ
T

, where pZ
T

is the magnitude of the

– 8 –
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FIDUCIAL CROSS SECTION 
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Figure 4. (a) Jet multiplicity for the ZZ ! `+`�`0+`0� selection and (b) jet multiplicity for the ZZ ! `+`�⌫⌫̄

selection (with all selections applied but the jet veto). The points represent the observed data. In (a) the

ZZ ! `+`�`0+`0� background is normalized to the data-driven (dd) estimate, while in (b) the histograms show

the prediction from simulation. The shaded band shows the combined statistical and systematic uncertainty

on the prediction.

The total cross section calculation depends on the choice of Z mass range. The cross section is
calculated using the Z boson natural width rather than the zero-width approximation, and includes
the mass window requirement (66 to 116 GeV) to remove most of the �⇤ contamination. The ratio of
the total cross section calculated with both Z bosons within the mass window to the total cross section
calculated using the zero-width approximation is 0.953, as the mass window requirement removes some
of the Z bosons in the tails of the mass distribution.

4.1 Fiducial region definitions

The fiducial cross section is restricted to a region which is constructed to closely match the instru-
mented region and the event selection; for simplicity, only the most inclusive requirements on the
lepton ⌘ and p

T

are used for the definition of the fiducial phase space. The fiducial cross section �fid

ZZ

is calculated as:

�fid

ZZ

=
N

obs

� N
bkg

C
ZZ

⇥ L (4.1)

which depends on a correction factor given by the number of simulated ZZ(⇤) events which satisfy the
full event selection divided by the number of ZZ(⇤) events generated in the fiducial region, C

ZZ

; the
integrated luminosity, L; the number of selected events, N

obs

; and the amount of estimated background,
N

bkg

. For the calculation of C
ZZ

, final states including pairs of oppositely-charged leptons produced
from decays of Z ! ⌧+⌧� ! `+`�⌫⌫̄⌫⌫̄ are included in the number of selected events (numerator)
since those decays have an identical final state to the signal and are not subtracted as background but
are excluded from the fiducial region (denominator) because the fiducial regions are defined only with
ZZ(⇤) decays directly to electrons, muons or neutrinos, depending on the channel. The contribution
from such ⌧ decays is estimated from Monte Carlo simulation to be < 0.1 % for the ZZ ! `+`�⌫⌫̄
selection, 0.24±0.01% for the ZZ ! `+`�`0+`0� selection and 1.73±0.04% for the ZZ⇤ ! `+`�`0+`0�
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correction factor:     # events passing selection 
                               # signal events in fiducial region 

selection. Fiducial requirements are applied at generator level. To reduce the dependence on QED
radiation, dressed leptons are always used, for which the lepton four-momentum is summed with the
four-momentum of all photons within �R = 0.1.

The ZZ ! `+`�`0+`0� fiducial region is defined using the following requirements: (i) two pairs of
same-flavour opposite-sign electrons or muons, with each lepton satisfying p`

T

> 7 GeV, |⌘`| < 3.16
and at least a distance �R = 0.2 from any other selected lepton, i.e., �R(`

1

, `
2

) > 0.2, and (ii)
both dilepton invariant masses within the Z mass window. A ZZ⇤ ! `+`�`0+`0� fiducial region is
defined with the same criteria as in the ZZ ! `+`�`0+`0� case, except that one dilepton invariant
mass requirement is relaxed to be greater than 20 GeV.

The ZZ ! `+`�⌫⌫̄ fiducial region is defined by requiring: (i) two same-flavour opposite-sign
electrons or muons, each with p`

T

> 20 GeV, |⌘`| < 2.5, with �R(`+, `�) > 0.3, (ii) dilepton invariant
mass close to the Z boson mass: 76 < m

`

+
`

� < 106 GeV, (iii) dineutrino invariant mass close to
the Z boson mass: 66 < m

⌫⌫̄

< 116 GeV, (iv) no jet with pj
T

> 25 GeV and |⌘j | < 4.5, and (v)
(|p⌫⌫̄

T

� pZ
T

|)/pZ
T

< 0.4 and �~p⌫⌫̄
T

· ~pZ/pZ
T

> 75 GeV. Jets are defined at generator level using the
same jet algorithm as used in reconstructed events and including all final state particles after parton
showering and hadronization.

Fiducial cross sections are calculated using the ZZ ! `+`�`0+`0�, ZZ⇤ ! `+`�`0+`0� and ZZ !
`+`�⌫⌫̄ selections, integrated over the corresponding full fiducial phase space volumes. For the ZZ !
`+`�`0+`0� and ZZ ! `+`�⌫⌫̄ selections the di↵erential fiducial cross sections are derived in bins of
the leading pZ

T

, ��(`+, `�) and the mass of the ZZ ! `+`�`0+`0� system or the transverse mass of
the ZZ ! `+`�⌫⌫̄ system.

The correction factor, C
ZZ

, is determined from Monte Carlo simulations (PowhegBox for the
ZZ ! `+`�⌫⌫̄ channel and PowhegBox and gg2zz for the ZZ(⇤) ! `+`�`0+`0� channel), after
applying data-driven corrections as described in section 2.1. For the ZZ ! `+`�`0+`0� (ZZ⇤ !
`+`�`0+`0�) selection it is 0.43 (0.41) for e+e�e+e�, 0.68 (0.69) for µ+µ�µ+µ� and 0.55 (0.53) for
e+e�µ+µ� events. For the ZZ ! `+`�⌫⌫̄ selection the correction factor is 0.63 for e+e�⌫⌫̄ and 0.76
for µ+µ�⌫⌫̄ events. The correction factors combining all lepton categories within the fiducial region
are given in table 1 for the three event selections in both decay channels.

Selection C
ZZ

ZZ ! `+`�`0+`0� 0.552 ± 0.002 ± 0.021

ZZ⇤ ! `+`�`0+`0� 0.542 ± 0.002 ± 0.022

ZZ ! `+`�⌫⌫̄ 0.679 ± 0.004 ± 0.014

Table 1. Correction factors CZZ for each production and decay channel. The first uncertainty is statistical

while the second is systematic.

4.2 Extrapolation to the total phase space

The total ZZ cross section is measured using the ZZ ! `+`�`0+`0� and ZZ ! `+`�⌫⌫̄ selections.
The total cross section is calculated using the fiducial acceptance, A

ZZ

(the fraction of ZZ events with
Z bosons in the Z mass window that fall into the fiducial region) and the branching fraction, BF:

�total

ZZ

=
N

obs

� N
bkg

A
ZZ

⇥ C
ZZ

⇥ L⇥ BF
(4.2)

The fiducial acceptances A
ZZ

are estimated from Monte Carlo simulation, using PowhegBox

for the ZZ ! `+`�⌫⌫̄ channel and PowhegBox and gg2zz for the ZZ ! `+`�`0+`0� channel. The
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selection. Fiducial requirements are applied at generator level. To reduce the dependence on QED
radiation, dressed leptons are always used, for which the lepton four-momentum is summed with the
four-momentum of all photons within �R = 0.1.

The ZZ ! `+`�`0+`0� fiducial region is defined using the following requirements: (i) two pairs of
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`+`�⌫⌫̄ selections, integrated over the corresponding full fiducial phase space volumes. For the ZZ !
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the leading pZ
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, ��(`+, `�) and the mass of the ZZ ! `+`�`0+`0� system or the transverse mass of
the ZZ ! `+`�⌫⌫̄ system.

The correction factor, C
ZZ

, is determined from Monte Carlo simulations (PowhegBox for the
ZZ ! `+`�⌫⌫̄ channel and PowhegBox and gg2zz for the ZZ(⇤) ! `+`�`0+`0� channel), after
applying data-driven corrections as described in section 2.1. For the ZZ ! `+`�`0+`0� (ZZ⇤ !
`+`�`0+`0�) selection it is 0.43 (0.41) for e+e�e+e�, 0.68 (0.69) for µ+µ�µ+µ� and 0.55 (0.53) for
e+e�µ+µ� events. For the ZZ ! `+`�⌫⌫̄ selection the correction factor is 0.63 for e+e�⌫⌫̄ and 0.76
for µ+µ�⌫⌫̄ events. The correction factors combining all lepton categories within the fiducial region
are given in table 1 for the three event selections in both decay channels.

Selection C
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ZZ ! `+`�`0+`0� 0.552 ± 0.002 ± 0.021

ZZ⇤ ! `+`�`0+`0� 0.542 ± 0.002 ± 0.022

ZZ ! `+`�⌫⌫̄ 0.679 ± 0.004 ± 0.014

Table 1. Correction factors CZZ for each production and decay channel. The first uncertainty is statistical

while the second is systematic.

4.2 Extrapolation to the total phase space

The total ZZ cross section is measured using the ZZ ! `+`�`0+`0� and ZZ ! `+`�⌫⌫̄ selections.
The total cross section is calculated using the fiducial acceptance, A

ZZ

(the fraction of ZZ events with
Z bosons in the Z mass window that fall into the fiducial region) and the branching fraction, BF:

�total

ZZ

=
N

obs

� N
bkg

A
ZZ

⇥ C
ZZ

⇥ L⇥ BF
(4.2)

The fiducial acceptances A
ZZ

are estimated from Monte Carlo simulation, using PowhegBox

for the ZZ ! `+`�⌫⌫̄ channel and PowhegBox and gg2zz for the ZZ ! `+`�`0+`0� channel. The
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fiducial acceptance of the ZZ ! `+`�⌫⌫̄ channel is much more constrained than the ZZ ! `+`�`0+`0�

channel in order to reduce background. Values are given in table 2.

Selection A
ZZ

ZZ ! `+`�`0+`0� 0.804 ± 0.001 ± 0.010

ZZ ! `+`�⌫⌫̄ 0.081 ± 0.001 ± 0.004

Table 2. Acceptance AZZ for the two decay channels used for the measurement of the total ZZ production

cross section. The first uncertainty is statistical while the second is systematic.

4.3 Systematic uncertainties

Table 3 summarizes the systematic uncertainties on C
ZZ

and A
ZZ

. For C
ZZ

in the ZZ(⇤) !
`+`�`0+`0� selections, the dominant systematic uncertainties arise from the lepton reconstruction
e�ciency, the e�ciency of the isolation and impact parameter requirements, and the di↵erences in
C

ZZ

estimated by Sherpa and PowhegBox; uncertainties on the trigger e�ciency and the lepton
energy scale and resolution are small. In the ZZ ! `+`�⌫⌫̄ channel the dominant C

ZZ

uncertainties
are from uncertainties on the lepton reconstruction e�ciency, the lepton energy scale and resolution,
and the missing transverse momentum modelling and jet veto uncertainty; uncertainties on the trigger
e�ciency and due to di↵erences in C

ZZ

estimated by Sherpa and PowhegBox also contribute.
The uncertainties on C

ZZ

from the reconstruction e�ciency, energy scale and resolution, isolation
and impact parameter requirements and trigger e�ciency are estimated by varying the data-driven
correction factors applied to simulation by their systematic and statistical uncertainties. The system-
atic uncertainties on events with extended leptons used in the ZZ(⇤) ! `+`�`0+`0� channel are slightly
higher than in events without them; nevertheless, since their relative contribution is small, the e↵ect
on the uncertainty of the combined channels is negligible. The generator systematic uncertainty for
C

ZZ

accounts for the e↵ect of choosing a di↵erent renormalization and factorization scale and PDF
set.

For A
ZZ

, the systematic uncertainties are due to theoretical uncertainties which come from the
PDFs, the choice of the renormalization and factorization scales, the modelling of the contribution
from gg initial states and the parton shower model, as given in table 3. For the ZZ ! `+`�⌫⌫̄ channel,
uncertainties in the e�ciency of the jet veto are also taken into account through the calculation of a
scale factor; the ratio of the jet veto e�ciency in data to that in MC simulation is taken from a sample of
single Z events and then applied to ZZ events [47]. The systematic uncertainties due to the PDFs and
scales are evaluated with MCFM by taking the di↵erence between the A

ZZ

obtained using the CT10
and MSTW2008 PDF sets, as well as using the 44 CT10 error sets, and by shifting the factorization and
renormalization scales up and down by a factor of two. An additional uncertainty is assigned to account
for the e↵ect of di↵erent modelling at the generator level. Since the ZZ⇤ ! `+`�`0+`0� measurement
is not used for the total cross section, its A

ZZ

acceptance is irrelevant and only uncertainty values
related to C

ZZ

are given.
The uncertainty on the integrated luminosity is 3.9% [22]. The uncertainty on the background

estimates is discussed in the following sections.
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SYSTEMATICS (AS % OF A OR C) 

Source ZZ ! `+`�`0+`0� ZZ⇤ ! `+`�`0+`0� ZZ ! `+`�⌫⌫̄

C
ZZ

Lepton e�ciency 3.0% 3.1% 1.3%
Lepton energy/momentum 0.2% 0.3% 1.1%
Lepton isolation and impact parameter 1.9% 2.0% 0.6%
Jet+Emiss

T

modelling – – 0.8%
Jet veto – – 0.9%
Trigger e�ciency 0.2% 0.2% 0.4%
PDF and scale 1.6% 1.5% 0.4%

A
ZZ

Jet veto – – 2.3%
PDF and scale 0.6% – 1.9%
Generator modelling and parton shower 1.1% – 4.6%

Table 3. Summary of systematic uncertainties, as relative percentages of the correction factor CZZ or the

acceptance of the fiducial region AZZ . Dashes indicate uncertainties which are not relevant.

5 Background estimation

5.1 ZZ(⇤) ! `+`�`0+`0� background

Background to the ZZ(⇤) ! `+`�`0+`0� signal originates from events with a Z (or W ) boson decaying
to leptons accompanied by additional jets or photons (W/Z + X), from top-quark production and
from other diboson final states. Such events may contain electrons or muons from the decay of heavy-
flavoured hadrons, muons from in-flight decay of pions and kaons, or jets and photons misidentified as
electrons. The majority of these background leptons are rejected by the isolation requirements.

The background estimate follows a data-driven method in which a sample of events containing
three leptons satisfying all selection criteria plus one ‘lepton-like jet’ is identified; such events are
denoted as ```j. For muons, the lepton-like jets are muon candidates that fail the isolation requirement
or fail the impact parameter requirement but not both. For electrons with |⌘| < 2.47, the lepton-like
jets are clusters in the electromagnetic calorimeter matched to inner detector tracks that fail either
the full electron selection or the isolation requirement but not both. For electrons with |⌘| > 2.5,
the lepton-like jets are electromagnetic clusters that are reconstructed as electrons but fail the tight
identification requirements. The events are otherwise required to satisfy the full event selection,
treating the lepton-like jet as if it were a fully identified lepton. The background is then estimated by
weighting the ```j events by a measured factor f , which is the ratio of the probability for a non-lepton
to satisfy the full lepton selection criteria to the probability of satisfying the lepton-like jet criteria.
The background in which two selected leptons originate from jets is treated similarly, by identifying
a data sample with two leptons and two lepton-like jets; such events are denoted as ``jj. The total
number of expected background `+`�`0+`0� events, N(BG), is calculated as:

N(BG) = [N(```j)� N(ZZ)]⇥ f � N(``jj)⇥ f2 (5.1)

where double counting from ```j and ``jj events is accounted for, and the term N(ZZ) is a Monte
Carlo estimate correcting for contributions from signal ZZ(⇤) ! `+`�`0+`0� events having a real lepton
that is classified as a lepton-like jet (the equivalent correction to the term N(``jj) is negligible).
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BACKGROUNDS 

for the 4 ch. lepton channel, backgrounds come from jets faking electrons or muons 
measured from data (f), and scaled-up from lepton + jets sample (N) corrected for 

the signal.  

e+e�e+e� µ+µ�µ+µ� e+e�µ+µ� `+`�`0+`0�

(+) N(```j)⇥ f 8.85± 0.98 0.21± 0.21 10.63± 1.06 19.70± 1.46
(�)N(ZZ)⇥ f 0.29± 0.18 0.20+0.25

�0.20

0.56± 0.28 1.05± 0.42
(�)N(``jj)⇥ f2 4.24± 0.23 1.10± 0.31 4.24± 0.23 9.58± 0.45
Background estimate, N(BG) 4.3± 1.4(stat.) < 0.91 5.8± 1.6(stat.) 9.1± 2.3(stat.)

±0.6(syst.) ±0.9 (syst.) ±1.3(syst.)

Table 5. Expected number of background events for the ZZ⇤ ! `+`�`0+`0� selection in 4.6 fb�1 of data, for

the individual decay modes (columns 2, 3 and 4) and for their combination (last column). If the central value

of the estimate is negative, the upper bound on the number of events in that channel is derived as detailed in

section 5.1.
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Z ! µ+µ�, e+e�+jets 2.6± 0.7± 1.0 2.7± 0.8± 1.2 5.3± 1.1± 1.6
W+ jets 0.7± 0.3± 0.3 0.7± 0.2± 0.2 1.5± 0.4± 0.4
W� 0.1± 0.1± 0.0 0.2± 0.1± 0.0 0.3± 0.1± 0.0

Total 20.8± 2.3± 1.2 26.1± 2.8± 1.4 46.9± 4.8± 1.9

Table 6. Expected number of background events to the ZZ ! `+`�⌫⌫̄ channel in 4.6 fb�1 of data, for the

individual decay modes (columns 2 and 3) and for their combination (last column). The first uncertainty is

statistical while the second is systematic.

required to satisfy the nominal lepton selection, while the other Z candidate is formed by leptons
satisfying relaxed criteria for the isolation requirements and transverse impact parameter significance.
The shape determined in this way is then scaled such that the total number of events in the distribution
is equal to the data-driven background estimate shown in tables 4 and 5.

5.2 ZZ ! `+`�⌫⌫̄ background

There are several sources of background to the ZZ ! `+`�⌫⌫̄ channel. Processes such as tt̄, WW , Wt
or Z ! ⌧+⌧� production give two true isolated leptons with missing transverse momentum. Diboson
WZ events in which both bosons decay leptonically have three charged leptons, but if one lepton from
a W or Z boson decay is not identified, the event has the same signature as the signal. Production of
a Z boson in association with jets gives two isolated leptons from the Z boson decay and may have
missing transverse momentum if the jet momenta are mismeasured. Finally, production of a W boson
in association with jets or photons may satisfy the selection requirements when one of the jets or
photons is misidentified as an isolated lepton. All of the backgrounds are measured with data-driven
techniques except for WZ and W�. The total background is estimated to be 46.9 ± 4.8 ± 1.9 events
as summarized in table 6.

5.2.1 Backgrounds from t¯t, Wt, WW and Z ! ⌧+⌧�

The contributions from tt̄, Wt, WW and Z ! ⌧+⌧� processes are measured by extrapolating from
a control sample of events with one electron and one muon (instead of two electrons or two muons),
which otherwise satisfy the full ZZ ! `+`�⌫⌫̄ selection. This sample is free from signal events.
The extrapolation from the eµ channel to the ee or µµ channel uses the relative branching fractions
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in association with jets or photons may satisfy the selection requirements when one of the jets or
photons is misidentified as an isolated lepton. All of the backgrounds are measured with data-driven
techniques except for WZ and W�. The total background is estimated to be 46.9 ± 4.8 ± 1.9 events
as summarized in table 6.
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DO WE KNOW WHAT WE ARE DOING? 
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Figure 6. (a) Transverse momentum pZZ
T and (b) invariant mass mZZ of the four-lepton system for the ZZ⇤

selection. The points represent the observed data and the histograms show the prediction from simulation,

where the background is normalized to the data-driven (dd) estimate. The shaded band shows the combined

statistical and systematic uncertainty on the prediction.
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Figure 7. (a) Transverse momentum pZT and (b) mass mZ of the two-charged-lepton system for the ZZ !
`+`�⌫⌫̄ selection. The points represent the observed data and the histograms show the prediction from

simulation. The shaded band shows the combined statistical and systematic uncertainty on the prediction.

cross sections, derived from PowhegBox and gg2zz, are:

�fid,SM

ZZ ! `

+
`

�
`

0+
`

0� = 20.9 ± 0.1 (stat.) +1.1
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(theory) fb,
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ZZ
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`

0� = 25.6 ± 0.1 (stat.) +1.3
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(theory) fb,

�fid,SM

ZZ!`

+
`

�
⌫⌫̄

= 12.5 ± 0.1 (stat.) +1.0

�1.1

(theory) fb.

The measured cross sections are compatible with these theoretical values.
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WHAT ABOUT FOR THIS CHANNEL? 
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statistical and systematic uncertainty on the prediction.
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Figure 7. (a) Transverse momentum pZT and (b) mass mZ of the two-charged-lepton system for the ZZ !
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cross sections, derived from PowhegBox and gg2zz, are:
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The measured cross sections are compatible with these theoretical values.
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RESULTS 

The total ZZ cross section is calculated by extrapolating to the full phase space while each Z boson
is required to have a mass within the Z mass window. Both ZZ ! `+`�`0+`0� and ZZ ! `+`�⌫⌫̄
events are combined in the maximum likelihood fit, taking into account the known Z branching
fractions [46] and the A

ZZ

kinematic and geometrical acceptances (section 4). Correlated systematic
uncertainties between the ZZ ! `+`�`0+`0� and ZZ ! `+`�⌫⌫̄ channels are taken into account in
the fit using a single Gaussian for the nuisance parameter for each source of correlated uncertainty.
The measured value of the total ZZ cross section is:

�tot

ZZ

= 6.7 ± 0.7 (stat.) +0.4

�0.3

(syst.) ± 0.3 (lumi.) pb.

The result is consistent within errors with the NLO Standard Model total cross section for this process
of 5.89+0.22

�0.18

pb, where the quoted theoretical uncertainties result from varying the factorization and
renormalization scales simultaneously by a factor of two and from using the full CT10 PDF error set.

6.2 Di↵erential cross sections

The di↵erential cross sections present a more detailed comparison of theory to measurement, allowing
a generic comparison of the kinematic distributions to new theories. Variables which are sensitive to
new phenomena, such as pZ

T

, mZZ and ��(`+, `�), are used with bin boundaries chosen to maximize
sensitivity to nTGCs. At the same time, the bin widths were chosen to be commensurate with the
resolution.

The measured distributions are unfolded back to the underlying distributions, accounting for the
e↵ect of detector resolution, e�ciency and acceptance, within the fiducial region of each measurement.
The unfolding procedure is based on a Bayesian iterative algorithm [49]. The algorithm takes as input
a prior for the kinematic distribution and iterates using the posterior distribution as prior for the
next iteration. The initial prior is taken from the signal Monte Carlo expectation calculated using
the PowhegBox generator and three iterations are performed. The uncertainty on the unfolded
distributions is dominated by the statistical uncertainty, which is about 30% in most bins. The
systematic uncertainty is no more than 5% in any bin. The dependence of the unfolded cross sections
on the choice of the initial prior is tested by unfolding the measured distributions using a di↵erent
generator (Sherpa). The di↵erence between the two is taken as a systematic uncertainty to account
for di↵erences in generator modelling (e.g. QCD radiation). The di↵erence in unfolded distributions
between three iterations and four iterations is much lower than the statistical uncertainty and it is
taken as a further uncertainty on the unfolding procedure. Systematic uncertainties related to detector
e↵ects (e.g. lepton reconstruction e�ciency) are evaluated using pseudo-experiments.

Figures 8 to 10 show the di↵erential cross sections normalized to the fiducial cross sections for the
pZ
T

and ��(`+, `�) of the leading Z boson, and for the mass (transverse mass) of the ZZ system for
the ZZ ! `+`�`0+`0� (ZZ ! `+`�⌫⌫̄) selection. The Standard Model prediction is consistent with
the measurement in each case.

6.3 Anomalous neutral triple gauge couplings

Anomalous nTGCs for on-shell ZZ production can be parameterized by two CP-violating (fV

4

) and two
CP-conserving (fV

5

) complex parameters (where V = Z, �) which are zero in the Standard Model [3].
A form-factor parameterization is introduced leading to couplings which vanish at high parton centre-
of-mass energy

p
ŝ: fV

i

= fV

i0

/(1+ ŝ/⇤2)n, ensuring partial-wave unitarity. Here, ⇤ is the energy scale
at which physics beyond the Standard Model would be directly observable, fV

i0

are the low-energy
approximations of the couplings, and n is the form-factor power. Values of n = 3 and ⇤ = 3 TeV are
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Figure 13. Anomalous nTGC 95% confidence intervals from ATLAS, LEP [8] and Tevatron [9] experiments.

Luminosities, centre-of-mass energies and cut-o↵s ⇤ for each experiment are shown.
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PRODUCTION 

1

Although the top quark was discovered more than 15 years ago [1, 2], many of its properties
have not yet been fully investigated. In particular, most of its couplings have never been di-
rectly measured. The large value of the its mass indicates that the top quark could play a special
role in the context of electroweak symmetry breaking. Extensions of the standard model (SM),
such as technicolor or other scenarios with a strongly coupled Higgs sector, could alter the
top-quark couplings. A measurement of the production of a top-quark pair in association with
vector bosons is a key test of the validity of the SM at the TeV scale. In Fig. 1 the most important
leading-order Feynman diagrams for ttW and ttZ production in proton-proton collisions are
shown. The current estimate of the cross section for these processes is based on quantum chro-
modynamics (QCD) calculations at next-to-leading order (NLO), which yield 0.169+0.029

�0.051 pb [3]
for ttW production, and 0.137+0.012

�0.016 pb [4] for ttZ production.

In this Letter, the first measurement of the cross section for associated production of a vector
boson and a tt pair is presented. Two analyses are conducted: one based on trilepton signa-
tures produced in ttZ decays, and one based on same-sign dilepton signatures produced by
ttV events (with V = W or Z).

This measurement uses data from proton-proton collisions, produced at a center-of-mass en-
ergy of 7 TeV, corresponding to an integrated luminosity of 5.0 ± 0.1 fb�1 [5]. The data were
collected by the Compact Muon Solenoid (CMS) detector at the Large Hadron Collider (LHC)
in 2011. As the signal would appear as an excess over a background of similar size, the back-
ground estimation is a focus of the analysis. The majority of background contributions are esti-
mated using the data, while remaining background processes are estimated using Monte Carlo
(MC) simulations. Simulated MC event samples are generated using the MADGRAPH 5.1.3.30
event generator [6], interfaced with PYTHIA 6.4 [7] for parton showering. The same generator
chain is used for signal events. A GEANT4-based [8] simulation of the response of the CMS
detector is used for both signal and background events. These events are processed with the
same reconstruction algorithms as the data. Simulated event yields are scaled to the integrated
luminosity in the data using cross section calculations to the highest order available, taking
into account the trigger and reconstruction efficiencies determined from the data. In addition,
the simulated distribution of the number of simultaneous proton-proton collisions within the
same bunch crossing (pileup) is reweighted to match the one observed in the data.

A detailed description of the CMS detector can be found elsewhere [9]. Its central feature
is a 3.8 T superconducting solenoid of 6 m internal diameter. Within its field volume are the
silicon tracker, the crystal electromagnetic calorimeter (ECAL), and the brass/scintillator sam-
pling hadron calorimeter (HCAL). The muon system, composed of drift tubes, cathode strip
chambers, and resistive-plate chambers, is installed outside the solenoid, embedded in the steel
return yoke. CMS uses a right-handed coordinate system, with the origin at the nominal inter-
action point, the x axis pointing to the center of the LHC, the y axis pointing up (perpendicular
to the LHC plane), and the z axis along the counterclockwise-beam direction. The polar angle
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Figure 1: Most important leading-order Feynman diagrams for ttW and ttZ production in
proton-proton collisions. The charge conjugate of the diagrams shown is implied.
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same reconstruction algorithms as the data. Simulated event yields are scaled to the integrated
luminosity in the data using cross section calculations to the highest order available, taking
into account the trigger and reconstruction efficiencies determined from the data. In addition,
the simulated distribution of the number of simultaneous proton-proton collisions within the
same bunch crossing (pileup) is reweighted to match the one observed in the data.

A detailed description of the CMS detector can be found elsewhere [9]. Its central feature
is a 3.8 T superconducting solenoid of 6 m internal diameter. Within its field volume are the
silicon tracker, the crystal electromagnetic calorimeter (ECAL), and the brass/scintillator sam-
pling hadron calorimeter (HCAL). The muon system, composed of drift tubes, cathode strip
chambers, and resistive-plate chambers, is installed outside the solenoid, embedded in the steel
return yoke. CMS uses a right-handed coordinate system, with the origin at the nominal inter-
action point, the x axis pointing to the center of the LHC, the y axis pointing up (perpendicular
to the LHC plane), and the z axis along the counterclockwise-beam direction. The polar angle
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(MC) simulations. Simulated MC event samples are generated using the MADGRAPH 5.1.3.30
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chain is used for signal events. A GEANT4-based [8] simulation of the response of the CMS
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q is measured from the positive z axis and the azimuthal angle f is measured in the x-y plane.
The pseudorapidity h is defined as � ln[tan(q/2)].

Muons [10] are measured with the combination of the tracker and the muon system, in the
pseudorapidity range |h| < 2.4. Electrons [11] are detected as tracks in the tracker pointing
to energy clusters in the ECAL up to |h| = 2.5. Both muons and electrons are required to
have a momentum transverse to the beam axis, pT, greater than 20 GeV. Both the pT and h
requirements are consistent with those employed in the online trigger selection, where the
presence of two isolated charged leptons, either electrons or muons, in any flavor combination,
is required to accept the events.

The full details of electron and muon identification criteria are described elsewhere [12]. Iso-
lation requirements on lepton candidates are enforced by measuring the additional detector
activity in a surrounding cone of DR ⌘

p
(Dh)2 + (Df)2 < 0.3, where Dh and Df are the

differences in pseudorapidity and in azimuthal angle, measured in radians, respectively. For
muons the total sum of the transverse momenta of the additional reconstructed tracks and of
the energy in the calorimeters in the surrounding cone is required to be less than 15% of the
muon transverse momentum in the trilepton channel and 5% in the dilepton channel. Electron
isolation requirements are similar but vary depending on the shape of the electron shower. To
minimize the contribution of lepton candidates arising from jet misidentification, tighter isola-
tion and identification requirements are employed in the dilepton channels.

Jets are reconstructed with a particle-flow (PF) algorithm [13], a global event reconstruction
technique which optimally combines the information of all sub-detectors to reconstruct the
particles produced in a collision. Reconstructed particle candidates are clustered to form PF
jets with the anti-kT algorithm [14] with a distance parameter of 0.5. The jet energy resolu-
tion is typically 15% at 10 GeV and 8% at 100 GeV. Jets are required to be inside the tracker
acceptance (|h| < 2.4), to increase the reconstruction efficiency and the precision of the en-
ergy measurement using PF techniques. Jet energy corrections are applied to account for the
non-linear response of the calorimeters to the particle energies and other instrumental effects.
These corrections are based on in situ measurements using dijet and g + jet data samples [15].
Pileup activity has an effect on jet reconstruction by contributing additional particles to the
reconstructed jets. The average energy density due to pileup is evaluated in each event and
the corresponding energy is subtracted from each jet [16]. A jet identification requirement, pri-
marily based on the energy balance between charged and neutral hadrons in a jet, is applied to
remove misidentified jets. Jets are required to have pT > 20 GeV.

To identify jets originating from the hadronization of bottom quarks, a b-tagging algorithm [17]
is employed. The algorithm identifies jets from b-hadron decays by requiring at least two
tracks to have significant impact parameters with respect to the primary interaction vertex.
This tagger is used here with two operating points: the loose point corresponds to an efficiency
for jets originating from b quarks of about 80% and a misidentification probability for jets from
light quarks and gluons of 10%, while the medium operating point provides an efficiency for b
jets of about 65% and a misidentification probability of about 1%.

In the trilepton analysis, events originating from the process

pp ! ttZ ! (t ! b`±n)(t ! bjj)(Z ! `±`⌥) (with ` = e or µ)

are selected if they contain two same-flavor, opposite-charge leptons (electrons or muons) with
pT > 20 GeV, where the dilepton system must have an invariant mass between 81 and 101 GeV
and pT > 35 GeV. The presence of a third lepton with pT > 10 GeV and at least three jets, two
of which are positively b-tagged (one medium and one loose tag), is required, and the scalar
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isolation requirements are similar but vary depending on the shape of the electron shower. To
minimize the contribution of lepton candidates arising from jet misidentification, tighter isola-
tion and identification requirements are employed in the dilepton channels.

Jets are reconstructed with a particle-flow (PF) algorithm [13], a global event reconstruction
technique which optimally combines the information of all sub-detectors to reconstruct the
particles produced in a collision. Reconstructed particle candidates are clustered to form PF
jets with the anti-kT algorithm [14] with a distance parameter of 0.5. The jet energy resolu-
tion is typically 15% at 10 GeV and 8% at 100 GeV. Jets are required to be inside the tracker
acceptance (|h| < 2.4), to increase the reconstruction efficiency and the precision of the en-
ergy measurement using PF techniques. Jet energy corrections are applied to account for the
non-linear response of the calorimeters to the particle energies and other instrumental effects.
These corrections are based on in situ measurements using dijet and g + jet data samples [15].
Pileup activity has an effect on jet reconstruction by contributing additional particles to the
reconstructed jets. The average energy density due to pileup is evaluated in each event and
the corresponding energy is subtracted from each jet [16]. A jet identification requirement, pri-
marily based on the energy balance between charged and neutral hadrons in a jet, is applied to
remove misidentified jets. Jets are required to have pT > 20 GeV.

To identify jets originating from the hadronization of bottom quarks, a b-tagging algorithm [17]
is employed. The algorithm identifies jets from b-hadron decays by requiring at least two
tracks to have significant impact parameters with respect to the primary interaction vertex.
This tagger is used here with two operating points: the loose point corresponds to an efficiency
for jets originating from b quarks of about 80% and a misidentification probability for jets from
light quarks and gluons of 10%, while the medium operating point provides an efficiency for b
jets of about 65% and a misidentification probability of about 1%.

In the trilepton analysis, events originating from the process

pp ! ttZ ! (t ! b`±n)(t ! bjj)(Z ! `±`⌥) (with ` = e or µ)

are selected if they contain two same-flavor, opposite-charge leptons (electrons or muons) with
pT > 20 GeV, where the dilepton system must have an invariant mass between 81 and 101 GeV
and pT > 35 GeV. The presence of a third lepton with pT > 10 GeV and at least three jets, two
of which are positively b-tagged (one medium and one loose tag), is required, and the scalar

Z provides powerful constraint!   
two same-flavor, opposite-sign leptons (pT > 20 GeV)   

that give Z mass (81 – 100 GeV) 

two b-quarks! 

three jets, at least two b-tags 
additional lepton > 10 GeV 

 
transverse momentum of Z system > 35 GeV 

 
scalar sum of pT of all jets > 120 GeV 
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Figure 2: Event yields after final selection requirements, separated in lepton flavor channels for
the trilepton (left) and same-sign dilepton (right) analyses. The expected contributions from
signal and background processes are shown, and the uncertainty on the estimated background
yield is superimposed with a grey hashed band.

The same-sign dilepton analysis searches for events with the following decay chains:

pp ! ttW ! (t ! b`±n)(t ! bjj)(W ! `±n);
pp ! ttZ ! (t ! b`±n)(t ! bjj)(Z ! `±`⌥) (with ` = e or µ).

The final set of selection criteria for the dilepton channel requires the presence of two same-
sign leptons, one with pT > 55 and the other with pT > 30 GeV, and a dilepton invariant mass
greater than 8 GeV, at least three jets with pT > 20 GeV of which at least one is b-tagged by the
medium operating point, and HT > 100 GeV. These selection requirements have been chosen
by optimizing the expected significance of the signal excess. To make this data sample statis-
tically independent of the data selected for the trilepton channel, events passing the trilepton
selection are removed.

The benefit of searching for same-sign dilepton events is that SM processes containing two
prompt same-sign leptons in the final state have very small cross sections. The background
processes considered here include diboson production (WZ, ZZ, Wg, Zg, W±W±), tbZ, tribo-
son production, and production of vector-boson pairs from double-parton scattering. Yields
from these processes are taken directly from the simulation and scaled to NLO predictions
whenever available.

The dominant background contributions originate from non-prompt leptons or misreconstruc-
tion effects: pions in jets or decay products of heavy-flavor mesons may give rise to non-prompt
lepton candidates; charge misidentification in events with opposite-sign lepton pairs results in
same-sign events. These background rates are determined from control regions in the data us-
ing techniques that determine the prompt and non-prompt lepton misidentification rates from
QCD dijet and Z ! `` event samples [24]. The result is an estimate, fully based on control sam-
ples in the data, of backgrounds with one or more lepton candidates that are not reconstructed
from a prompt final-state lepton. These include semi-leptonic tt decays, Drell–Yan events with
hard jet production, and QCD multijet production.

The background estimate due to charge misidentification of one of the leptons is obtained from
the number of opposite-sign dilepton events in the signal region and the probability to wrongly
measure the charge of a lepton. This probability is negligible for muons, but considerable for
electrons. From the fraction of same-sign events in a control region dominated by Z decay,

3

sum of the pT of all selected jets (HT) is required to be larger than 120 GeV. These selection
requirements have been chosen by optimizing the expected significance of the measurement.

The main background contributions in this analysis are dilepton events from the Drell–Yan
process and from tt events, where a third lepton is reconstructed from hadronization products,
and WZ events where both vector bosons decay to leptons. To determine the background con-
tributions from the data, event samples with less stringent requirements are used. Dilepton
eµ events which satisfy only the lepton pT and jet multiplicity requirements are dominated by
top-quark pair production, and are used to control the normalization of the tt simulation. A
normalization factor of 1.05 ± 0.12 with respect to the NLO cross section is found. The nor-
malization of the Drell–Yan and WZ simulations is determined from a control sample where
all the signal requirements are met, except there are no b-tagged jets. The simulations must be
normalized by a factor of 1.30 ± 0.13 to correctly predict the number of events in the Z-mass
peak in this background-dominated region. Sources of background arising from single-top-
quark production mediated through a virtual W boson, in conjunction with a Z boson (tbZ),
are taken from the simulation, scaled to the leading order cross section, and an uncertainty
of 50% is assumed on this yield. The contribution from events containing a SM Higgs boson,
assuming a mass of 125 GeV, as suggested by recent findings [18, 19], has been estimated and
found negligible for the trilepton channel.

The total systematic uncertainty is evaluated by assessing the relative change in signal effi-
ciency and background yield in the simulation when varying relevant parameters by one stan-
dard deviation. The sources of systematic uncertainty include experimental uncertainties such
as the background estimate, lepton reconstruction and trigger efficiencies, jet energy scale and
resolution, b-tagging efficiency, pileup modeling, and the integrated luminosity. Model un-
certainties arising from scale variations of the matrix-element/parton-shower matching scale
and the hard-scattering scale Q2 are also included. The dominant uncertainty comes from the
background estimate and amounts to 27% of the background yield; this includes the statistical
uncertainty on the number of simulated events and the uncertainty on the background scale
factors determined from the data all added in quadrature. All other uncertainties are less than
5%. The signal efficiencies are determined from MC simulations using MADGRAPH. In order
to account for any difference due to the NLO predictions, signal efficiencies are also calculated
using the POWHEG BOX [20–22] generator. The two simulations differ in their predictions of
the signal efficiencies by 13%, and this value is taken as a systematic uncertainty. Systematic
uncertainties that affect both signal and background yields are assumed to be fully correlated.
The total systematic uncertainty on the measured cross section is 15%.

The event yields after applying the full event selection are shown in Fig. 2. Nine events are
observed, compared to a background expectation of 3.2 ± 0.8 events. From the combination of
the four decay channels, the presence of a ttZ signal is established with a combined significance
of 3.3 standard deviations, corresponding to a p-value of 4 ⇥ 10�4, as obtained with an asymp-
totic profile likelihood estimator [23]. The cross section is extracted through a simultaneous
measurement performed in the four decay channels, and is measured to be

sttZ = 0.28+0.14
�0.11 (stat.) +0.06

�0.03 (syst.) pb.

The measured cross section is found to be compatible, within uncertainties, with the NLO
prediction of 0.137+0.012

�0.016 pb [4]. A comparison of the observed and predicted distributions for
several kinematic variables is available in appendix A.
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Figure 2: Event yields after final selection requirements, separated in lepton flavor channels for
the trilepton (left) and same-sign dilepton (right) analyses. The expected contributions from
signal and background processes are shown, and the uncertainty on the estimated background
yield is superimposed with a grey hashed band.

The same-sign dilepton analysis searches for events with the following decay chains:

pp ! ttW ! (t ! b`±n)(t ! bjj)(W ! `±n);
pp ! ttZ ! (t ! b`±n)(t ! bjj)(Z ! `±`⌥) (with ` = e or µ).

The final set of selection criteria for the dilepton channel requires the presence of two same-
sign leptons, one with pT > 55 and the other with pT > 30 GeV, and a dilepton invariant mass
greater than 8 GeV, at least three jets with pT > 20 GeV of which at least one is b-tagged by the
medium operating point, and HT > 100 GeV. These selection requirements have been chosen
by optimizing the expected significance of the signal excess. To make this data sample statis-
tically independent of the data selected for the trilepton channel, events passing the trilepton
selection are removed.

The benefit of searching for same-sign dilepton events is that SM processes containing two
prompt same-sign leptons in the final state have very small cross sections. The background
processes considered here include diboson production (WZ, ZZ, Wg, Zg, W±W±), tbZ, tribo-
son production, and production of vector-boson pairs from double-parton scattering. Yields
from these processes are taken directly from the simulation and scaled to NLO predictions
whenever available.

The dominant background contributions originate from non-prompt leptons or misreconstruc-
tion effects: pions in jets or decay products of heavy-flavor mesons may give rise to non-prompt
lepton candidates; charge misidentification in events with opposite-sign lepton pairs results in
same-sign events. These background rates are determined from control regions in the data us-
ing techniques that determine the prompt and non-prompt lepton misidentification rates from
QCD dijet and Z ! `` event samples [24]. The result is an estimate, fully based on control sam-
ples in the data, of backgrounds with one or more lepton candidates that are not reconstructed
from a prompt final-state lepton. These include semi-leptonic tt decays, Drell–Yan events with
hard jet production, and QCD multijet production.

The background estimate due to charge misidentification of one of the leptons is obtained from
the number of opposite-sign dilepton events in the signal region and the probability to wrongly
measure the charge of a lepton. This probability is negligible for muons, but considerable for
electrons. From the fraction of same-sign events in a control region dominated by Z decay,
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Figure 2: Event yields after final selection requirements, separated in lepton flavor channels for
the trilepton (left) and same-sign dilepton (right) analyses. The expected contributions from
signal and background processes are shown, and the uncertainty on the estimated background
yield is superimposed with a grey hashed band.

The same-sign dilepton analysis searches for events with the following decay chains:

pp ! ttW ! (t ! b`±n)(t ! bjj)(W ! `±n);
pp ! ttZ ! (t ! b`±n)(t ! bjj)(Z ! `±`⌥) (with ` = e or µ).

The final set of selection criteria for the dilepton channel requires the presence of two same-
sign leptons, one with pT > 55 and the other with pT > 30 GeV, and a dilepton invariant mass
greater than 8 GeV, at least three jets with pT > 20 GeV of which at least one is b-tagged by the
medium operating point, and HT > 100 GeV. These selection requirements have been chosen
by optimizing the expected significance of the signal excess. To make this data sample statis-
tically independent of the data selected for the trilepton channel, events passing the trilepton
selection are removed.

The benefit of searching for same-sign dilepton events is that SM processes containing two
prompt same-sign leptons in the final state have very small cross sections. The background
processes considered here include diboson production (WZ, ZZ, Wg, Zg, W±W±), tbZ, tribo-
son production, and production of vector-boson pairs from double-parton scattering. Yields
from these processes are taken directly from the simulation and scaled to NLO predictions
whenever available.

The dominant background contributions originate from non-prompt leptons or misreconstruc-
tion effects: pions in jets or decay products of heavy-flavor mesons may give rise to non-prompt
lepton candidates; charge misidentification in events with opposite-sign lepton pairs results in
same-sign events. These background rates are determined from control regions in the data us-
ing techniques that determine the prompt and non-prompt lepton misidentification rates from
QCD dijet and Z ! `` event samples [24]. The result is an estimate, fully based on control sam-
ples in the data, of backgrounds with one or more lepton candidates that are not reconstructed
from a prompt final-state lepton. These include semi-leptonic tt decays, Drell–Yan events with
hard jet production, and QCD multijet production.

The background estimate due to charge misidentification of one of the leptons is obtained from
the number of opposite-sign dilepton events in the signal region and the probability to wrongly
measure the charge of a lepton. This probability is negligible for muons, but considerable for
electrons. From the fraction of same-sign events in a control region dominated by Z decay,

First, we want an orthogonal selection: veto events that pass 
trilepton analysis cuts 

 
requiring three jets, at least one b-tagged 

 
two same-sign leptons pT > 55 (30) GeV,  

with invariant mass > 8 GeV 

Why is the Z even included in this selection? 
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Figure 2: Event yields after final selection requirements, separated in lepton flavor channels for
the trilepton (left) and same-sign dilepton (right) analyses. The expected contributions from
signal and background processes are shown, and the uncertainty on the estimated background
yield is superimposed with a grey hashed band.

The same-sign dilepton analysis searches for events with the following decay chains:

pp ! ttW ! (t ! b`±n)(t ! bjj)(W ! `±n);
pp ! ttZ ! (t ! b`±n)(t ! bjj)(Z ! `±`⌥) (with ` = e or µ).

The final set of selection criteria for the dilepton channel requires the presence of two same-
sign leptons, one with pT > 55 and the other with pT > 30 GeV, and a dilepton invariant mass
greater than 8 GeV, at least three jets with pT > 20 GeV of which at least one is b-tagged by the
medium operating point, and HT > 100 GeV. These selection requirements have been chosen
by optimizing the expected significance of the signal excess. To make this data sample statis-
tically independent of the data selected for the trilepton channel, events passing the trilepton
selection are removed.

The benefit of searching for same-sign dilepton events is that SM processes containing two
prompt same-sign leptons in the final state have very small cross sections. The background
processes considered here include diboson production (WZ, ZZ, Wg, Zg, W±W±), tbZ, tribo-
son production, and production of vector-boson pairs from double-parton scattering. Yields
from these processes are taken directly from the simulation and scaled to NLO predictions
whenever available.

The dominant background contributions originate from non-prompt leptons or misreconstruc-
tion effects: pions in jets or decay products of heavy-flavor mesons may give rise to non-prompt
lepton candidates; charge misidentification in events with opposite-sign lepton pairs results in
same-sign events. These background rates are determined from control regions in the data us-
ing techniques that determine the prompt and non-prompt lepton misidentification rates from
QCD dijet and Z ! `` event samples [24]. The result is an estimate, fully based on control sam-
ples in the data, of backgrounds with one or more lepton candidates that are not reconstructed
from a prompt final-state lepton. These include semi-leptonic tt decays, Drell–Yan events with
hard jet production, and QCD multijet production.

The background estimate due to charge misidentification of one of the leptons is obtained from
the number of opposite-sign dilepton events in the signal region and the probability to wrongly
measure the charge of a lepton. This probability is negligible for muons, but considerable for
electrons. From the fraction of same-sign events in a control region dominated by Z decay,
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the electron charge misidentification probability is measured to be 0.02% (0.3%) in the barrel
(endcap) region of the detector.

Systematic uncertainties relative to experimental measurements or model uncertainties are
evaluated in a similar manner as in the trilepton channel, and are expressed in terms of un-
certainties on the signal efficiency or the background yield. Uncertainties on the background
prediction are quantified differently for each of the background yield estimates: a 50% un-
certainty is assigned to the estimate of processes with non-prompt leptons; the uncertainty
on charge misidentification backgrounds is driven by the uncertainty on the measured single-
lepton charge misidentification probability and amounts to about 20%; the uncertainty on WZ
production is taken from the CMS cross section measurement and is equal to 20%; for all the
other SM processes taken from simulation, most of which have not been measured yet, an
uncertainty of 50% is assigned. Similar to the trilepton analysis, the uncertainty of the sig-
nal efficiency is estimated to be 13%. All uncertainties that affect both signal and background
yields are assumed to be fully correlated, whereas background prediction uncertainties are un-
correlated. The total systematic uncertainty in the dilepton channel is 15%. The contribution
from a SM Higgs boson with a mass of 125 GeV to the same-sign dilepton sample is estimated
to be as large as 0.8 events. The majority of these events originate from Higgs boson production
in associated production with tt pairs, in conjunction with the decay channels H ! WW and
H ! tt. This contribution is not included in the background estimation for this analysis, as
doing so would assume a degree of knowledge about the SM Higgs which has not been verified
yet.

Signal and background event yields are obtained as shown in Fig. 2. A total of 16 events is
selected in the data, compared to an expected background contribution of 9.2 ± 2.6 events.
The presence of a ttV (V = W or Z) signal is established with a significance equivalent to 3.0
standard deviations and a corresponding p-value of 0.002, as computed by multiplying the
likelihoods of the three decay channels with an asymptotic profile likelihood estimator. The
combined cross section, as measured simultaneously from the three channels, is

sttV = 0.43+0.17
�0.15 (stat.) +0.09

�0.07 (syst.) pb.

The measured cross section is compatible with the NLO prediction of 0.306+0.031
�0.053 pb. A compar-

ison of the observed and predicted distributions for several kinematic variables is available in
appendix A.

In summary, the first measurement of the cross section of vector boson production associated
with a top quark-antiquark pair at

p
s = 7 TeV has been presented. In the trilepton channel

a direct measurement of the ttZ cross section sttZ = 0.28+0.14
�0.11 (stat.) +0.06

�0.03 (syst.) pb is obtained,
with a significance of 3.3 standard deviations from the background hypothesis. In the dilepton
channel a measurement of the ttV process yields sttV = 0.43+0.17

�0.15 (stat.) +0.09
�0.07 (syst.) pb, with

a significance of 3.0 standard deviations from the background hypothesis. Both cross section
measurements are compatible with the NLO predictions. These results are summarized in
Fig. 3.
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USING LEPTON + JETS CHANNEL 

5

The jet formed by the b-quark from the semilepton-
ically decaying top quark is selected as a small-radius
jet that fulfills the same p

T

, ⌘ and jet vertex fraction
criteria as used in the resolved reconstruction and has
a �R separation smaller than 1.5 from the lepton. If
more than one jet fulfills these criteria, the one closest
to the lepton is chosen. Two other requirements are ap-
plied to the event: the decay products from the two top
quarks are required to be well separated through the cri-
teria ��(`, j

1.0

) > 2.3 and �R(j
0.4

, j

1.0

) > 1.5, where
j

0.4

and j

1.0

denote the jets with R = 0.4 and R = 1.0,
respectively. The �R(j

0.4

, j

1.0

) requirement guarantees
that there is no energy overlap between the two jets [11].
The highest-p

T

large-radius jet passing these criteria is
taken as the hadronically decaying top quark candidate.

Finally, in both selections at least one small-radius
b-tagged jet is required. In the boosted analysis this
requirement is independent of any large-radius jet in
the event, i.e. the b-tagged jet may originate from the
hadronic top-quark decay and overlap with the large-
radius jet or it may originate from the leptonic top-quark
decay and thus be near the lepton.

VI. EVENT RECONSTRUCTION

The tt̄ candidate invariant mass, m
t

¯

t

, is computed from
the four-momenta of the two reconstructed top quarks.
For the semileptonically decaying top quark, in both the
resolved and boosted selections, the longitudinal com-
ponent of the neutrino momentum, p

z

, is computed by
imposing a W boson mass constraint on the lepton plus
E

miss

T

system [68, 69]. If only one real solution for p
z

ex-
ists, this is used. If two real solutions exist, the solution
with the smallest |p

z

| is chosen or both are tested, de-
pending on the reconstruction algorithm. In events where
no real solution is found, the Emiss

T

vector is rescaled and
rotated, applying the minimum variation necessary to
find exactly one real solution. This procedure is justified
since mismeasurement of the E

miss

T

vector is the likeliest
explanation for the lack of a solution to the p

z

equation,
assuming that the lepton indeed comes from a W boson
decay.

For the resolved reconstruction, a �

2 minimization al-
gorithm is used to select the best assignment of jets to the
hadronically and semileptonically decaying top quarks.
The �

2 minimization uses the reconstructed top quark
and W boson masses as constraints:

�

2 =


m

jj

�m

W

�

W

�
2

+


m

jjb

�m

jj

�m

th�W

�

th�W

�
2

+


m

j`⌫

�m

t`

�

t`

�
2

+


(p

T,jjb

� p

T,j`⌫

)� (p
T,th � p

T,t`)

�

di↵pT

�
2

, (2)

where t
h

and t

`

denote the hadronically and semileptoni-
cally decaying top quarks respectively, and j and b denote

the jets originated by the light quarks and b-quarks. The
first term constrains the hadronically decaying W boson.
The second term corresponds to the invariant mass of
the hadronically decaying top quark, but since the in-
variant mass of the jets from the W candidate (m

jj

) is
heavily correlated with the mass of the three jets from
the hadronic top quark candidate (m

jjb

), the mass of the
hadronically decaying W boson is subtracted to decou-
ple this term from the first one. The third term repre-
sents the semileptonically decaying top quark, and the
last term constrains the transverse momenta of the two
top quarks to be similar, as expected for a resonance de-
cay. The parameters of Eq. (2) (m

W

, m
th�W

, m
t` , �W

,
�

th�W

, �
t` , pT,th�p

T,t` and �

di↵pT) are determined from
Monte Carlo simulation studies comparing partons from
the top-quark decay with reconstructed objects [70]. All
small-radius jets satisfying the physics object selection
requirements of Sec. IV and p

T

> 20 GeV are tried and
the permutation with the lowest �

2 is used to calculate
m

t

¯

t

. The correct assignment of the jets to the partons
of the tt̄ decay (q, q̄0, b, b̄) is achieved in approximately
65% of the tt̄ events for which all the decay products of
the top quarks are in the acceptance of the detector and
can be matched to reconstructed objects. If one of the
jets has a mass larger than 60 GeV, the �

2 is slightly
modified to allow the heavy jet to contain either the two
light quarks from the W boson decay or one quark from
the W boson and the b-quark from the top-quark decay.
The reconstructed tt̄ invariant mass, mreco

t

¯

t

, in simulated
events is shown in Fig. 1(a) for a selection of Z 0 and g

KK

mass values.

For the boosted reconstruction, the hadronically de-
caying top-quark four-momentum is taken to be that of
the large-radius jet, while the semileptonically decaying
top-quark four-momentum is formed from the neutrino
solution from the W boson mass constraint, the high-p

T

lepton and the nearest small-radius jet. In this case there
is no ambiguity in the assignment of the objects to the
original top quarks. The reconstructed tt̄ invariant mass
for a selection of simulated Z

0 and g

KK

mass points is
shown in Fig. 1(b).

The extended tails at low masses for high-mass reso-
nances in Fig. 1 are caused mainly by the convolution
of the Z

0 line shape and the steeply falling parton dis-
tribution functions. The �

2 method sometimes also re-
constructs a slightly lower m

t

¯

t

value in the case of hard
final-state radiation, since it tends to select the soft jets
from the light quarks in the top-quark decay, rather than
hard jets from final-state radiation.

Four independent m
t

¯

t

invariant mass spectra are used
to search for tt̄ resonances. For each of the e+jets and
µ+jets decay channels, two orthogonal data samples are
created. The first sample contains all events that pass
the boosted event selection. For these events, m

t

¯

t

is
estimated using the boosted reconstruction. This first
sample includes events that also pass the resolved event
selection. For these events the boosted reconstruction is
used because of its better reconstructed mass resolution.
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FIG. 1. The reconstructed tt̄ invariant mass, mreco

t¯t , using
the (a) resolved and (b) boosted selection, for a variety of
simulated Z0 masses (m(Z0)). The broad Kaluza–Klein gluon
resonance at masses 0.7 TeV and 1.3 TeV are also shown for
comparison.

The second sample, referred to as the resolved selection in
the remainder of the paper, contains all events that pass
the resolved event selection but do not pass the boosted
event selection.

The e�ciency of the boosted event selection for se-
lecting Z

0 ! tt̄ events (including all possible tt̄ decay
channels) as a function of the true invariant mass of the
tt̄ system is shown in Fig. 2, together with the selection
e�ciency for all events passing either selection method.
These e�ciencies are given with respect to the full set
of Z 0 ! tt̄ events and they include both the fraction of
events within the fiducial acceptance and the fraction of
those events that pass the criteria for reconstructed ob-
jects, as well as the branching fraction to the various final
states. At masses below 1 TeV, the resolved selection is
the most e�cient, whereas the boosted selection gains in
importance at high masses. The e+jets e�ciency drops
at high masses, due to the �R(j, e) > 0.4 requirement,
which removes highly collimated top-quark decays. The
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FIG. 2. The selection e�ciency as a function of the true
mt¯t for simulated Z0 resonances at various mass points. The
µ+jets channel is shown with gray lines and the e+jets chan-
nel with black lines. Dashed lines show the boosted selection
and solid lines the total selection e�ciency.

overall selection e�ciency is larger for the µ+jets chan-
nel because of an inherent larger selection e�ciency of
muons compared with electrons, and also because of the
di↵erences in the requirements on the missing transverse
energy and transverse mass.

VII. BACKGROUNDS DETERMINED FROM
DATA

The W+jets and multi-jet backgrounds and their un-
certainties are largely determined from data. The ex-
pected shape of the m

reco

t

¯

t

distribution of the W+jets
background is estimated using Alpgen simulation sam-
ples, but the overall normalization and flavor fractions
are determined from data.
The total number of W+jets events passing selection

criteria in the data, N
W

+ +N

W

� , is estimated from the
observed charge asymmetry in data [71, 72] and the pre-
dicted charge asymmetry in W+jets events from Monte
Carlo simulation:

N

W

+ +N

W

� =

✓
r

MC

+ 1

r

MC

� 1

◆
(D

corr+

�D

corr�), (3)

where r

MC

is the predicted ratio in Monte Carlo simula-
tion of the W

+ to W

� boson cross sections after event
selection criteria are applied (but without b-tagging) and
D

corr+(�)

is the number of observed events with a pos-
itively (negatively) charged lepton. Charge-symmetric
contributions from tt̄ and Z+jets processes cancel in
the di↵erence and the contributions from the remaining,
slightly charge-asymmetric processes are accounted for
by Monte Carlo simulation. To increase the sample size
for the boosted selection, the jet mass and

p
d

12

require-
ments are not applied and the p

T

requirement on the
large-radius jet is relaxed to be > 300 GeV. From sta-
bility tests performed by varying the p

T

requirement, it

6

 [TeV]reco
ttm

0 0.5 1 1.5 2 2.5 3 3.5

Fr
ac

tio
n 

of
 e

ve
nt

s

0

0.05

0.1

0.15

0.2

0.25

m(Z’)=0.5 TeV
)=0.7 TeV

KK
m(g

)=1.3 TeV
KK

m(g
m(Z’)=1.3 TeV
m(Z’)=2.0 TeV

ATLAS
 =7 TeVsSimulation, 

Resolved

(a) Resolved reconstruction.

 [TeV]reco
ttm

0 0.5 1 1.5 2 2.5 3 3.5

Fr
ac

tio
n 

of
 e

ve
nt

s

0

0.05

0.1

0.15

0.2

0.25
ATLAS

)=1.3 TeV
KK

m(g
m(Z’)=1.3 TeV
m(Z’)=2.0 TeV
m(Z’)=3.0 TeV

 =7 TeVsSimulation, 

Boosted

(b) Boosted reconstruction.

FIG. 1. The reconstructed tt̄ invariant mass, mreco

t¯t , using
the (a) resolved and (b) boosted selection, for a variety of
simulated Z0 masses (m(Z0)). The broad Kaluza–Klein gluon
resonance at masses 0.7 TeV and 1.3 TeV are also shown for
comparison.

The second sample, referred to as the resolved selection in
the remainder of the paper, contains all events that pass
the resolved event selection but do not pass the boosted
event selection.

The e�ciency of the boosted event selection for se-
lecting Z

0 ! tt̄ events (including all possible tt̄ decay
channels) as a function of the true invariant mass of the
tt̄ system is shown in Fig. 2, together with the selection
e�ciency for all events passing either selection method.
These e�ciencies are given with respect to the full set
of Z 0 ! tt̄ events and they include both the fraction of
events within the fiducial acceptance and the fraction of
those events that pass the criteria for reconstructed ob-
jects, as well as the branching fraction to the various final
states. At masses below 1 TeV, the resolved selection is
the most e�cient, whereas the boosted selection gains in
importance at high masses. The e+jets e�ciency drops
at high masses, due to the �R(j, e) > 0.4 requirement,
which removes highly collimated top-quark decays. The
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pected shape of the m

reco

t

¯

t

distribution of the W+jets
background is estimated using Alpgen simulation sam-
ples, but the overall normalization and flavor fractions
are determined from data.
The total number of W+jets events passing selection
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� , is estimated from the
observed charge asymmetry in data [71, 72] and the pre-
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D

corr+(�)

is the number of observed events with a pos-
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the di↵erence and the contributions from the remaining,
slightly charge-asymmetric processes are accounted for
by Monte Carlo simulation. To increase the sample size
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(a) Resolved selection, e+jets channel.
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(b) Resolved selection, µ+jets channel.
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(c) Boosted selection, e+jets channel.
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(d) Boosted selection, µ+jets channel.

FIG. 3. The reconstructed tt̄ invariant mass, mreco

t¯t , in the multi-jet control regions for the resolved (a, b) and boosted (c,
d) selections. The 60% uncertainty on the multi-jet contribution is indicated as the shaded area. The multi-jet fraction is
significantly larger for the µ+jets channel than for the e+jet channel because of the impact parameter requirement on the
muons, which suppresses prompt muons.

CT10 PDF set uncertainties at 68% confidence-level [80]
following the PDF4LHC recommendation [81] and nor-
malizing to the nominal cross section. The PDF uncer-
tainty has a much larger e↵ect on the tt̄ mass spectrum
in the boosted sample than in the resolved sample, with
variations in the number of tt̄ events increasing from 5%
at 1 TeV to over 50% above 2 TeV, due primarily to
the larger relative PDF uncertainties in the higher-mass
(higher partonic x) regime. The e↵ect on the total back-
ground from the PDF variations is 4.7% (7.3%) after the
resolved (boosted) selection.

One of the dominant uncertainties a↵ecting recon-
structed physics objects is the jet energy scale (JES) un-
certainty, especially for large-radius jets [59, 65], which
has an e↵ect of 17% on the background yield in the
boosted selection. This uncertainty also includes vari-
ations in the jet mass scale (JMS) and the k

t

splitting
scales within their uncertainties [59]. The uncertainty is

smaller for the resolved selection, since the large-radius
jets are only used indirectly there, in the veto of events
that pass the boosted selection. For small-radius jets,
the uncertainties in the JES, the jet reconstruction e�-
ciency and the jet energy resolution (JER) are consid-
ered [56]. The b-tagging uncertainty is modeled through
simultaneous variations of the uncertainties on the e�-
ciency and rejection scale factors [60, 82]. An additional
b-tagging uncertainty is applied for high-momentum jets
(p

T

> 200 GeV) to account for uncertainties in the mod-
eling of the track reconstruction in dense environments
with high track multiplicities [83]. The e↵ect of uncer-
tainties associated with the jet vertex fraction is also con-
sidered.

The uncertainty on the Standard Model tt̄ background
due to uncertainties in the modeling of QCD initial- and
final-state radiation (ISR/FSR) is estimated using Ac-
erMC [36] plus Pythia Monte Carlo samples by vary-

Require Missing ET < 50 GeV and mT < 50 GeV 
 

For muons, also require significant impact parameter 
to enrich in heavy flavor 

electrons  (resolved)                                       muons (resolved) 
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(a) Resolved selection, e+jets channel.
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(b) Resolved selection, µ+jets channel.
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(c) Boosted selection, e+jets channel.
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(d) Boosted selection, µ+jets channel.

FIG. 3. The reconstructed tt̄ invariant mass, mreco

t¯t , in the multi-jet control regions for the resolved (a, b) and boosted (c,
d) selections. The 60% uncertainty on the multi-jet contribution is indicated as the shaded area. The multi-jet fraction is
significantly larger for the µ+jets channel than for the e+jet channel because of the impact parameter requirement on the
muons, which suppresses prompt muons.

CT10 PDF set uncertainties at 68% confidence-level [80]
following the PDF4LHC recommendation [81] and nor-
malizing to the nominal cross section. The PDF uncer-
tainty has a much larger e↵ect on the tt̄ mass spectrum
in the boosted sample than in the resolved sample, with
variations in the number of tt̄ events increasing from 5%
at 1 TeV to over 50% above 2 TeV, due primarily to
the larger relative PDF uncertainties in the higher-mass
(higher partonic x) regime. The e↵ect on the total back-
ground from the PDF variations is 4.7% (7.3%) after the
resolved (boosted) selection.

One of the dominant uncertainties a↵ecting recon-
structed physics objects is the jet energy scale (JES) un-
certainty, especially for large-radius jets [59, 65], which
has an e↵ect of 17% on the background yield in the
boosted selection. This uncertainty also includes vari-
ations in the jet mass scale (JMS) and the k

t

splitting
scales within their uncertainties [59]. The uncertainty is

smaller for the resolved selection, since the large-radius
jets are only used indirectly there, in the veto of events
that pass the boosted selection. For small-radius jets,
the uncertainties in the JES, the jet reconstruction e�-
ciency and the jet energy resolution (JER) are consid-
ered [56]. The b-tagging uncertainty is modeled through
simultaneous variations of the uncertainties on the e�-
ciency and rejection scale factors [60, 82]. An additional
b-tagging uncertainty is applied for high-momentum jets
(p

T

> 200 GeV) to account for uncertainties in the mod-
eling of the track reconstruction in dense environments
with high track multiplicities [83]. The e↵ect of uncer-
tainties associated with the jet vertex fraction is also con-
sidered.

The uncertainty on the Standard Model tt̄ background
due to uncertainties in the modeling of QCD initial- and
final-state radiation (ISR/FSR) is estimated using Ac-
erMC [36] plus Pythia Monte Carlo samples by vary-
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ing the Pythia ISR and FSR parameters while retain-
ing consistency with a previous ATLAS measurement of
tt̄ production with a veto on additional central jet ac-
tivity [84]. The magnitude of the variations comes from
a measurement of extra radiation in top quark events.
Higher-order electroweak virtual corrections to the tt̄

mass spectrum have been estimated in Ref. [85] and are
used as an estimate of the systematic uncertainty of the tt̄
Monte Carlo sample normalization. The parton shower-
ing and fragmentation uncertainty on the tt̄ background
is estimated by comparing the result from samples gener-
ated with Powheg interfaced with Pythia or Herwig
for the parton showering and hadronization.

For the W+jets background, the uncertainty on the
shape of the mass distribution is estimated by varying
the parameterization of the renormalization and factor-
ization scales [41].

The shape uncertainty of the multi-jet background is
estimated by comparing the matrix method and the jet–
electron method, and its impact on the expected up-
per cross-section limit of the signal models (discussed in
Sec. X) is found to be negligible.

For the leptons, the uncertainties on the mini-isolation
e�ciency, the single-lepton trigger and the reconstruc-
tion e�ciency are estimated using Z ! ee and Z ! µµ

events. The di↵erence between Z boson and tt̄ events is
part of the mini-isolation uncertainty. Uncertainties on
the E

miss

T

reconstruction, as well as on the energy scale
and energy resolution of the leptons are also considered,
and generally have a smaller impact on the yield and the
expected limits than the uncertainties mentioned above.

In Table II, an overview of the e↵ects of the dominant
systematic uncertainties on the background and signal
yields is given. Only the impact on the overall normal-
ization is shown in the table. Some of the systematic
uncertainties also have a significant dependence on the
reconstructed tt̄ mass and this is fully taken into account
in the analysis.

IX. COMPARISON OF DATA AND THE
STANDARD MODEL PREDICTION

After all event selection criteria are applied, 61931 re-
solved and 1078 boosted events remain. A total of 701
events pass both sets of selection criteria, and in the
analysis they are treated as boosted events. The event
yields from data and from the expected backgrounds for
4.7 fb�1 are listed in Table III, along with the total sys-
tematic uncertainties, described in Sec. VIII.

Figures 4 and 5 show the transverse momentum of the
leading (small-radius) jet after the resolved selection and
the transverse momentum of the selected large-radius jet
after the boosted selection, respectively. In Figs. 6 and
7, the reconstructed mass distributions of the semilep-
tonically and hadronically decaying top quark candidates
are shown, using the boosted event selection. Figure 8
shows the distribution of the first k

t

splitting scale of the

TABLE II. Average uncertainty from the dominant system-
atic e↵ects on the total background yield and on the estimated
yield of a Z0 with m = 1.6 TeV. The e+jets and µ+jets spec-
tra are added. The shift is given in percent of the nominal
value. The error on the yield from all systematic e↵ects is es-
timated as the quadratic sum of all systematic uncertainties.
Certain systematic e↵ects are not relevant for the Z0 samples,
which is indicated with a bar (�) in the table.

Resolved selection Boosted selection
uncertainty [%] uncertainty [%]

Systematic e↵ect tot. bkg. Z0 tot. bkg. Z0

Luminosity 3.3 3.9 3.5 3.9
PDF 4.7 3.2 7.3 1.5
ISR/FSR 0.5 � 0.9 �
Parton shower and fragm. 0.1 � 7.4 �
tt̄ normalization 8.2 � 9.0 �
tt̄ EW virtual correction 1.9 � 4.2 �
tt̄ NLO scale variation 1.2 � 8.9 �
W+jets bb+cc+c vs. light 1.7 � 1.1 �
W+jets bb variation 1.3 � 1.1 �
W+jets c variation 0.8 � 0.1 �
W+jets normalization 1.3 � 1.5 �
Multi-jets norm, e+jets 1.7 � 0.4 �
Multi-jets norm, µ+jets 1.0 � 1.1 �
JES, small-radius jets 7.9 3.1 0.6 0.4
JES+JMS, large-radius jets 0.2 4.7 17.3 2.8
Jet energy resolution 1.3 0.7 0.5 0.2
Jet vertex fraction 1.4 1.8 1.9 1.9
b-tag e�ciency 3.8 7.9 6.1 3.7
c-tag e�ciency 1.2 0.6 0.1 2.6
Mistag rate 1.0 0.3 0.6 0.1
Electron e�ciency 0.6 0.7 0.5 0.5
Muon e�ciency 0.9 0.9 0.6 0.6
All systematic e↵ects 14.1 11.2 25.4 7.1

TABLE III. Data and expected background event yields after
the resolved and boosted selections. The total systematic
uncertainty of the expected background yields is listed.

Type Resolved selection Boosted selection
tt̄ 44200 ± 7000 940 ± 260
Single top 3200 ± 500 50 ± 10
Multi-jets e 1600 ± 1000 8 ± 5
Multi-jets µ 1000 ± 600 19 ± 11
W+jets 7000 ± 2200 90 ± 30
Z+jets 800 ± 500 11 ± 6
Dibosons 120 ± 50 0.9 ± 0.6
Total 58000 ± 8000 1120 ± 280
Data 61931 1078

selected large-radius jet. In these figures, the diboson
background is too small to be visible. Good agreement is
observed between the data and the expected background.
The tt̄ invariant mass spectra for the resolved and the

boosted selections in the e+jets and µ+jets decay chan-
nels are shown in Fig. 9. Figure 10 shows the tt̄ invariant
mass spectrum for all channels added together. The data
agree with the Standard Model prediction within the un-

Look at 1.6 TeV Z’ 
to evaluate systematics 
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ing the Pythia ISR and FSR parameters while retain-
ing consistency with a previous ATLAS measurement of
tt̄ production with a veto on additional central jet ac-
tivity [84]. The magnitude of the variations comes from
a measurement of extra radiation in top quark events.
Higher-order electroweak virtual corrections to the tt̄

mass spectrum have been estimated in Ref. [85] and are
used as an estimate of the systematic uncertainty of the tt̄
Monte Carlo sample normalization. The parton shower-
ing and fragmentation uncertainty on the tt̄ background
is estimated by comparing the result from samples gener-
ated with Powheg interfaced with Pythia or Herwig
for the parton showering and hadronization.

For the W+jets background, the uncertainty on the
shape of the mass distribution is estimated by varying
the parameterization of the renormalization and factor-
ization scales [41].

The shape uncertainty of the multi-jet background is
estimated by comparing the matrix method and the jet–
electron method, and its impact on the expected up-
per cross-section limit of the signal models (discussed in
Sec. X) is found to be negligible.

For the leptons, the uncertainties on the mini-isolation
e�ciency, the single-lepton trigger and the reconstruc-
tion e�ciency are estimated using Z ! ee and Z ! µµ

events. The di↵erence between Z boson and tt̄ events is
part of the mini-isolation uncertainty. Uncertainties on
the E

miss

T

reconstruction, as well as on the energy scale
and energy resolution of the leptons are also considered,
and generally have a smaller impact on the yield and the
expected limits than the uncertainties mentioned above.

In Table II, an overview of the e↵ects of the dominant
systematic uncertainties on the background and signal
yields is given. Only the impact on the overall normal-
ization is shown in the table. Some of the systematic
uncertainties also have a significant dependence on the
reconstructed tt̄ mass and this is fully taken into account
in the analysis.

IX. COMPARISON OF DATA AND THE
STANDARD MODEL PREDICTION

After all event selection criteria are applied, 61931 re-
solved and 1078 boosted events remain. A total of 701
events pass both sets of selection criteria, and in the
analysis they are treated as boosted events. The event
yields from data and from the expected backgrounds for
4.7 fb�1 are listed in Table III, along with the total sys-
tematic uncertainties, described in Sec. VIII.

Figures 4 and 5 show the transverse momentum of the
leading (small-radius) jet after the resolved selection and
the transverse momentum of the selected large-radius jet
after the boosted selection, respectively. In Figs. 6 and
7, the reconstructed mass distributions of the semilep-
tonically and hadronically decaying top quark candidates
are shown, using the boosted event selection. Figure 8
shows the distribution of the first k

t

splitting scale of the

TABLE II. Average uncertainty from the dominant system-
atic e↵ects on the total background yield and on the estimated
yield of a Z0 with m = 1.6 TeV. The e+jets and µ+jets spec-
tra are added. The shift is given in percent of the nominal
value. The error on the yield from all systematic e↵ects is es-
timated as the quadratic sum of all systematic uncertainties.
Certain systematic e↵ects are not relevant for the Z0 samples,
which is indicated with a bar (�) in the table.

Resolved selection Boosted selection
uncertainty [%] uncertainty [%]

Systematic e↵ect tot. bkg. Z0 tot. bkg. Z0

Luminosity 3.3 3.9 3.5 3.9
PDF 4.7 3.2 7.3 1.5
ISR/FSR 0.5 � 0.9 �
Parton shower and fragm. 0.1 � 7.4 �
tt̄ normalization 8.2 � 9.0 �
tt̄ EW virtual correction 1.9 � 4.2 �
tt̄ NLO scale variation 1.2 � 8.9 �
W+jets bb+cc+c vs. light 1.7 � 1.1 �
W+jets bb variation 1.3 � 1.1 �
W+jets c variation 0.8 � 0.1 �
W+jets normalization 1.3 � 1.5 �
Multi-jets norm, e+jets 1.7 � 0.4 �
Multi-jets norm, µ+jets 1.0 � 1.1 �
JES, small-radius jets 7.9 3.1 0.6 0.4
JES+JMS, large-radius jets 0.2 4.7 17.3 2.8
Jet energy resolution 1.3 0.7 0.5 0.2
Jet vertex fraction 1.4 1.8 1.9 1.9
b-tag e�ciency 3.8 7.9 6.1 3.7
c-tag e�ciency 1.2 0.6 0.1 2.6
Mistag rate 1.0 0.3 0.6 0.1
Electron e�ciency 0.6 0.7 0.5 0.5
Muon e�ciency 0.9 0.9 0.6 0.6
All systematic e↵ects 14.1 11.2 25.4 7.1

TABLE III. Data and expected background event yields after
the resolved and boosted selections. The total systematic
uncertainty of the expected background yields is listed.

Type Resolved selection Boosted selection
tt̄ 44200 ± 7000 940 ± 260
Single top 3200 ± 500 50 ± 10
Multi-jets e 1600 ± 1000 8 ± 5
Multi-jets µ 1000 ± 600 19 ± 11
W+jets 7000 ± 2200 90 ± 30
Z+jets 800 ± 500 11 ± 6
Dibosons 120 ± 50 0.9 ± 0.6
Total 58000 ± 8000 1120 ± 280
Data 61931 1078

selected large-radius jet. In these figures, the diboson
background is too small to be visible. Good agreement is
observed between the data and the expected background.
The tt̄ invariant mass spectra for the resolved and the

boosted selections in the e+jets and µ+jets decay chan-
nels are shown in Fig. 9. Figure 10 shows the tt̄ invariant
mass spectrum for all channels added together. The data
agree with the Standard Model prediction within the un-

uncertainties listed are systematics 
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(b) µ+jets channel.

FIG. 4. The transverse momentum of the leading jet in (a)
the e+jets and (b) the µ+jets channels, after the resolved
selection. The shaded area indicates the total systematic un-
certainties.

certainties. The slight shape mismatch between data and
the Standard Model prediction seen in Fig. 9, especially
for the resolved selection, is fully covered by the uncer-
tainties. Systematic uncertainties that tilt the shape in
this way include the tt̄ generator uncertainty, the small-
radius jet energy scale and resolution uncertainties, and
the ISR/FSR modeling.

X. RESULTS

After the reconstruction of the tt̄ mass spectra, the
data and expected background distributions are com-
pared to search for hints of phenomena associated
with new physics using BumpHunter [86]. This is a
hypothesis-testing tool that uses pseudo-experiments to
search for local excesses or deficits in the data compared
to the Standard Model prediction in binned histograms,
taking the look-elsewhere e↵ect into account over the full
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FIG. 5. The transverse momentum of the hadronically decay-
ing top quark candidate in (a) the e+jets and (b) the µ+jets
channels, after the boosted selection. The shaded area indi-
cates the total systematic uncertainties. The last bin contains
histogram limit overflows.

mass spectrum. The Standard Model prediction is al-
lowed to float within the systematic uncertainties. After
accounting for the systematic uncertainties, no signifi-
cant deviation from the expected background is found.
Upper limits are set on the cross section times branching
ratio of the Z

0 and KK gluon benchmark models using a
Bayesian technique, implemented in a tool developed by
the D0 collaboration [87]. The prior is taken to be con-
stant in the signal cross section, which in this case is an
excellent approximation of the reference prior that maxi-
mizes the amount of missing information [88], as given in
Ref. [89]. The Bayesian limits are in good agreement with
results obtained using the CL

s

method [90, 91]. For each
of the models investigated, 95% CL upper limits are set
on the product of production cross section and branching
ratio into tt̄ pairs.
Figure 11 displays the upper limits on the cross sec-

tion, with systematic and statistical uncertainties, ob-

electron channel 
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FIG. 4. The transverse momentum of the leading jet in (a)
the e+jets and (b) the µ+jets channels, after the resolved
selection. The shaded area indicates the total systematic un-
certainties.

certainties. The slight shape mismatch between data and
the Standard Model prediction seen in Fig. 9, especially
for the resolved selection, is fully covered by the uncer-
tainties. Systematic uncertainties that tilt the shape in
this way include the tt̄ generator uncertainty, the small-
radius jet energy scale and resolution uncertainties, and
the ISR/FSR modeling.

X. RESULTS

After the reconstruction of the tt̄ mass spectra, the
data and expected background distributions are com-
pared to search for hints of phenomena associated
with new physics using BumpHunter [86]. This is a
hypothesis-testing tool that uses pseudo-experiments to
search for local excesses or deficits in the data compared
to the Standard Model prediction in binned histograms,
taking the look-elsewhere e↵ect into account over the full
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FIG. 5. The transverse momentum of the hadronically decay-
ing top quark candidate in (a) the e+jets and (b) the µ+jets
channels, after the boosted selection. The shaded area indi-
cates the total systematic uncertainties. The last bin contains
histogram limit overflows.

mass spectrum. The Standard Model prediction is al-
lowed to float within the systematic uncertainties. After
accounting for the systematic uncertainties, no signifi-
cant deviation from the expected background is found.
Upper limits are set on the cross section times branching
ratio of the Z

0 and KK gluon benchmark models using a
Bayesian technique, implemented in a tool developed by
the D0 collaboration [87]. The prior is taken to be con-
stant in the signal cross section, which in this case is an
excellent approximation of the reference prior that maxi-
mizes the amount of missing information [88], as given in
Ref. [89]. The Bayesian limits are in good agreement with
results obtained using the CL

s

method [90, 91]. For each
of the models investigated, 95% CL upper limits are set
on the product of production cross section and branching
ratio into tt̄ pairs.
Figure 11 displays the upper limits on the cross sec-

tion, with systematic and statistical uncertainties, ob-
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FIG. 10. The t¯t invariant mass spectrum, adding the spec-

tra from the two channels and both selection methods. The

shaded area indicates the total systematic uncertainties. Two

benchmark signals are indicated on top of the background,

a Z0
resonance with m = 1.6 TeV and a KK gluon with

m = 2.0 TeV. The assumed cross sections of the signals in

this figure are ten times larger than the theoretical predic-

tions in Table I.
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Figure 1. Leading order Feynman diagrams for single-top-quark production in the t-channel:
2 ! 2 (left) and 2 ! 3 (right).

by a factor of 20 at the Large Hadron Collider (LHC) with respect to the Tevatron. The

first measurements of the single-top-quark production cross section in proton-proton colli-

sions at a centre-of-mass energy of 7TeV were performed by the Compact Muon Solenoid

(CMS) [4] and ATLAS [5, 6] experiments.

Previous measurements are compatible with expectations based on approximate next-

to-leading-order and next-to-next-to-leading-logarithm (NLO+NNLL) perturbative quan-

tum chromodynamics (QCD) calculations. In these calculations, three types of parton

scattering processes are considered: t-channel and s-channel processes, and W-associated

single-top-quark production (tW). The dominant contribution to the cross section is ex-

pected to be from the t-channel process with a cross section of �th
t-ch. = 64.6+2.1

�0.7
+1.5
�1.7 pb [7]

for a top-quark mass of mt = 172.5GeV/c2.

This paper extends the previous CMS measurement [4] of the t-channel cross section.

The single-top-quark production cross section measurement is based on pp collision data atp
s = 7TeV collected during 2011 with the CMS experiment, corresponding to integrated

luminosities of 1.17 and 1.56 fb�1 with muon and electron final states, respectively. Events

with leptonically decaying W bosons are selected: t ! bW ! b`⌫ (` = e or µ). This

measurement is used to determine the CKM matrix element |Vtb|.
The t-channel event signature (figure 1) typically comprises one forward jet scattered

o↵ a top quark. The decay products of the top quark mainly appear in the central region

of the detector. A dedicated event selection is applied, and then measurements with two

complementary approaches are performed. The first approach exploits the reconstructed

top-quark mass and one of the angular properties specific to t-channel top-quark produc-

tion: the forward pseudorapidity distribution of the light jet recoiling against the top quark.

This analysis is referred to as the |⌘
j

0 | analysis. It is straightforward and robust and has

little model dependence. The second approach exploits, via multivariate discriminators,

the compatibility of the signal candidates with the event characteristics predicted by the

SM for electroweak top-quark production. This approach aims for a precise t-channel cross

section measurement by optimising the discrimination between signal and background. The

systematic uncertainties are constrained by simultaneously analysing phase space regions

with substantial t-channel single-top-quark contributions and regions where they are neg-

ligible. Because of the higher complexity of this approach, two independent multivariate

– 2 –

leading order t-channel production two channels: muon and electron 
 

muon channel: 17 GeV trigger 
 

electron channel: 27 GeV trigger 
then 

25 GeV electron + 30 GeV jet 
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Process Muon yield Electron yield

t-channel 617 ± 3 337 ± 2

tW channel 107 ± 1 70.2 ± 0.9

s-channel 25.6 ± 0.5 14.7 ± 0.4

tt 661 ± 6 484 ± 5

W + light partons 92 ± 7 38 ± 4

Wc(c) 432 ± 14 201 ± 9

Wb(b) 504 ± 14 236 ± 10

Z + jets 87 ± 3 13 ± 1

Dibosons 23.3 ± 0.4 10.7 ± 0.3

QCD multijet 77 ± 3 62 ± 3

Total 2626 ± 22 1468 ± 16

Data 3076 1588

Table 1. Event yield with statistical uncertainties of the |⌘j0 | analysis for the signal and main
background processes in the signal region, after applying the m`⌫b mass requirement for the µ

and e channels. The yields are taken from simulation except for the QCD multijet yield, which is
obtained from control samples of data as described in section 5.1. The normalisation of the Wc(c̄)
and Wb(b̄) processes is further discussed in section 5.2.

In the other categories, the top quark and light-quark jet reconstruction has been

optimized for the purpose of each analysis and di↵ers among them. In the NN and BDT

analyses, the most forward jet is chosen to be the light-quark jet in categories where

two jets and zero or two b tags are required. The other jet is associated with the top-

quark decay. In categories where three or more jets are required, in the case of one or two

required b tags, the jet with the lowest value of the TCHP discriminator is assumed to

originate from the light quark. If no b tag is required, the most forward jet is associated

with the light quark. From the remaining jets, the one which together with the recon-

structed W boson has a reconstructed top-quark mass m

`⌫b closest to mt = 172.5GeV/c2

is chosen as the b jet coming from the top-quark decay. In the |⌘
j

0 | analysis, the jet with

the highest value of the TCHP discriminator is used for the top-quark reconstruction

in the “2-jets 0-btags” and “3-jets 2-btags” categories. The inclusive |⌘| distribution of

both jets is used in “2-jets 0-btags”, while for the “3-jets 2-btags” category the |⌘| of the
non-b-tagged jet is used.

In the |⌘
j

0 | analysis the invariant mass m

`⌫b of the reconstructed top quark is used

to further divide the “2-jets 1-btag” category into a t-channel enriched signal region (SR),

defined by selecting events within the mass range 130 < m

`⌫b < 220GeV/c2, and a W

boson and tt enriched sideband region (SB), defined by selecting events that are outside

thism
`⌫b mass window. The event yield in the SR is summarised in table 1 for the muon and

electron channels, together with expectations from simulated signal and backgrounds, and

for QCD multijet events, which are determined from control samples of data, as described

in section 5.1.

– 6 –

data driven 

normalization from  
data 


