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Introduction 

§  Triboson	
  signature	
  can	
  be	
  used	
  to	
  inves-gate:	
  
–  Higgs	
  physics	
  in	
  VH	
  channels	
  
–  SM	
  triboson	
  produc-on:	
  test	
  SM	
  quar-c	
  couplings	
  and	
  
anomalous	
  quar-c	
  couplings	
  (aQGC),	
  background	
  to	
  Higgs	
  
and	
  new	
  physics	
  

–  Produc-on	
  of	
  gauge	
  bosons	
  in	
  associa-on	
  with	
  top	
  quarks:	
  
background	
  to	
  Higgs	
  and	
  new	
  physics	
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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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Tribosons in VH search 

§  HV	
  channel	
  provides	
  informa-on	
  about	
  coupling	
  of	
  Higgs	
  to	
  
gauge	
  bosons	
  V	
  (W	
  and	
  Z)	
  
–  Expected	
  cross	
  sec-on	
  around	
  1.5	
  ]	
  and	
  0.3	
  ]	
  for	
  WH	
  and	
  
ZH	
  (mH	
  =	
  125	
  GeV)	
  

§  Two	
  analyses	
  in	
  fully	
  leptonic	
  channel	
  (e,	
  μ):	
  	
  
–  3-­‐lepton	
  analysis	
  (lνlνlν):	
  targe-ng	
  WH	
  
–  4-­‐lepton	
  analysis	
  (lllνlν):	
  targe-ng	
  ZH	
  

•  Background	
  in	
  3-­‐lepton	
  analysis:	
  
•  Dibosons	
  (WZ,	
  ZZ),	
  tribosons,	
  b+V	
  
•  Fake	
  lepton:	
  Z+jets,	
  b,	
  Wt	
  

§  Background	
  in	
  4-­‐lepton	
  analysis:	
  triboson,	
  bZ,	
  fake	
  leptons	
  
(dibosons).	
  

§  Leptons	
  from	
  Higgs	
  decays	
  are	
  closer	
  to	
  each	
  other	
  than	
  
leptons	
  from	
  W	
  decays	
  are	
  -­‐>	
  used	
  to	
  reject	
  irreducible	
  
background.	
  

ATLAS-­‐CONF-­‐2013-­‐075	
  

1/8/15	
  
3	
  



VH analysis: 3-lepton selections 
§  3-­‐lepton	
  analysis:	
  

–  Pre-­‐selec-on:	
  3	
  leptons	
  with	
  Σq	
  =	
  ±1	
  
–  2	
  samples:	
  Z-­‐enriched	
  (with	
  at	
  least	
  1	
  SFOS	
  pair)	
  and	
  Z-­‐
depleted	
  (no	
  SFOS	
  pair)	
  

–  Z-­‐enrich	
  contains	
  ¾	
  signal	
  but	
  higher	
  background	
  (WZ	
  
backgrounds).	
  Z-­‐delepted	
  contains	
  ¼	
  signal	
  but	
  less	
  
backgrounds	
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tt̄V production, which contributes less than 1% of the total background, is included together with other
top contributions in the “fake” category. Events are divided into Z-enriched and Z-depleted samples,
according to the presence or absence of a SFOS lepton pair. The Z-enriched sample is further subdivided
into eee + µµµ and eeµ + µµe which present a different ratio of signal over W(Z/γ∗) background events,
due to the different flavour combinations accessible in the final state.

In order to reduce the top background, events are then required to contain at most one jet with
transverse momentum above 25 GeV, which should not be b-tagged. This requirement will be referred to
as the b-veto. In order to select final states with transverse momentum from neutrinos, E

miss
T,rel is required

to be above 40 GeV for the Z-enriched sample and 25 GeV for the Z-depleted sample. Figure 1 compares
the pT distributions of the leptons in data to those expected from simulation before this cut, while Figure
2 presents the E

miss
T,rel distributions.

The invariant mass m�� of all SFOS pairs is required to be at least 25 GeV away from the nominal Z

mass. This requirement suppresses the W(Z/γ∗) and ZZ
(∗) backgrounds and further reduces the Drell-Yan

backgrounds. Figure 3 compares mass distributions of the two opposite-sign lepton pairs in Z-enriched

data to the expectation from simulation before this cut. A lower cut is set on the invariant mass of
opposite-sign leptons at 12 GeV, independently of their flavour, to reduce the Wγ(∗) and any residual
heavy-flavour backgrounds.

The angular separation between �0 and �1, ∆R�0�1 , should be smaller than 2. This cut favours the
Higgs boson decay topology over that of W(Z/γ∗) events. Figure 4 compares ∆R�0�1 distributions in data
to the expectation before this cut.

Finally, events selected by the dilepton H→WW
(∗) search [6] are removed. Table 1 summarises the

selection criteria and Table 2 the numbers of events surviving the various cuts in the data and in the
signal and background MC samples. The background is dominated by the W(Z/γ∗) component in the
Z-enriched selections and by VVV , with contributions also from W(Z/γ∗) and from top production, in
the Z-depleted.

An excess of events with high E
miss
T,rel is observed in the Z-depleted sample where the 9 events found

in the data after all the selections have to be compared to an expectation of 2.7 ± 0.5 background events
plus 0.88 ± 0.04 signal events for mH=125 GeV. These events were carefully scrutinised and no detector
effect or other anomaly which could explain the discrepancy was found.

6.2 4-lepton channel

The events selected for the 4-lepton analysis contain exactly four isolated leptons with pT > 10 GeV and
total charge zero, one of which must be matched to the triggering lepton. Events are classified according
to the number (one or two) of SFOS lepton pairs. The pre-selection hence rejects events with no SFOS
lepton pairs. The background processes are classified as:

Table 1: Summary of the selection criteria defining the 3-lepton signal regions.

Signal Selections
Cut Z-enriched Z-depleted

Jet multiplicity Njet ≤ 1
b-veto Nb−tag = 0
E

miss
T,rel cut E

miss
T,rel > 40 GeV E

miss
T,rel > 25 GeV

Dilepton mass cuts |m�� − mZ | > 25 GeV and m�� > 12 GeV m�� > 12 GeV
Angular cut ∆R�0�1 < 2.0
Overlap removal remove overlap with H → WW analysis [6]
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VH analysis: 4-lepton selections 
§  Basic	
  signature:	
  4-­‐lepton	
  with	
  total	
  charge	
  =	
  0	
  and	
  a	
  
pair	
  of	
  leptons	
  with	
  mll	
  ~	
  mZ	
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Table 3: Summary of the selection criteria defining the 4-lepton signal regions.

Signal Selections

Cut

E
miss

T
cut E

miss

T
> 30 GeV

p
�
T

cuts highest pT lepton: pT > 25 GeV

second highest pT lepton: pT > 20 GeV

third highest pT lepton: pT > 15 GeV

fourth highest pT lepton: pT > 10 GeV

Jet multiplicity Njet ≤ 1

b-veto Nb−tag = 0

Mass cuts |m�2�3 − mZ | < 10 GeV

10 GeV < m�0�1 < 65 GeV

Angular cut ∆φboost

01
< 2.5

Channel separation 2SFOS 1SFOS

pT4� cut pT4� > 30 GeV

m4� cut m4� > 130 GeV

Overlap removal [6] remove overlap with H → WW analysis

The magnitude of the vector sum of the lepton four-momenta (pT4�) can discriminate between the

signal and the main background, ZZ
(∗)

, in the 2SFOS case, as shown in Figure 6(d). A pT4� > 30 GeV

cut improves the sensitivity of the search. Requiring the invariant mass of the four leptons to be above

130 GeV removes the overlap with the search for H → ZZ
(∗) → 4� [44, 45]. Events found in the search

for H → WW
∗ → �ν�ν [6] are removed as well from both the data and MC samples. Table 3 summarises

the selection criteria.

Table 4 shows the number of selected events for the signal and background MC samples. A the end

of the selection, no signal other than ZH → ZWW
(∗)

contributes. Therefore, in the following steps, only

the ZH signal is considered.

Table 4: Number of expected events for the signal and the background, for an integrated luminosity of

20.7 fb
−1

, and number of events observed in the data, as a function of the selection requirement (see

Table 3).

ZZ VVV Fakes Total Bkg. VH(125) Data

4 leptons 164±6 1.89±0.08 8.8±5.8 175±10 0.89±0.04 182

E
miss

T
and pT 41.8±1.6 1.65±0.07 7.8±5.3 51.3±5.6 0.71±0.03 55

Jet multiplicity and b-veto 30.8±1.1 1.30±0.06 0.31±0.11 32.5±1.2 0.52±0.02 35

Mass cuts 2.97±0.15 0.22±0.02 0.05±0.03 3.24±0.16 0.41±0.02 2

Angular cut 1.88±0.12 0.20±0.02 0.04±0.02 2.12±0.12 0.39±0.02 2

1 SFOS pair 0.24±0.04 0.08±0.01 0.00±0.01 0.33±0.05 0.19±0.01 2

Overlap removal 0.23±0.04 0.08±0.01 0.00±0.01 0.32±0.05 0.18±0.01 2

2 SFOS pairs 1.64±0.11 0.12±0.01 0.04±0.02 1.79±0.11 0.20±0.01 0

4� system cuts 0.72±0.07 0.11±0.01 0.04±0.02 0.86±0.08 0.18±0.01 0

Overlap removal 0.70±0.07 0.10±0.01 0.04±0.02 0.84±0.08 0.17±0.01 0
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VH search: background estimation 

§  Background	
  are	
  
es-mated	
  using	
  MC	
  
simula-on	
  and	
  
normaliza-ons	
  are	
  found	
  
using	
  a	
  set	
  of	
  CRs	
  for	
  
major	
  backgrounds	
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χ2 =
�

all samples, all CRs

(Ndata −NMC)/error background composition (%)
0 10 20 30 40 50 60 70 80 90 100

top CR

+jets CRZ

 CR(*)ZZ

 CR(*)WZ

VVV (*)WZ
(*)ZZ Z+jets

top

ATLAS Preliminary
-1 L dt = 20.7 fb! = 8 TeV, s

Figure 7: 3-lepton channel: expected background composition in each CR. Only the major background

sources are shown. The contributions from other backgrounds and the VH signal are expected to be well

below 1% in the W(Z/γ∗), ZZ
(∗)

and Z+jets CRs, and at the level of 1% in the top CR.
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§  SM	
  triboson	
  
backgrounds:	
  Madgraph	
  
(LO)	
  +	
  k-­‐factor	
  =	
  1.5	
  (T.	
  
Binoth	
  et	
  al.,	
  arXiv:
0804.0350	
  [hep-­‐ph])	
  

	
  

Table 6: 3-lepton channel: normalisation factors for the main backgrounds as obtained from the CRs.

The statistical and systematic uncertainties are quoted, in this order.

W(Z/γ∗) (Z-enriched) 0.92 ± 0.03 ± 0.02

ZZ(∗)
(Z-enriched) 2.33 ± 0.30 ± 0.10

Z+jets (Z-enriched, electrons) 0.72
+0.1
−0.03

± 0.04

Z+jets (Z-enriched, muons) 0.76 ± 0.80 ± 0.04

Top (Z-enriched) 1.15 ± 0.70 ± 0.03

Table 7: 3-lepton channel: the number of observed events in data for the CRs compared to the total

number of expected events normalised by the factors given in Table 6 (indicated here as “MC”). All the

CRs contain a SFOS pair. The quoted uncertainties include both statistical and systematic uncertainties.

Data MC Data/MC VVV WZ∗ WW ZZ∗ Z+jets Top

WZ∗ CR 439 438 ± 24 1.00 ± 0.07 2.95 ± 0.13 350 ± 10 0.21 ± 0.12 48 ± 4 36 ± 13 0.8 ± 0.4

ZZ∗ CR 244 210 ± 40 1.15 ± 0.23 0.25 ± 0.04 12.3 ± 0.7 0.05 ± 0.05 90 ± 4 110± 40 0.57 ± 0.29

Z+jets CR 828 860 ± 40 0.96 ± 0.06 1.7 ± 0.1 351 ± 9 0.02 ± 0.04 290 ± 10 216 ± 30 0.50 ± 0.34

Top CR 6 6.2 ± 1.1 1.0 ± 0.4 0.15 ± 0.04 0.78 ± 0.31 0.00 ± 0.00 0.23 ± 0.08 0.13 ± 0.13 4.8 ± 0.8

Since the features of the Z+jets background are expected to be different when the additional fake

lepton is an electron or a muon, two distinct normalization factors have been introduced. They apply

separately to events with the flavour combinations ��� = µµe + eee and ��� = µµµ + eeµ. Due to the

limited size of the data sample, it was not possible to apply the same distinction in the tt̄ background

treatment. The normalisation factors are computed by a χ2
minimisation of the differences between

the number of events in MC and data in all four CRs. Table 6 summarises the results. Systematic

uncertainties are obtained from simulated samples produced with different parameters than the nominal

samples, as discussed in Section 8.

In the 3-lepton analysis, the ZZ(∗)
background contributes when one of the leptons is not detected.

The MC sample used has a cut requiring the Z∗ mass to be above 4 GeV. A large contribution from

very low mass Z∗/γ∗, a phase space in which there is a high probability to lose a lepton, is therefore not

included, which explains the large normalisation factor derived for this sample.

Table 7 presents the number of events in the four CRs in data, the expected background composition

after the application of the normalisation factors described in Table 6, and the expected signal contam-

ination. Figure 8 presents comparisons between data and simulation for several distributions after the

normalisation in the five CRs.

The normalisation of these four main backgrounds, W(Z/γ∗), Z+jets, top and ZZ(∗)
production, for

the Z-depleted sample are assumed to be the same as for the Z-enriched sample. For the top production

background this choice is dictated by the larger number of events available in the sample with SFOS

pairs than without.
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VH search: background estimations 
results and uncertainties 

VV	
   VVV	
   Fake	
   Total	
  bkgr.	
   VH(125)	
   Data	
  

Z-­‐enriched	
  (eee+μμμ)	
   8.7	
  ±	
  0.5	
   0.63	
  ±	
  0.06	
   4	
  ±	
  4	
   14	
  ±	
  4	
   0.42	
  ±	
  0.03	
   8	
  

Z-­‐enriched	
  (eeμ+eμμ)	
   10.1	
  ±	
  0.6	
   1.56	
  ±	
  0.11	
   0.5	
  ±	
  0.2	
   12.2	
  ±	
  0.7	
   1.04	
  ±	
  0.04	
   16	
  

Z-­‐depleted	
   0.68	
  ±	
  0.12	
   1.45	
  ±	
  0.09	
   0.58	
  ±	
  0.35	
   2.7	
  ±	
  0.5	
   0.88	
  ±	
  0.04	
   9	
  ZZ	
   VVV	
   Fake	
   Total	
  bkgr	
   VH	
  (125)	
   Data	
  

1	
  SFOS	
   0.23	
  ±	
  0.04	
   0.08	
  ±	
  0.01	
   0.00	
  ±	
  0.01	
   0.32	
  ±	
  0.05	
   0.18	
  ±	
  0.01	
   2	
  

2	
  SFOS	
   0.70	
  ±	
  0.07	
   0.10	
  ±	
  0.01	
   0.04	
  ±	
  0.02	
   0.84	
  ±	
  0.08	
   0.17	
  0.01	
   0	
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§  Theore-cal	
  uncertain-es	
  on	
  cross	
  sec-on	
  is	
  a	
  few	
  
percent.	
  

§  The	
  VVV	
  uncertainty	
  on	
  k-­‐factor	
  is	
  50%	
  
§  Experimental	
  uncertain-es:	
  5-­‐9%	
  dominated	
  by	
  lepton	
  
iden-fica-on	
  efficiency	
  and	
  JES	
  	
  



VH analysis: Results 

§  Data	
  are	
  compa-ble	
  with	
  background-­‐only	
  hypothesis	
  2.0	
  
sigma	
  (p0	
  =	
  2.1%)	
  

§  Fibed	
  signal	
  strength	
  is	
  3.7+1.9-­‐2.1	
  -mes	
  the	
  expected	
  SM	
  Higgs	
  
boson	
  signal	
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Figure 2: Distributions of E
miss

T,rel
in the 3-lepton (a) Z-enriched and (b) Z-depleted samples after b-veto.

The last bin contains the entries in overflow. Data (dots) are compared to expectations from the sim-

ulation of the background components (stacked filled histograms). Expectations for SM Higgs boson

associated production with mH= 125 GeV are multiplied by a factor 20 and presented as a non-stacked

unfilled histogram.
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Figure 3: Distributions of the invariant mass of opposite-sign lepton pairs in the 3-lepton Z-enriched

sample after the cut on E
miss

T,rel
: (a) for the pair with smaller ∆R and (b) for the pair with larger ∆R. The

last bin contains the entries in overflow. Data (dots) are compared to expectations from the simulation

of the background components (stacked filled histograms). Expectations for SM Higgs boson associated

production with mH= 125 GeV are multiplied by a factor 20 and presented as a non-stacked unfilled

histogram.

8

 [GeV]Hm
110 120 130 140 150 160 170 180 190 200

SM
!/

!
95

%
 C

L 
Li

m
it 

on
 

1

10

210 Obs. 
Exp. 
!1 ±
!2 ±

-1Ldt = 20.7 fb" = 8 TeV: s

ATLAS Preliminary  4 leptons #VWW#VH

          

Figure 12: 95% CL upper limit on the ZH production cross section as a function of the Higgs boson

mass, normalised to the SM Higgs boson expectation, from the 4-lepton analysis of the 8 TeV data (full

line). The expected limit in the absence of a signal is also shown (dashed line) with its ±1σ and ±2σ
uncertainty bands.

9.3 Combined VH result

The results from 2011 and 2012 and the 3-lepton and the 4-lepton analyses have been combined to

derive the expected and observed limits, the local p0 and the local p1. The limits are presented in

Figure 13. The expected and observed limits, at mH=125 GeV, are 3.6 and 7.2 times the SM cross

section respectively. For mH=125 GeV, the data are compatible with the background-only hypothesis at

the 2.0σ level (p0 = 2.1%) and with the signal plus background hypothesis at the 1.4σ level (p1 = 7.9%),

while the fitted signal strength is 3.7+1.9
−2.0 times the expected SM Higgs boson signal.
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Figure 13: 95% CL upper limit on the VH production cross section as a function of the Higgs boson

mass, normalised to the SM Higgs boson expectation, from the 3-lepton analysis of the 7 TeV and 8 TeV

data and the 4-lepton analysis of the 8 TeV data (full line). The expected limit in the absence of a signal

is also shown (dashed line) with its ±1σ and ±2σ uncertainty bands.

22

ATLAS-­‐CONF-­‐2013-­‐075	
  

1/8/15	
  
8	
  



Tribosons in H(γγ)V measurement 

§  Study	
  the	
  produc-on	
  modes	
  using	
  H(γγ)	
  final	
  
state	
  

§  VH	
  are	
  exclusive	
  categories	
  in	
  H-­‐>γγ	
  selec-on	
  
chain	
  

§  VH	
  selec-ons:	
  
–  Diphoton	
  selec-on:	
  |η|	
  <	
  2.37,	
  ET/mγγ	
  >	
  0.35	
  (0.25)	
  

for	
  leading	
  (sub-­‐leading)	
  photon	
  
–  	
  Lepton:	
  pT	
  >	
  15	
  GeV	
  (10	
  GeV)	
  for	
  electron	
  (muon)	
  
–  Significance	
  of	
  ETmiss	
  >	
  1.5	
  (one-­‐lepton)	
  
–  70	
  GeV	
  <	
  M(ll)	
  <	
  110	
  GeV	
  (dilepton)	
  

§  VH	
  dilepton	
  targets	
  WH	
  (contains	
  89.8%	
  WH)	
  
§  VH	
  one	
  lepton	
  target	
  ZH	
  (contains	
  99.1%	
  ZH)	
  
§  VH	
  signal	
  efficiency	
  is	
  small	
  (1.3%	
  for	
  VH	
  

dilepton	
  and	
  4.8%	
  for	
  VH	
  one	
  lepton)	
  

9

Diphoton selection

tt̄H leptonic

tt̄H hadronic

V H dilepton

(ZH → ��H)

V H one-lepton

(WH → �νH)

V H E
miss
T

(ZH → ννH ; WH → ✁�νH)

V H hadronic

(WH → jjH ; ZH → jjH)

VBF tight

(qqV → jjH)

Untagged

(gg → H)

VBF loose

(qqV → jjH)

FIG. 3. Illustration of the order in which the criteria for the
exclusive event categories are applied to the selected diphoton
events. The division of the last category, which is dominated
by ggF production, into four sub-categories is described in
Sec. VID.

are required to have pT ≥ 25 GeV and to be tagged us-
ing the 80% (85%) efficiency working point (WP) of the
b-tagging algorithm [93] in the 8 TeV (7 TeV) data. In or-
der to suppress the background contribution from Z+jets
with Z → ee, where a jet and an electron are misidenti-
fied as photons, events with an invariant electron–photon
mass of 84–94 GeV are rejected.

Events in the tt̄H hadronic category are required not
to have a well-reconstructed and identified lepton (elec-
tron or muon) passing the kinematic cuts described in

Sec. IVB. Also, they are required to fulfill at least one of
the following sets of criteria that are partly based on the
b-tagger, which is calibrated at several different working
points of b-tagging efficiency (Sec. IVC):

1. at least six jets with pT> 25 GeV out of which two
are b-tagged using the 80% WP;

2. at least six jets with pT> 30 GeV out of which one
is b-tagged using the 60% WP;

3. at least five jets with pT> 30 GeV out of which two
are b-tagged using the 70% WP.

Only the first set of criteria above is applied to the 7 TeV
data but with a working point efficiency of 85%.
The fraction of tt̄H events relative to all signal pro-

duction passing this selection in the hadronic category is
larger than 80% while in the leptonic category it ranges
from 73% to 84% depending on the center-of-mass en-
ergy; the numbers are reported in Tables II and III. Con-
tributions of about 10% from ggF events in the hadronic
category and 10% from WH events in the leptonic cat-
egory remain. The remaining 10% in each of the two
categories is accounted for by tHW and tHbj events.

B. Categories sensitive to V H

In the second step of the categorization the selection is
optimized to identify events where a Higgs boson is pro-
duced in association with a Z or W boson. Compared
with our previous studies, a new V H dilepton category is
added to separately measure the signal strength param-
eters for the ZH and WH production modes in order
to better test the custodial symmetry of the Higgs sec-
tor [13]. This new category exploits the dilepton decay
of the Z boson by requiring two same-flavor opposite-
sign leptons (electrons or muons) with pT > 15 GeV and
pT > 10 GeV for electrons and muons, respectively. The
invariant mass of the two leptons is required to be in the
range 70–110 GeV. These requirements lead to a 99%
signal-only purity for ZH production, the remaining 1%
coming from tt̄H production (Tables II and III).
The V H one-lepton category is optimized to select

events with a leptonic decay of the W boson by requir-
ing the presence of one electron or muon with pT greater
than 15 GeV or 10 GeV, respectively. In order to ex-
ploit the missing transverse momentum signature of the
neutrino in the decay chain, the significance of the miss-
ing transverse momentum, as defined in Sec. IVD, is re-
quired to be larger than 1.5. For the optimization of the
selection cuts in this category, the expected background
contribution is derived from data events in the sidebands.
Approximately 90% of the signal events in this category
are predicted to come from WH production, about 6%
from ZH production, and 1–2% from tt̄H production.
The V H E

miss
T category is optimized to be enriched in

events from V H production with a leptonic decay of a
W boson, where the lepton is not detected or does not
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H(γγ): Signal and background modeling 

§  Signal	
  model:	
  Crystal	
  Ball	
  +	
  Gaussian	
  
§  Background	
  model:	
  parameteriza-on	
  are	
  test	
  in	
  
MC	
  samples	
  with	
  a	
  mixture	
  of	
  gg,	
  gj	
  and	
  jj)	
  

§  Selec-on	
  of	
  parameteriza-on:	
  number	
  of	
  signal	
  
from	
  a	
  fit	
  of	
  signal	
  +	
  background	
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FIG. 8. Distributions of diphoton invariant mass mγγ in a

sample of Higgs boson events generated with mH = 125 GeV

at
√
s = 8 TeV in the categories with the best resolution (Cen-

tral - high pTt, σ68 = 1.32 GeV) and worst resolution (For-

ward - low pTt, σ68 = 1.86 GeV) together with the signal

models resulting from the simultaneous fits described in the

text.

Number of primary vertices
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FIG. 9. Signal invariant mass resolution σ68 (defined in the

text) as a function of the number of primary vertices per event

when using the true diphoton production vertex from the MC

simulation (points), the production vertex reconstructed by

the multivariate algorithm described in Sec. V (open squares),

and the production vertex reconstructed using only the pho-

ton trajectories (triangles). The events from different pro-

duction processes are weighted according the SM cross sec-

tions and are required to fulfill the diphoton selection criteria

(Sec. V) with no categorization applied.

these two variables for the jet background and that the
sidebands (the regions where either the photon identi-
fication or isolation is loose) are essentially populated
by jets. The small signal contamination in the control
regions is estimated using the MC simulation and ac-
counted for. The method is cross-checked with alterna-
tive in situ techniques as described in Refs. [100, 101].
The number of events for each component in the selected

diphoton events sample, obtained independently in each
bin of mγγ , is shown in Fig. 10. The fractions of the
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FIG. 10. Cumulative components (jet–jet, γ–jet and γγ) of

the inclusive diphoton invariant mass spectrum, estimated us-

ing the double two-dimensional sideband method as described

in the text, in 7 TeV and 8 TeV data for all events passing the

diphoton event selection. The γγ component also includes a

small e+e− contribution from the Drell–Yan process. The er-

ror bars on each point represent the statistical uncertainty on

the measurement while the colored bands represent the total

uncertainty.

three contributions, integrated over the mγγ spectrum,
are found to be 84±8% (77±3%), 15±8% (20±2%), and
1±1% (3±1%) for the 7 TeV (8 TeV) data, respectively.
The MC components mentioned above are combined ac-
cording to these fractions and different background tem-
plates are derived for each category by applying the spe-
cific event selection of the category. The combined back-
ground samples are then normalized to the numbers of
events observed in these categories (Table IV). Since this
representative background sample for each category con-
tains many times more events than the corresponding
data sample, the invariant mass distribution normalized
to the data has negligible statistical fluctuations relative
to the statistical uncertainties that are taken from the
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FIG. 12. Ratio of the fitted number of signal events to the
number expected for the SM µsp(mH) as a function of the
test mass mH for the untagged Central - low pTt category.
A single fit per value of mH is performed on the represena-
tive pure MC background sample described in the text with
signal plus a variety of background parameterizations (exp1,
exp2, exp3 for the exponentials of first, second or third-order
polynomials, respectively, and bern3, bern4, bern5 for third,
fourth and fifth-order Bernstein polynomials, respectively).
The bias criteria in Eq. (2) are indicated by the dashed lines.

TABLE VI. List of the functions chosen to model the back-
ground distributions of mγγ and the associated systematic
uncertainties on the signal amplitudes in terms of spurious
signal (Nspur) and its ratio to the predicted number of sig-
nal events in each category (µspur) for the 12 categories and
the 7 TeV and 8 TeV datasets. Model exp1 (exp2) is the
exponential of a first-order (second-order) polynomial.

Category Model
√
s = 7 TeV

√
s = 8 TeV

Nspur µspur Nspur µspur

Central - low pTt exp2 1.1 0.041 6.7 0.050
Central - high pTt exp1 0.1 0.029 0.4 0.036
Forward - low pTt exp2 0.6 0.016 7.0 0.034
Forward - high pTt exp2 0.3 0.088 1.2 0.073
VBF loose exp1 0.2 0.091 1.3 0.14
VBF tight exp1 < 0.1 0.031 0.3 0.054
V H hadronic exp1 0.1 0.14 0.5 0.14
V H E

miss
T exp1 0.1 0.18 0.1 0.11

V H one-lepton exp1 < 0.1 0.094 0.1 0.064
V H dilepton exp1 < 0.1 0.080 < 0.1 0.08
tt̄H hadronic exp1 0.1 0.86 0.2 0.49
tt̄H leptonic exp1 < 0.1 0.10 0.2 0.28

VIII. SYSTEMATIC UNCERTAINTIES

The various types of systematic uncertainties are pre-

sented in this section according to the way they affect

the determination of the signal strengths. The theo-

retical and experimental uncertainties on the yields of

diphoton events from Higgs boson decays are discussed

in Sec. VIIIA. The systematic uncertainties affecting the

TABLE VII. Number of background events B90 in the small-
est interval expected to contain 90% of the signal events S90

(see NS in Tables II and III), measured by fits to the data,
and the expected purity f90 ≡ S90/(S90 + B90) and signal
significance Z90 ≡ S90/

√
S90 +B90 in each event category for

the 7 TeV and 8 TeV data.

Category
√
s = 7

√
S = 8

B90 f90 Z90 B90 f90 Z90

Central - low pTt 400 0.05 1.1 2400 0.05 2.4
Central - high pTt 11 0.14 0.52 68 0.13 1.2
Forward - low pTt 1400 0.02 0.94 8500 0.02 2.0
Forward - high pTt 47 0.05 0.38 280 0.05 0.84
VBF loose 6.6 0.18 0.52 44 0.16 1.2
VBF tight 0.48 0.64 0.75 6.7 0.44 1.5
V H hadronic 2.9 0.16 0.29 18 0.14 0.62
V H E

miss
T 0.95 0.21 0.23 3.2 0.24 0.49

V H one-lepton 0.24 0.55 0.40 4.4 0.26 0.63
V H dilepton 0.00 1.0 0.20 0.27 0.46 0.32
tt̄H hadronic 0.21 0.22 0.11 1.8 0.20 0.30
tt̄H leptonic 0.11 0.46 0.21 0.53 0.50 0.51

event categorization due to migrations of signal events

from or to other categories are presented in Sec. VIII B.

The systematic uncertainties related to the photon en-

ergy scale and resolution are reported in Sec. VIII C. The

systematic uncertainties due to potential spurious sig-

nals induced by systematic differences between the back-

ground parameterization and the background component

of the data are obtained with the technique described in

Sec. VIIB and reported in Table VI.

A. Uncertainties affecting the integrated signal
yield

1. Theoretical uncertainties

The predicted total cross sections for the signal pro-

cesses have uncertainties due to missing higher-order

terms in the perturbative calculations of QCD processes

that are estimated by varying the factorization and renor-

malization scales. There are additional uncertainties re-

lated to the PDFs, the strong coupling constant αS, and

the H → γγ branching ratio. The uncertainties on the

Higgs boson production cross sections are listed in Ta-

ble VIII for mH = 125.4 GeV, separately for
√
s = 7 TeV

and
√
s = 8 TeV. The uncertainties estimated by varying

the QCD scales affect the production processes indepen-

dently, apart from WH and ZH uncertainties, which are

treated as fully correlated. For the tHbj and tHW pro-

duction processes, the scale uncertainties are obtained

by varying the renormalization and factorization scales

by factors of 1/2 and 2 in the event generators (Sec. III)

and the PDF uncertainties are estimated by studying the

impact of the variations within the CT10 PDF set. For

the other processes these uncertainties are taken from

Ref. [20]. The combined uncertainties on the effective lu-
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FIG. 18. The signal strength for a Higgs boson of mass

mH = 125.4 GeV decaying via H → γγ as measured in groups

of categories sensitive to individual production modes, and

the combined signal strength, for the combination of the

7 TeV and 8 TeV data. The vertical hatched band indicates

the 68% confidence interval of the combined signal strength.

The vertical dashed line at signal strength 1 indicates the

SM expectation. The vertical dashed red line indicates the

limit below which the fitted signal plus background mass dis-

tribution for the combination of the V H categories becomes

negative for some mass in the fit range.
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data. The vertical dashed line at µ = 1 indicates the SM
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lation between the fitted values of µggF and µVBF has

been studied by still fixing both µtH and µ
bb̄H

to 1 and
profiling3 the remaining signal strengths µZH , µWH , and
µtt̄H . The best-fit values of µggF and µVBF and the 68%
and 95% CL contours are shown in Fig. 20.

ggF
µ
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VB
F

µ
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3

4 ATLAS
 = 7 TeVs, -1Ldt = 4.5 fb!
 = 8 TeVs, -1Ldt = 20.3 fb!

 = 125.4 GeVHm, !! "H 

Best fit
68% CL
95% CL
SM

FIG. 20. The two-dimensional best-fit value of (µVBF, µggF)

for a Higgs boson of mass mH = 125.4 GeV decaying via

H → γγ when fixing both µtH and µbb̄H to 1 and profil-

ing all the other signal strength parameters. The 68% and

95% CL contours are shown with the solid and dashed lines,

respectively. The result is obtained for mH = 125.4 GeV and

the combination of the 7 TeV and 8 TeV data.

Compared with the measured tt̄H signal strength pa-
rameter µtt̄H = 1.3 +2.5

−1.7 (stat.) +0.8
−0.4 (syst.) in Ref. [96],

µtt̄H measured in this analysis profits from the contribu-
tion of tt̄H events in other categories such as V H E

miss
T

and V H one-lepton. In addition, in this measurement
the other contributions to the signal strength are pro-
filed, whereas they are fixed at the SM predictions in
Ref. [96].

As mentioned in the introduction, in order to test the
production through VBF and associated production with
aW or Z boson or a tt̄ pair, independently of theH → γγ

branching ratio, the ratios µVBF/µggF, µV H/µggF, and
µtt̄H/µggF are fitted separately by fixing µtH and µ

bb̄H

to 1 and profiling the remaining signal strengths. The
measured ratios

µVBF/µggF = 0.6 +0.8
−0.5,

µV H/µggF = 0.6 +1.1
−0.6,

µtt̄H/µggF = 1.2 +2.2
−1.4,

although not significantly different from zero, are
consistent with the SM predictions of 1.0. Like-
lihood scans of these ratios are presented in

3 Profiling here means maximizing the likelihood with respect to
all parameters apart from the parameters of interest µggF and
µVBF.
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FIG. 14. Diphoton invariant mass spectra observed in the 7 TeV and 8 TeV data in four groups of categories: (a) untagged
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ttV measurements 

§  Channels:	
  SS	
  and	
  trilepton,	
  
opposite	
  signed	
  dilepton	
  

§  Use	
  neural	
  network	
  
analysis	
  to	
  separate	
  bW,	
  
bZ	
  from	
  backgrounds	
  

Simultaneous fit of two signal strengths in all channels

Channel µtt̄Z µtt̄W Observed σ Expected σ

trilepton and same-sign dilepton 0.70
+0.30

−0.28
1.37

+0.62

−0.51
4.1 4.1

opposite-sign dilepton 0.77 ± 0.65 0.71 ± 2.41 0.4 0.6

combination 0.71
+0.28

−0.26
1.30

+0.59

−0.48
4.4 4.4

Table 15: The observed signal strength for tt̄Z and tt̄W production from the simultaneous fit of two

parameters of interest, and the observed and expected significance of the signals for each individual

channel and the combination. The signal significance is calculated with respect to no tt̄Z and no tt̄W
signal hypothesis. The result for the tt̄W (tt̄Z) signal strength is obtained treating the tt̄Z (tt̄W) signal

strength as a nuisance parameter.

Summary of combined simultaneous fit results

Process Measured cross-sections Observed σ Expected σ

tt̄Z 150
+58

−54
(total) = 150

+55

−50
(stat.) ± 21(syst.) fb 3.1 3.7

tt̄W 300
+140

−110
(total) = 300

+120

−100
(stat.)+70

−40
(syst.) fb 3.1 2.3

Table 16: The measured cross-sections and its total uncertainty, and the observed and expected signif-

icance of the individual tt̄W and tt̄Z signals from the simultaneous fit of two parameters of interest for

the combination of all channels. The significances for each signal process is calculated assuming null

hypothesis for one of them and treating the other as a free parameter in the fit.
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Figure 4: (top left) The lepton flavour combination for events that passed the SRZ selection. (top right)
The Emiss

T distribution for events in the SRZb2j4 region. (middle row) The minimal three-jet invariant
mass in the region (left) SRZb1incj4 defined as four jets and at least one b-jet, and (right) SRZb2j4
region. (bottom left) The Emiss

T distribution for events in the SRW�3 region. (bottom right) The Emiss
T

distribution for events in the same-sign dimuon signal regions. In all cases the distributions before the fit
are shown. The shaded bands represent the systematic uncertainties on the expected event counts. The
final bin in each histogram includes the overflow.
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Signal	
  strengths	
  are	
  μbZ	
  =	
  0.71+0.28-­‐0.26	
  and	
  	
  μbW	
  =	
  1.30+0.59-­‐0.48	
  



Example of tribosons backgrounds in SUSY search 

§  VVV	
  are	
  taken	
  into	
  account	
  in	
  SUSY	
  
searches	
  in	
  mul-lepton	
  and	
  same-­‐
signed	
  lepton	
  channels	
  

§  VVV	
  es-ma-on:	
  
–  Generate	
  at	
  LO	
  using	
  Madgraph

+PYTHIA	
  (CTEQ6L1),	
  k-­‐factor	
  =	
  1.5	
  for	
  
NLO	
  correc-on	
  (F.	
  Campanario	
  et.	
  al.	
  
Phys.	
  Rev.	
  D78	
  (2008)	
  094012,	
  arXiv:
0809.0790)	
  

–  Cross	
  sec-on	
  uncertainty	
  100%	
  (to	
  
take	
  into	
  account	
  for	
  acc.	
  Unc.)	
  

–  Contribu-on	
  is	
  about	
  a	
  few	
  percent	
  

	
  
	
  

arXiv:1405.5086v2	
  

Table 3: Diboson samples used for the analyses. The LO cross-section, k-factors (for NLO normalisa-

tion) and filter efficiencies are reported. The integrated luminosities corresponding to the total statistics

in each sample are also given. Samples labelled with (S) are used for systematics studies only.

Process (ID) σ [pb] k-factor filter efficiency
∫

Ldt [ fb−1]

ZZ (4") Sherpa (126894) 8.74 1.11 1 185.6
ZW (3") Sherpa (126893) 9.75 1.06 1 261.1
ZZ (2"2ν) Sherpa (126895) 0.50 1.14 1 1590.8
WW (2"2ν) Sherpa (126892) 5.50 1.07 1 458.9

(S) ZZ (4e) POWHEG (126937) 0.08 1 0.91 8600.6
(S) ZZ (2e2µ) POWHEG (126938) 0.18 1 0.83 4131.3
(S) ZZ (2e2τ) POWHEG (126939) 0.18 1 0.58 5868.7
(S) ZZ (4µ) POWHEG (126940) 0.08 1 0.91 8554.6
(S) ZZ (2µ2τ) POWHEG (126941) 0.18 1 0.59 5825.0
(S) ZZ (4τ) POWHEG (126942) 0.08 1 0.11 36813.5
(S) WZ (e−ν̄ee+e−) POWHEG (129477) 1.41 1 0.29 458.4
(S) WZ (e−ν̄eµ

+µ−) POWHEG (129478) 0.94 1 0.35 575.1
(S) WZ (e−ν̄eτ

+τ−) POWHEG (129479) 0.17 1 0.17 2609.2
(S) WZ (µ−ν̄µe

+e−) POWHEG (129480) 1.40 1 0.29 462.7
(S) WZ (µ−ν̄µµ

+µ−) POWHEG (129481) 0.95 1 0.35 567.0
(S) WZ (µ−ν̄µτ

+τ−) POWHEG (129482) 0.17 1 0.17 2581.2
(S) WZ (τ−ν̄τe

+e−) POWHEG (129483) 1.40 1 0.14 377.1
(S) WZ (τ−ν̄τµ

+µ−) POWHEG (129484) 0.94 1 0.18 443.7
(S) WZ (τ−ν̄ττ

+τ−) POWHEG (129485) 0.17 1 0.06 1888.8
(S) WZ (e+νee+e−) POWHEG (129486) 0.98 1 0.30 652.9
(S) WZ (e+νeµ

+µ−) POWHEG (129487) 0.64 1 0.35 842.2
(S) WZ (e+νeτ

+τ−) POWHEG (129488) 0.11 1 0.16 4230.4
(S) WZ (µ+νµe

+e−) POWHEG (129489) 0.94 1 0.30 682.0
(S) WZ (µ+νµµ

+µ−) POWHEG (129490) 0.65 1 0.35 826.9
(S) WZ (µ+νµτ

+τ−) POWHEG (129491) 0.11 1 0.16 4216.1
(S) WZ (τ+ντe

+e−) POWHEG (129492) 0.94 1 0.15 548.5
(S) WZ (τ+ντµ

+µ−) POWHEG (129493) 0.64 1 0.19 637.4
(S) WZ (τ+νττ

+τ−) POWHEG (129494) 0.11 1 0.06 3029.6

Wγ (eν) Sherpa (126739) 163.11 1 1 11.0
Wγ (µν) Sherpa (126742) 162.74 1 1 11.0
Wγ (τν) Sherpa (126856) 162.00 1 1 11.0
Zγ (ee) Sherpa (145161) 32.26 1 1 37.1
Zγ (µµ) Sherpa (145162) 32.32 1 1 37.1
Zγ (ττ) Sherpa (126854) 32.33 1 1 30.9

Table 4: The triboson samples used for this analyses. The LO cross-section, k-factors (for NLO normali-

sation) and filter efficiencies are reported. The integrated luminosities corresponding to the total statistics

in each sample are also given.

Process σ [pb] k-factor
∫

Ldt [ fb−1]

WWW (167006) 5.10 1.5 9800
ZWW (167007) 1.55 1.5 32250
ZZZ (167008) 0.33 1.5 151500
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aQGC 

§  Effec-ve	
  field	
  theory	
  to	
  describe	
  the	
  aQGC	
  effect	
  

§  The	
  higher-­‐order	
  terms	
  break	
  gauge	
  invariance	
  -­‐>	
  
unitarity	
  scheme	
  (dipole	
  form	
  factor)	
  

§  Dimension-­‐8	
  operators:	
  lowest	
  order	
  linear	
  realiza-on	
  of	
  
pure	
  aQGC	
  
–  Some	
  can	
  be	
  translated	
  to	
  dimension-­‐6	
  operators	
  in	
  non-­‐linear	
  
realiza-on	
  

§  Many	
  dimension-­‐8	
  operators	
  are	
  built	
  and	
  can	
  be	
  probed	
  
using	
  tribosons	
  final	
  states	
  (arXiv:hep-­‐-­‐-­‐ph/0606118,	
  
Eboli	
  et	
  al.)	
  

	
  

	
  

•  Effec-ve	
  field	
  theory	
  to	
  describe	
  the	
  aQGC	
  effect:	
  •  Effec-ve	
  field	
  theory	
  to	
  describe	
  the	
  aQGC	
  effect:	
  •  Effec-ve	
  field	
  theory	
  to	
  describe	
  the	
  aQGC	
  effect:	
  •  Effec-ve	
  field	
  theory	
  to	
  describe	
  the	
  aQGC	
  effect:	
  •  Effec-ve	
  field	
  theory	
  to	
  describe	
  the	
  aQGC	
  effect:	
  

•  The	
  higher-­‐oder	
  terms	
  break	
  gauge	
  invariance	
  à	
  
Use	
  form	
  factor	
  or	
  K-­‐matrix	
  scheme	
  to	
  restore	
  
unitarity	
  
–  K-­‐matrix	
  unitariza-on	
  scheme:	
  project	
  the	
  elas-c	
  
scabering	
  eigenamplitude	
  on	
  the	
  Argand	
  circle	
  

2 Study of Electroweak Interactions at the Energy Frontier

a renormalizable Quantum Field Theory. The SM successfully describes all presently observed electroweak
and strong interactions of matter particles (quarks and leptons) and of the mediators of the fundamental
forces (photon, W and Z bosons, and the gluon). Despite this enormous success of the SM, it is generally
accepted that the SM is merely a low-energy approximation to a more fundamental theory, which is expected
to reveal itself at the LHC or at future high-energy experiments, in the form of the emergence of new, non-
SM particles and interactions. A promising candidate for a theory beyond the SM, which also provides a
dark matter candidate, is Supersymmetry (SUSY), an additional symmetry connecting fermions and bosons.
The LHC is presently searching for signals of SUSY, and already succeeded in excluding a range of possible
manifestations of SUSY. While direct signals of new particles (i.e., the on-mass shell production of non-SM
particles) may require collider energies not yet accessible, it is possible that new physics manifests itself
first in form of small deviations between measurements and equally precise predictions of properties of SM
particles. The deviations can arise due to the virtual presence of new particles in quantum loops and in new
amplitudes generated by their exchange at tree-level.

This is the realm of precision electroweak physics, where well-defined electroweak precision observables
(EWPO) are being measured in the interactions of W and Z bosons and are equally well predicted by
complex quantum-field theoretical calculations of these quantum loop effects of SM and beyond-the-SM
(BSM) particles. The powerful concept of precision physics not only tests the SM as a full-fledged Quantum
Field Theory, but also provides indirect access to currently unobserved sectors of the SM and beyond.
Examples of successful applications of precision physics in the recent past include the test of the electroweak
sector of the SM at the 0.1% level at LEP and the SLC [1], an indirect prediction of the mass of the top quark
and the SM Higgs boson prior to their discovery respectively in pp̄ collisions at the Tevatron and pp collisions
at the LHC, and exclusion of, or severe constraints on, various extensions of the SM (e. g. Technicolor). In
this report, in Sec. 1.2, we will study the potential of EWPOs measured at future high-energy colliders for
revealing signals of new physics, constraining the parameter space of BSM models, or providing additional
information about the underlying model once a new particle is discovered.

Apart from UV-complete theories such as SUSY, an alternate way to indirectly search for signals of BSM
physics is based on Effective Field Theories (EFT). If the new physics scale is well above the energies reached
in experiments, the new degrees of freedom cannot be produced directly and the new physics appears only
as new interactions between the known particles. These new interactions are included in the Lagrangian
as higher-dimensional operators which are invariant under the SM symmetries and suppressed by the new
physics scale Λ,

LEFT = LSM +
�

d>4

�

i

ci
Λd−4

Oi (1.1)

where d is the dimension of the operators. In the limit Λ → ∞, this EFT Lagrangian reduces to the SM one.
Since the ci are fixed by the complete high energy theory, any extension of the SM can be parametrized by
this Lagrangian where the coefficients of the operators are kept as free parameters. Below the new physics
scale, only the operators with lowest dimensions can give a large contribution and need to be kept (unless
the coefficient of a higher-dimension operator is substantially larger). Once truncated, the EFT Lagrangian
becomes predictive even without fixing the coefficients and parametrizes any heavy new physics scenario.
However, it should be kept in mind that this truncated Lagrangian is only valid at energies below the new
physics scale.

EFT operators are a useful method for parameterizing the predictions of various strongly-interacting light
Higgs (SILH) models [2] which describe the Higgs boson as a pseudo-Goldstone Boson arising from the
breaking of a larger symmetry. The lightness of the Higgs boson is the big question raised by the non-
stability of the SM Higgs potential under the effect of quantum loops. While SUSY offers an elegant solution
which is weakly-coupled and perturbative, EFT operators provide a starting point for exploring strongly-

Community Planning Study: Snowmass 2013

.	
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Zγγ at HL-LHC 

§  Simula-ons:	
  	
  
–  LO	
  MADGRAPH	
  generator,	
  CTEQ6L1	
  PDF.	
  Par-cle	
  

showering	
  is	
  simulated	
  by	
  PYTHIA	
  
–  Jets	
  are	
  reconstructed	
  using	
  an--­‐kT	
  R=0.4	
  algorithm	
  from	
  

truth	
  level	
  par-cles.	
  
–  Use	
  parameteriza-on	
  of	
  ATLAS	
  detector	
  performance	
  at	
  

high	
  pile-­‐up	
  condi-ons	
  to	
  smear	
  par-cle-­‐level	
  output.	
  
§  Triboson	
  Zgg:	
  

–  Two	
  leptons	
  (pT	
  >	
  25	
  GeV,	
  |η|	
  <	
  2,	
  |mll	
  -­‐	
  91|	
  <	
  10	
  GeV)	
  
and	
  one	
  gamma	
  (pT	
  >	
  160	
  GeV)	
  

–  Lepton	
  photon	
  separa-on	
  ΔR	
  >	
  0.4.	
  
§  Parameteriza-on:	
  	
  	
  

model 300 fb−1 3 ab−1

fS 0/Λ
4 10 TeV−4 4.5 TeV−4

Table 3: Summary of 5σ discovery values of fS 0 using the pp → W±W± + 2 j → "±ν"±ν + 2 j search in

the VBS mode at pp collision center-of-mass energy of 14 TeV.

The main background contributions are from WZ j j, Wγ, jets faking leptons, lepton charge flips, and

the QCD diagrams of ssWW. The WZ and ssWW-QCD backgrounds were generated using MadGraph

version 1.5.9. The misidentified-lepton, photon-conversion (from Wγ production) and charge-flip contri-

butions, collectively termed “mis-ID” backgrounds, were accounted for by scaling the WZ background

by a conservative factor of ≈ 2 taken from the study of ssWW with current ATLAS data.

6.2 Event Selection

Events are considered ssWW candidates provided they meet the following criteria:

• Exactly two selected leptons (each with pT > 25 GeV) with the same charge.

• At least one selected lepton must fire the trigger.

• At least two selected jets with pT > 50 GeV.

• m j j > 1 TeV, where m j j is the invariant mass of the two highest-pT selected jets.

6.3 Statistical Analysis

The statistical analysis is performed by constructing templates of the mll j j distribution for different values

of fS 0/Λ
4. The templates for ssWW-QCD and (scaled) WZ backgrounds are included. Here mll j j is the

4-body invariant mass of the two leading leptons and the two leading jets in the event, which we found

to be a robust and sensitive variable since calculating the true WW invariant mass is not possible when

two neutrinos are present. The distribution of mll j j and the signal significance as a function of fS 0/Λ
4

are shown in Fig. 3.

In Table 3 the 5σ discovery potential is illustrated, showing the improvement possible with the in-

creased luminosity.

7 Zγγ in the dilepton plus diphoton channel

The Zγγ mass spectrum at high mass is sensitive to BSM triboson contributions. The lepton-photon

channel allows full reconstruction of the final state and calculate the Zγγ invariant mass. This analysis

is new since the European Strategy Submission. We parameterize the BSM physics using the following

operators

LT,8 =
fT8

Λ4
BµνB

µνBαβB
αβ

LT,9 =
fT9

Λ4
BαµB

µβBβνB
να (4)
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aQGC effects in Zγγ  

§  aQGC	
  effects	
  are	
  enhanced	
  at	
  high-­‐end	
  of	
  invariant	
  mass	
  
or	
  photon	
  pT	
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Figure 4: Reconstructed mass spectrum using the charged leptons and photons (left) and leading photon

pT (right) after event selection. The overflow bin is included in each plot.

7.3 Statistical Analysis

The distribution of mZγγ is used for hypotheses testing by comparing the sum of the SM and background

processes to the BSM templates (including backgrounds) obtained from the dimension-8 operators in

Eqn. 4. The dominant process in the QGC-sensitive kinematic phase space is the true Zγγ production

while the fake background Zγ j and Z j j are subdominant.

The statistical analysis is identical to that employed in Sec. 4.3. Figure 5 shows the expected sig-

nal significance as a function of BSM physics parameters. Quoted in Table 4 are the 5σ-significance

discovery values of the coefficients for an integrated luminosity of 300 fb−1 and 3000 fb−1 respectively.

300 fb−1 3000 fb−1

fT8/Λ
4 0.9 TeV−4 0.4 TeV−4

fT9/Λ
4 2.0 TeV−4 0.7 TeV−4

Table 4: Summary of expected sensitivity to anomalous Zγγ production at
√

s = 14 TeV, quoted in the

terms of 5σ-significance discovery values of fT8/Λ
4 and fT9/Λ

4.

8 Conclusions

Results of sensitivity studies are shown for high-mass ZZ, WZ and W±W± scattering as well as Zγγ

triboson production using higher dimension operators to parameterize BSM contributions. All heavy

gauge bosons are detected in leptonic decay modes. Comparisons of discovery potential are presented

for 300 fb−1 and 3000 fb−1 of integrated luminosity at a pp collision center-of-mass energy of 14 TeV.

We have studied one dimension-6 operator and four dimension-8 operators. Their values for 5σ-

significance discovery are summarised in Table 5. The higher integrated luminosity increases the discov-

ery potential for these operators’ coefficients by more than a factor of two, and almost a factor of three

for the T9 operator, from 2.0 TeV−4 to 0.7 TeV−4. Optimization of the analyses with 3000 fb−1 would

lead to further increases in sensitivity. Should new physics parameterized by these operators be discov-

ered with 300 fb−1, the coefficients can be measured with a precision of 5% or better with 3000 fb−1 of

integrated luminosity, enabling a precision study of this BSM sector.

8
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Figure 4: Reconstructed mass spectrum using the charged leptons and photons (left) and leading photon

pT (right) after event selection. The overflow bin is included in each plot.

7.3 Statistical Analysis

The distribution of mZγγ is used for hypotheses testing by comparing the sum of the SM and background

processes to the BSM templates (including backgrounds) obtained from the dimension-8 operators in

Eqn. 4. The dominant process in the QGC-sensitive kinematic phase space is the true Zγγ production

while the fake background Zγ j and Z j j are subdominant.

The statistical analysis is identical to that employed in Sec. 4.3. Figure 5 shows the expected sig-

nal significance as a function of BSM physics parameters. Quoted in Table 4 are the 5σ-significance

discovery values of the coefficients for an integrated luminosity of 300 fb−1 and 3000 fb−1 respectively.

300 fb−1 3000 fb−1

fT8/Λ
4 0.9 TeV−4 0.4 TeV−4

fT9/Λ
4 2.0 TeV−4 0.7 TeV−4

Table 4: Summary of expected sensitivity to anomalous Zγγ production at
√

s = 14 TeV, quoted in the

terms of 5σ-significance discovery values of fT8/Λ
4 and fT9/Λ

4.

8 Conclusions

Results of sensitivity studies are shown for high-mass ZZ, WZ and W±W± scattering as well as Zγγ

triboson production using higher dimension operators to parameterize BSM contributions. All heavy

gauge bosons are detected in leptonic decay modes. Comparisons of discovery potential are presented

for 300 fb−1 and 3000 fb−1 of integrated luminosity at a pp collision center-of-mass energy of 14 TeV.

We have studied one dimension-6 operator and four dimension-8 operators. Their values for 5σ-

significance discovery are summarised in Table 5. The higher integrated luminosity increases the discov-

ery potential for these operators’ coefficients by more than a factor of two, and almost a factor of three

for the T9 operator, from 2.0 TeV−4 to 0.7 TeV−4. Optimization of the analyses with 3000 fb−1 would

lead to further increases in sensitivity. Should new physics parameterized by these operators be discov-

ered with 300 fb−1, the coefficients can be measured with a precision of 5% or better with 3000 fb−1 of

integrated luminosity, enabling a precision study of this BSM sector.
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Expected sensitivity in Zγγ at HL-LHC 

§  Sensi-vi-es	
  increase	
  drama-cally	
  with	
  high	
  
luminosity	
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Figure 5: The signal significance as a function of fT8/Λ
4 (left) and fT9/Λ

4 (right).

Parameter dimension channel ΛUV [TeV]
300 fb−1 3000 fb−1

5σ 95% CL 5σ 95% CL

cφW/Λ
2 6 ZZ 1.9 34 TeV−2 20 TeV−2 16 TeV−2 9.3 TeV−2

fS 0/Λ
4 8 W±W± 2.0 10 TeV−4 6.8 TeV−4 4.5 TeV−4 0.8 TeV−4

fT1/Λ
4 8 WZ 3.7 1.3 TeV−4 0.7 TeV−4 0.6 TeV−4 0.3 TeV−4

fT8/Λ
4 8 Zγγ 12 0.9 TeV−4 0.5 TeV−4 0.4 TeV−4 0.2 TeV−4

fT9/Λ
4 8 Zγγ 13 2.0 TeV−4 0.9 TeV−4 0.7 TeV−4 0.3 TeV−4

Table 5: 5σ-significance discovery values and 95% CL limits for coefficients of higher-dimension oper-

ators. ΛUV is the unitarity violation bound corresponding to the sensitivity with 3000 fb−1 of integrated

luminosity.
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Figure 5: The signal significance as a function of fT8/Λ
4 (left) and fT9/Λ

4 (right).

Parameter dimension channel ΛUV [TeV]
300 fb−1 3000 fb−1

5σ 95% CL 5σ 95% CL

cφW/Λ
2 6 ZZ 1.9 34 TeV−2 20 TeV−2 16 TeV−2 9.3 TeV−2

fS 0/Λ
4 8 W±W± 2.0 10 TeV−4 6.8 TeV−4 4.5 TeV−4 0.8 TeV−4

fT1/Λ
4 8 WZ 3.7 1.3 TeV−4 0.7 TeV−4 0.6 TeV−4 0.3 TeV−4

fT8/Λ
4 8 Zγγ 12 0.9 TeV−4 0.5 TeV−4 0.4 TeV−4 0.2 TeV−4

fT9/Λ
4 8 Zγγ 13 2.0 TeV−4 0.9 TeV−4 0.7 TeV−4 0.3 TeV−4

Table 5: 5σ-significance discovery values and 95% CL limits for coefficients of higher-dimension oper-

ators. ΛUV is the unitarity violation bound corresponding to the sensitivity with 3000 fb−1 of integrated

luminosity.

References

[1] ATLAS Collaboration, Observation of a new particle in the search for the Standard Model Higgs

boson with the ATLAS detector at the LHC, Phys. Lett. B 716 (2012) 1–29.

[2] CMS Collaboration, Observation of a new boson at a mass of 125 GeV with the CMS experiment

at the LHC, Phys. Lett. B 716 (2012) 30.

[3] D. Yang, Y. Mao, Q. Li, S. Liu, Z. Xu, et al., Probing W+W-gamma Production and Anomalous

Quartic Gauge Boson Couplings at the CERN LHC, JHEP 1304 (2013) 108,

arXiv:1211.1641 [hep-ph].

[4] B. Grzadkowski, M. Iskrzynski, M. Misiak, and J. Rosiek, Dimension-Six Terms in the Standard

Model Lagrangian, arXiv:1008.4884 [hep-ph].
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Prospect of VVV measurement in run II 
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Run I performances 
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Fig. 35 Resolution curve and its uncertainty as a function of ET for electrons (left) and unconverted photons (right) with
|η| = 0.2.
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Fig. 36 Contributions of the different uncertainties to the relative resolution uncertainty as a function of ET for electrons
(left) and unconverted photons (right) with |η| = 0.2.
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Fig. 37 The electron pair invariant mass distribution, as reconstructed from data using either the calibrated cluster energies,
or the combination of the cluster energy and the track momentum. Left: J/ψ → ee selection. Right: Z → ee selection, with one
electron candidate in 1.37 < |η| < 1.52.
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Run I performances (cont.) 

§  Run	
  I	
  performance	
  remarks:	
  
–  High	
  object	
  reconstruc-on	
  efficiency	
  (90%	
  or	
  higher)	
  
–  Good	
  resolu-on	
  (percent	
  level)	
  
–  Controlled	
  ow	
  uncertain-es	
  
–  Well	
  modeled	
  MC	
  simula-ons	
  (scale	
  factor	
  ~1)	
  

§  Run	
  II	
  outlook:	
  pile-­‐up	
  robustness,	
  improved	
  iden-fica-ons	
  and	
  
selec-on	
  menus,	
  extending	
  the	
  kinema-c	
  ranges	
  of	
  performances	
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Conclusions 

§  Search	
  for	
  VH	
  produc-on	
  in	
  VVV	
  channel	
  and	
  study	
  of	
  the	
  
Higgs	
  produc-on	
  mode	
  in	
  VH(gg)	
  has	
  been	
  conducted	
  at	
  
ATLAS.	
  
–  The	
  signal	
  strength	
  in	
  VVV	
  search	
  is	
  3.7	
  of	
  SM	
  
–  No	
  devia-on	
  from	
  the	
  SM	
  predic-on	
  in	
  Higgs	
  produc-on	
  mode	
  is	
  

found.	
  
§  The	
  bV	
  and	
  VVV	
  backgrounds	
  have	
  small	
  contribu-ons	
  in	
  

Higgs	
  and	
  new	
  physics	
  search.	
  However,	
  future	
  precision	
  
Higgs	
  measurement	
  requires	
  to	
  understand	
  these	
  
backgrounds	
  well.	
  

§  A	
  few	
  SM	
  triboson	
  produc-ons	
  can	
  be	
  accessible	
  at	
  early	
  run	
  
II	
  and	
  they	
  can	
  be	
  fully	
  measured	
  at	
  higher	
  luminosity.	
  

§  The	
  prepara-on	
  for	
  run	
  II	
  are	
  developing	
  based	
  on	
  excellent	
  
performance	
  in	
  run	
  I.	
  

§  The	
  HL-­‐LHC	
  scenario	
  can	
  be	
  very	
  sensi-ve	
  for	
  new	
  physics	
  in	
  
aQGC.	
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Backgrounds in SUSY 4-lepton search 15

TABLE IX. The number of data events observed in each signal region, together with background predictions in the same
regions. Quoted uncertainties include both the statistical and systematic uncertainties, taking into account correlations. Where
a negative uncertainty reaches down to zero predicted events, it is truncated.

ZZ/Zγ∗ tWZ tt̄ + Z V V V Higgs Reducible Σ SM Data

SR0noZa 0.29± 0.08 0.067± 0.033 0.8± 0.4 0.19± 0.09 0.27± 0.23 0.006+0.164
−0.006 1.6± 0.5 3

SR1noZa 0.52± 0.07 0.054± 0.028 0.21± 0.08 0.14± 0.07 0.40± 0.33 3.3+1.3
−1.1 4.6+1.3

−1.2 4

SR2noZa 0.15± 0.04 0.023± 0.012 0.13± 0.10 0.051 ± 0.024 0.20± 0.16 3.4± 1.2 4.0+1.2
−1.3 7

SR0noZb 0.19± 0.05 0.049± 0.024 0.68± 0.34 0.18± 0.07 0.22± 0.20 0.06+0.15
−0.06 1.4± 0.4 1

SR1noZb 0.219+0.036
−0.035 0.050± 0.026 0.17± 0.07 0.09± 0.04 0.30± 0.26 2.1+1.0

−0.9 2.9+1.0
−0.9 1

SR2noZb 0.112+0.025
−0.024 0.016± 0.009 0.27+0.28

−0.27 0.040 ± 0.018 0.13± 0.12 2.5+0.9
−1.0 3.0± 1.0 6

SR0Z 1.09+0.26
−0.21 0.25± 0.13 2.6± 1.2 1.0± 0.5 0.60+0.22

−0.21 0.00+0.09
−0.00 5.6± 1.4 7

SR1Z 0.59+0.11
−0.10 0.042± 0.022 0.41± 0.19 0.22± 0.11 0.14± 0.05 1.0± 0.5 2.5± 0.6 3

SR2Z 0.70+0.12
−0.11 0.0018± 0.0015 0.035 ± 0.024 0.039 ± 0.014 0.14+0.04

−0.05 0.9± 0.5 1.8± 0.5 1

TABLE X. Observed and expected 95% CL upper limits on the number of signal events (Nobs
BSM and Nexp

BSM, respectively), and
observed and expected 95% CL upper limits on the visible cross section (σobs

vis and σexp
vis , respectively) for each of the signal

regions. The probability (p0) that a background-only experiment is more signal-like than the observation (truncated at 0.5)
and, when p0 < 0.5, the significance of the difference between the observed data and the expectation expressed as a number of
standard deviations (Nσ) are also given. The asymptotic calculation [marked “(asym.)”] of the results for σvis is included for
comparison with the results using pseudoexperiments. The number of observed data events and expected background events
in each region is also repeated from Table IX for completeness.

Σ SM Data Nobs
BSM Nexp

BSM σobs
vis [fb] (asym.) σexp

vis [fb] (asym.) p0 Nσ

SR0noZa 1.6± 0.5 3 5.9 4.4+1.6
−1.0 0.29 (0.29) 0.22+0.08

−0.05 (0.21+0.12
−0.07) 0.15 1.02

SR1noZa 4.6+1.3
−1.2 4 5.7 5.9+2.5

−1.5 0.28 (0.27) 0.29+0.12
−0.07 (0.30+0.15

−0.09) 0.50 −

SR2noZa 4.0+1.2
−1.3 7 9.2 6.1+2.5

−1.4 0.45 (0.45) 0.30+0.12
−0.07 (0.31+0.15

−0.09) 0.13 1.14

SR0noZb 1.4± 0.4 1 3.7 3.9± 1.4 0.18 (0.17) 0.19 ± 0.07 (0.19+0.11
−0.07) 0.50 −

SR1noZb 2.9+1.0
−0.9 1 3.5 4.7+1.9

−1.2 0.17 (0.17) 0.23+0.09
−0.06 (0.24+0.13

−0.08) 0.50 −

SR2noZb 3.0± 1.0 6 8.7 5.6+2.3
−1.3 0.43 (0.43) 0.28+0.11

−0.06 (0.28+0.14
−0.09) 0.10 1.30

SR0Z 5.6± 1.4 7 8.1 6.7+2.7
−1.6 0.40 (0.40) 0.33+0.13

−0.08 (0.34+0.16
−0.10) 0.29 0.55

SR1Z 2.5± 0.6 3 5.3 4.7+1.9
−1.1 0.26 (0.26) 0.23+0.09

−0.05 (0.23+0.13
−0.08) 0.34 0.40

SR2Z 1.8± 0.5 1 3.5 4.1+1.7
−0.8 0.17 (0.17) 0.20+0.08

−0.04 (0.21+0.12
−0.07) 0.50 −

remaining three signal regions (SR0Z, SR1Z and SR2Z),
taking into account possible correlations of systematic
uncertainties between signal regions. Asymptotic formu-
las for the test statistic distribution [113] are used when
setting model-dependent limits, and signal contamina-
tion in the control regions is accounted for.

A. RPV simplified models

The observed and expected 95% CL exclusion limit
contours for the RPV chargino NLSP and gluino NLSP
simplified models discussed in Sec. II are shown in Fig. 8.
The colored band around the median expected limit
shows the ±1σ variations on the limit, including all un-
certainties except the theoretical uncertainty on the sig-
nal cross section. Different choices of λijk parameters
correspond to differently colored bands, as per labels in
the legend. The dotted lines indicate changes in the cor-
responding observed limit due to ±1σ variations of the
signal cross section by the theoretical uncertainty. The
conservative −1σ variation is used to quote limits. Simi-

lar conventions are adopted for all exclusion contours and
corresponding limits. Figure 9 shows the observed and
expected 95% CL limit contours for the RPV L-slepton
NLSP, R-slepton NLSP and sneutrino NLSP simplified
models.

In all cases, the observed limit is determined primar-
ily by the production cross section of the signal process,
with stronger constraints on models where λ121 or λ122

dominate, and less stringent limits for tau-rich decays via
λ133 or λ233. Limits on models with different combina-
tions of λijk parameters can generically be expected to
lie between these extremes. The limits are in many cases
nearly insensitive to the χ̃0

1 mass, except where the χ̃0
1

is significantly less massive than the NLSP. When this is
the case [for example, mχ̃0

1

<∼ 50 GeV in Fig. 9(a)], the χ̃0
1

produced in the NLSP decay has substantial momentum
in the laboratory frame of reference, and its decay prod-
ucts either tend to travel close to the χ̃

0
1 direction, becom-

ing collimated, or one of the leptons becomes soft. These
effects reduce the analysis acceptance and efficiency, es-
pecially if the LSP decays to one or more hadronically
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SUSY search in trilepton 

§  Search	
  for	
  direct	
  produc-on	
  of	
  charginos	
  and	
  neutralinos	
  in	
  
events	
  with	
  three	
  leptons	
  and	
  missing	
  transverse	
  momentum	
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More control plots in VH->VWW analysis 
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Figure 2: Distributions of E
miss

T,rel
in the 3-lepton (a) Z-enriched and (b) Z-depleted samples after b-veto.

The last bin contains the entries in overflow. Data (dots) are compared to expectations from the sim-

ulation of the background components (stacked filled histograms). Expectations for SM Higgs boson

associated production with mH= 125 GeV are multiplied by a factor 20 and presented as a non-stacked

unfilled histogram.
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Figure 3: Distributions of the invariant mass of opposite-sign lepton pairs in the 3-lepton Z-enriched

sample after the cut on E
miss

T,rel
: (a) for the pair with smaller ∆R and (b) for the pair with larger ∆R. The

last bin contains the entries in overflow. Data (dots) are compared to expectations from the simulation

of the background components (stacked filled histograms). Expectations for SM Higgs boson associated

production with mH= 125 GeV are multiplied by a factor 20 and presented as a non-stacked unfilled

histogram.
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Figure 4: Distributions of ∆R�0�1 in the 3-lepton (a) Z-enriched and (b) Z-depleted samples after the
invariant mass cuts. Data (dots) are compared to expectations from the simulation of the background
components (stacked filled histograms). Expectations for SM Higgs boson associated production with
mH= 125 GeV are multiplied by a factor 20 and presented as a non-stacked unfilled histogram.

Table 2: Number of expected events for the signal and the background, for an integrated luminosity of
20.7 fb−1, and number of events observed in the data, as a function of the selection requirement (see
Table 1).

VVV VV Fakes Total Bkg. VH(125) Data
3 leptons 19.5±0.5 2410±50 930±100 3370±150 18.53±0.25 3717
Z-enriched (eee + µµµ) 5.89±0.18 1228±23 380±40 1620±50 7.31±0.17 1711
Jet multiplicity and b-veto 4.79±0.19 1064±24 273±33 1350±50 4.85±0.13 1321
E

miss
T,rel cut 2.51±0.13 241±6 12±7 256±12 1.72±0.07 252

Dilepton mass cuts 0.86±0.07 12.2±0.6 5±5 18±5 0.48±0.03 12
Angular cut 0.64±0.06 9.0±0.5 4±4 14±4 0.45±0.03 9
Overlap removal 0.63±0.06 8.7±0.5 4±4 14±4 0.42±0.03 8
Z-enriched (eeµ + µµe) 9.54±0.29 1180±29 530±90 1730±120 9.25±0.18 1968
Jet multiplicity and b-veto 7.97±0.29 1008±29 420±90 1440±120 6.56±0.14 1490
E

miss
T,relcut 4.24±0.19 219±7 12±6 235±12 2.37±0.08 247

Dilepton mass cuts 2.35±0.13 15.6±0.8 2.3±1.8 20.3±2.3 1.17±0.05 24
Angular cut 1.67±0.11 10.8±0.6 0.65±0.22 13.2±0.8 1.11±0.04 16
Overlap removal 1.56±0.11 10.1±0.6 0.50±0.20 12.2±0.7 1.04±0.04 16
Z-depleted 4.10±0.16 6.0±0.4 20±4 30±4 1.98±0.06 38
Jet multiplicity and b-veto 3.61±0.16 4.79±0.33 7±4 15±4 1.66±0.05 16
E

miss
T,rel cut 2.42±0.12 1.82±0.20 0.8±0.4 5.0±0.6 1.05±0.04 12

Dilepton mass cut 2.40±0.12 1.81±0.20 0.8±0.4 5.0±0.6 1.01±0.04 12
Angular cut 1.54±0.09 0.86±0.14 0.8±0.4 3.2±0.5 0.92±0.04 10
Overlap removal 1.45±0.09 0.68±0.12 0.58±0.35 2.7±0.5 0.88±0.04 9

9

VVV: production of three vector bosons, in particular ZWW which has the same signature as the signal;

VV: diboson production dominated by Z(Z(∗)/γ∗) production;

Fake leptons: the main sources of background due to fake leptons are W(Z/γ∗)+jets and Z+jets with
one or two fake leptons respectively; tt̄W and WW+jets with one or two fake leptons are included
in this category.

tt̄Z production, which contributes less than 1% of the total background, is included together with other
top contributions in the “fake” category.

In order to select final states with neutrinos, E
miss
T , shown in Figure 5(a), is required to be above

30 GeV. The transverse momentum of the leading, sub-leading, 3rd and 4th leptons must be respectively
above 25 GeV, 20 GeV, 15 GeV and 10 GeV. Figure 5(b) presents the distribution of the number of jets
at the pre-selection level. In order to reduce the tt̄Z background, events are required to contain at most
one jet with pT > 25 GeV, which should not be b-tagged.

Figures 6(a) and 6(b) show the invariant masses of the two lepton pairs reconstructed in each event.
The invariant mass of �2 and �3, m�2�3 , is required to be within 10 GeV of the Z boson pole, while the
invariant mass of �0 and �1, m�0�1 , is required to be between 10 GeV and 65 GeV. This selection excludes
the Z mass region, which greatly suppresses the ZZ

(∗) background in events with two pairs of SFOS
leptons. The lower cut on m�0�1 at 10 GeV mainly reduces the low mass contribution from the ZZ

(∗)/γ(∗)

background.
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Figure 5: Distributions at the pre-selection stage of the 4-lepton analysis: (a) E
miss
T and (b) number of

jets with pT > 25 GeV. Data (dots) are compared to expectations from the simulation of the background
components (stacked filled histograms). Expectations for the SM Higgs boson associated production
with mH = 125 GeV are multiplied by a factor 20 and presented as a non-stacked unfilled histogram.

In the Higgs boson rest frame, the two charged leptons coming from the W boson decays tend to have
a small angle due to the spin correlation in a scalar particle decay and the V-A nature of the W coupling.
This frame cannot be reconstructed due to the presence of neutrinos but the transverse Higgs boson frame
can be defined using the reconstructed Z boson pT under the assumption that �pH

T ∼ −�pZ

T. In the presence
of a reconstructed jet, the transverse momentum of the Higgs boson is estimated as �pH

T ∼ −�pZ

T − �p
jet
T . An

upper cut at 2.5 on the absolute difference in azimuthal angle between the two leptons from the Higgs
boson candidate in this frame, ∆φboost

01 , shown in Figure 6(c), is used to improve the sensitivity of the
search.
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Figure 6: Distributions at the pre-selection stage of the 4-lepton analysis: (a) invariant mass of �0 and

�1, (b) invariant mass of �2 and �3, (c) ∆φboost

01
and (d) pT4�. Data (dots) are compared to expectations

from the simulation of the background components (stacked filled histograms). Expectations for the SM

Higgs boson associated production with mH = 125 GeV are multiplied by a factor 20 and presented as a

non-stacked unfilled histogram.
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VVV: production of three vector bosons, in particular ZWW which has the same signature as the signal;

VV: diboson production dominated by Z(Z(∗)/γ∗) production;

Fake leptons: the main sources of background due to fake leptons are W(Z/γ∗)+jets and Z+jets with
one or two fake leptons respectively; tt̄W and WW+jets with one or two fake leptons are included
in this category.

tt̄Z production, which contributes less than 1% of the total background, is included together with other
top contributions in the “fake” category.

In order to select final states with neutrinos, E
miss
T , shown in Figure 5(a), is required to be above

30 GeV. The transverse momentum of the leading, sub-leading, 3rd and 4th leptons must be respectively
above 25 GeV, 20 GeV, 15 GeV and 10 GeV. Figure 5(b) presents the distribution of the number of jets
at the pre-selection level. In order to reduce the tt̄Z background, events are required to contain at most
one jet with pT > 25 GeV, which should not be b-tagged.

Figures 6(a) and 6(b) show the invariant masses of the two lepton pairs reconstructed in each event.
The invariant mass of �2 and �3, m�2�3 , is required to be within 10 GeV of the Z boson pole, while the
invariant mass of �0 and �1, m�0�1 , is required to be between 10 GeV and 65 GeV. This selection excludes
the Z mass region, which greatly suppresses the ZZ

(∗) background in events with two pairs of SFOS
leptons. The lower cut on m�0�1 at 10 GeV mainly reduces the low mass contribution from the ZZ

(∗)/γ(∗)

background.
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Figure 5: Distributions at the pre-selection stage of the 4-lepton analysis: (a) E
miss
T and (b) number of

jets with pT > 25 GeV. Data (dots) are compared to expectations from the simulation of the background
components (stacked filled histograms). Expectations for the SM Higgs boson associated production
with mH = 125 GeV are multiplied by a factor 20 and presented as a non-stacked unfilled histogram.

In the Higgs boson rest frame, the two charged leptons coming from the W boson decays tend to have
a small angle due to the spin correlation in a scalar particle decay and the V-A nature of the W coupling.
This frame cannot be reconstructed due to the presence of neutrinos but the transverse Higgs boson frame
can be defined using the reconstructed Z boson pT under the assumption that �pH

T ∼ −�pZ

T. In the presence
of a reconstructed jet, the transverse momentum of the Higgs boson is estimated as �pH

T ∼ −�pZ

T − �p
jet
T . An

upper cut at 2.5 on the absolute difference in azimuthal angle between the two leptons from the Higgs
boson candidate in this frame, ∆φboost

01 , shown in Figure 6(c), is used to improve the sensitivity of the
search.
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7.2 4-lepton channel

The main background in the 4-lepton analysis is the production of ZZ
(∗) pairs. As few events are expected

from ZZ
(∗) in the 1SFOS channel, the ZZ control region is defined only in the 2SFOS case. Table 8

summarises the selection defining the CR. The missing transverse momentum cut is removed to increase
the number of events and the cut on the invariant mass of the two leptons coming from the Higgs boson
candidate is inverted to be orthogonal to the SR. Table 9 presents the observed number of events in the ZZ

CR as well as the contributions from the different processes. The CR is dominated by ZZ
(∗) production

so it can be modelled by a fit with a single background component and the resulting normalisation factor,
already applied to the ZZ

(∗) contribution in Table 9, is 0.91 ± 0.10.
The kinematic variables used to define the SR have been checked using this CR by comparing the

data with the expected distributions from simulation. Figure 9 shows the distributions of the missing
transverse momentum and the number of reconstructed jets for events in the ZZ CR.

Besides the ZZ
(∗) background, the only other important background process in the 1SFOS and 2SFOS

SRs is VVV , for which the normalisation is taken from theoretical predictions, with uncertainties de-
scribed in Section 8.

Table 8: Summary of the selections defining the ZZ CR in the 4-lepton analysis.

Selection

2 SFOS pairs of isolated leptons
highest pT lepton: pT > 25 GeV

second highest pT lepton: pT > 20 GeV
third highest pT lepton: pT > 15 GeV

fourth highest pT lepton: pT > 10 GeV
ZZ CR at most one jet with pT,jet > 25 GeV

no b–tagged jets with pT > 25 GeV
|m�2�3 − mZ | < 10 GeV

m�0�1 > 65 GeV
overlap removal with dilepton analysis

Table 9: 4-lepton channel: number of observed events in the data for the ZZ CR defined in Table 8
compared to the total number of expected events (indicated here as “MC”), after the application of the
normalisation factor on the ZZ

(∗) process. The uncertainty on the data/MC ratio includes statistical and
systematic effects.

Z(H → WW) Data MC Data/MC ZZ
∗ Top VVV WZ

∗
Z+jets

ZZ CR 0.03 ± 0.00 100 100.00 ± 3.19 1.00 ± 0.10 99.42 ± 3.19 0.03 ± 0.02 0.55 ± 0.03 0.00 ± 0.01 0.00 ± 0.01

17

7 Control samples

CRs are defined to validate the prediction from simulation in a phase space disjoint from but close to the

signal phase space and to normalise some of the backgrounds estimated using data.

7.1 3-lepton channel

Background contributions to final states with three isolated leptons in the Z-enriched selection are mainly

due to W(Z/γ∗), ZZ(∗)
, Z+jets and top production. ZZ(∗)

contributes both through two bosons decaying

in two leptons each and through the process Z → ��γ∗ → 4�. In order to verify the modelling of

these components in the simulation, CRs are defined with selections aimed at ensuring high purity for

the background under study and orthogonality between the control and signal regions. Three CRs are

built to directly normalise the three major backgrounds, W(Z/γ∗), Z+jets and top production, while an

additional CR (consisting almost entirely of ZZ(∗)
and Z+jets events) is defined to constrain the large

ZZ(∗)
contribution to the Z+jets sample.

Table 5 summarises the selections defining the CRs and Figure 7 details the expected composition in

each CR.

Table 5: Summary of selections defining the CRs for the Z-enriched sample of the 3-lepton analysis.

Control Region Selections

W(Z/γ∗) CR at most one jet with pT > 25 GeV; Emiss

T,rel
> 25 GeV

at least one SFOS lepton pair with |m�� − mZ | < 25 GeV

ZZ(∗)
CR no b-tagged jets with pT > 25 GeV; Emiss

T,rel
< 40 GeV

|m��� − mZ | < 15 GeV

Z+jets CR m��,min > 12 GeV; ∆R�0�1 < 2.0 Emiss

T,rel
< 40 GeV

at least one SFOS lepton pair with |m�� − mZ | < 25 GeV

Top CR at least one b-tagged jet with pT > 25 GeV Emiss

T,rel
> 40 GeV

m��,min > 12 GeV; ∆R�0�1 < 2.0 all SFOS lepton pairs with |m�� − mZ | > 25 GeV
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10 Combination with the H→WW
(∗) dilepton analysis

The H→WW
(∗)→ �ν�ν studies reported in Ref. [6] are complementary to this analysis since they target

mainly the Higgs boson production through the gluon-gluon fusion mechanism and, by selecting a partic-

ular final state topology with two forward jets, the vector-boson fusion process. The VH analysis results

reported here are combined with the results of the H→WW
(∗)

analysis. Figure 14 shows the expected

and observed local p0 for this combination. Table 10 compares the expected and observed significance

for the VH and H→WW
(∗)

analyses and their combination for a Higgs boson mass of 125 GeV.
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Figure 14: The expected and observed local p0 as a function of the hypothesised Higgs boson mass for

the combination of VH and H→WW
(∗)

analyses.

Table 10: Expected and observed significance for the VH and H→WW
(∗)

analyses and their combina-

tion, for mH = 125 GeV.

significance (σ) VH H→WW
(∗)

[6] Combined

expected 0.7 3.7 3.8

observed 2.0 3.8 4.0

11 Summary

Final states containing three or four leptons have been used to search for the associated production of a

Higgs boson with a W or Z boson, with subsequent decay of the Higgs boson to WW and of all three

gauge bosons to electrons or muons, in the data collected by the ATLAS experiment at the LHC in pp

collisions at
√

s = 8 TeV. Limits are set on the production cross section divided by the SM Higgs boson

expectation for the mass interval 110 GeV ≤ mH ≤ 200 GeV. Combining the result with the search

performed for pp collisions at
√

s = 7 TeV [9], the 95% CL observed (expected) limit is 7.2 (3.6) times

the Standard Model cross section for a Higgs boson mass mH=125 GeV.
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FIG. 15. The profile of the negative log-likelihood ratio λ(µ)

of the combined signal strength µ for mH = 125.4 GeV. The

observed result is shown by the solid curve, the expectation

for the SM by the dashed curve. The intersections of the

solid and dashed curves with the horizontal dashed line at

λ(µ) = 1 indicate the 68% confidence intervals of the observed

and expected results, respectively.
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FIG. 16. The combined signal strength parameter µ ver-

sus mH with mass scale systematic uncertainties included

(black curve) and excluded (red curve). The uncertainties
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The vertical dotted line and shaded band indicate the value
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pend only on the properties of the photons) is evaluated

with the same resampling technique described above and

found to be within one standard deviation. A measure-

ment of the fiducial cross section of Higgs boson pro-

duction in the H → γγ decay channel with the ATLAS

detector is performed in Ref. [113]. In order to make

that analysis more model-independent, there is no use

of production process–related event categories. The sig-

nal strength of the measured fiducial cross section, using
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FIG. 17. The signal strength for a Higgs boson of mass

mH = 125.4 GeV decaying via H → γγ as measured in

the individual analysis categories, and the combined signal

strength, for the combination of the 7 TeV and 8 TeV data.

The vertical hatched band indicates the 68% confidence in-

terval of the combined signal strength. The vertical dashed

line at signal strength 1 indicates the SM expectation. The

vertical dashed red line indicates the limit below which the

fitted signal plus background mass distribution for the tt̄H

hadronic category becomes negative for some mass in the fit

range. The V H dilepton category is not shown because with

only two events in the combined sample, the fit results are

not meaningful.

only the 8 TeV data, is approximately 1.4 and found to be

compatible with the combined signal strength measured

here within 1.2σ (using again the jackknife resampling

technique).

In addition to the combined signal strength, the sig-

nal strengths of the primary production processes are

determined by exploiting the sensitivities of the analysis

categories to specific production processes, and found to

be (see also Fig. 19):

µggF = 1.32 ± 0.32 (stat.)
+0.13
−0.09 (syst.)

+0.19
−0.11 (theory)

= 1.32± 0.38,

µVBF = 0.8 ± 0.7 (stat.)
+0.2
−0.1 (syst.)

+0.2
−0.3 (theory)

= 0.8± 0.7,

µWH = 1.0± 1.5 (stat.)
+0.3
−0.1 (syst.)

+0.2
−0.1 (theory)

= 1.0± 1.6,

µZH = 0.1
+3.6
−0.1 (stat.)

+0.7
−0.0 (syst.)

+0.1
−0.0 (theory)

= 0.1
+3.7
−0.1,

µtt̄H = 1.6
+2.6
−1.8 (stat.)

+0.6
−0.4 (syst.)

+0.5
−0.2 (theory)

= 1.6
+2.7
−1.8.

In this measurement, both µtH and µ
bb̄H

are fixed to

the SM expectations (µtH=1 and µ
bb̄H

=1). The corre-
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FIG. 18. The signal strength for a Higgs boson of mass

mH = 125.4 GeV decaying via H → γγ as measured in groups

of categories sensitive to individual production modes, and

the combined signal strength, for the combination of the

7 TeV and 8 TeV data. The vertical hatched band indicates

the 68% confidence interval of the combined signal strength.

The vertical dashed line at signal strength 1 indicates the

SM expectation. The vertical dashed red line indicates the

limit below which the fitted signal plus background mass dis-

tribution for the combination of the V H categories becomes

negative for some mass in the fit range.
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FIG. 19. Measured signal strengths, for a Higgs boson of mass

mH = 125.4 GeV decaying via H → γγ, of the different Higgs

boson production modes and the combined signal strength

µ obtained with the combination of the 7 TeV and 8 TeV

data. The vertical dashed line at µ = 1 indicates the SM

expectation. The vertical dashed line at the left end of the

µZH result indicates the limit below which the fitted signal

plus background mass distribution becomes negative for some

mass in the fit range.

lation between the fitted values of µggF and µVBF has

been studied by still fixing both µtH and µ
bb̄H

to 1 and
profiling3 the remaining signal strengths µZH , µWH , and
µtt̄H . The best-fit values of µggF and µVBF and the 68%
and 95% CL contours are shown in Fig. 20.
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FIG. 20. The two-dimensional best-fit value of (µVBF, µggF)

for a Higgs boson of mass mH = 125.4 GeV decaying via

H → γγ when fixing both µtH and µbb̄H to 1 and profil-

ing all the other signal strength parameters. The 68% and

95% CL contours are shown with the solid and dashed lines,

respectively. The result is obtained for mH = 125.4 GeV and

the combination of the 7 TeV and 8 TeV data.

Compared with the measured tt̄H signal strength pa-
rameter µtt̄H = 1.3 +2.5

−1.7 (stat.) +0.8
−0.4 (syst.) in Ref. [96],

µtt̄H measured in this analysis profits from the contribu-
tion of tt̄H events in other categories such as V H E

miss
T

and V H one-lepton. In addition, in this measurement
the other contributions to the signal strength are pro-
filed, whereas they are fixed at the SM predictions in
Ref. [96].

As mentioned in the introduction, in order to test the
production through VBF and associated production with
aW or Z boson or a tt̄ pair, independently of theH → γγ

branching ratio, the ratios µVBF/µggF, µV H/µggF, and
µtt̄H/µggF are fitted separately by fixing µtH and µ

bb̄H

to 1 and profiling the remaining signal strengths. The
measured ratios

µVBF/µggF = 0.6 +0.8
−0.5,

µV H/µggF = 0.6 +1.1
−0.6,

µtt̄H/µggF = 1.2 +2.2
−1.4,

although not significantly different from zero, are
consistent with the SM predictions of 1.0. Like-
lihood scans of these ratios are presented in

3 Profiling here means maximizing the likelihood with respect to
all parameters apart from the parameters of interest µggF and
µVBF.
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FIG. 8. Distributions of diphoton invariant mass mγγ in a

sample of Higgs boson events generated with mH = 125 GeV

at
√
s = 8 TeV in the categories with the best resolution (Cen-

tral - high pTt, σ68 = 1.32 GeV) and worst resolution (For-

ward - low pTt, σ68 = 1.86 GeV) together with the signal

models resulting from the simultaneous fits described in the

text.
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FIG. 9. Signal invariant mass resolution σ68 (defined in the

text) as a function of the number of primary vertices per event

when using the true diphoton production vertex from the MC

simulation (points), the production vertex reconstructed by

the multivariate algorithm described in Sec. V (open squares),

and the production vertex reconstructed using only the pho-

ton trajectories (triangles). The events from different pro-

duction processes are weighted according the SM cross sec-

tions and are required to fulfill the diphoton selection criteria

(Sec. V) with no categorization applied.

these two variables for the jet background and that the
sidebands (the regions where either the photon identi-
fication or isolation is loose) are essentially populated
by jets. The small signal contamination in the control
regions is estimated using the MC simulation and ac-
counted for. The method is cross-checked with alterna-
tive in situ techniques as described in Refs. [100, 101].
The number of events for each component in the selected

diphoton events sample, obtained independently in each
bin of mγγ , is shown in Fig. 10. The fractions of the
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FIG. 10. Cumulative components (jet–jet, γ–jet and γγ) of

the inclusive diphoton invariant mass spectrum, estimated us-

ing the double two-dimensional sideband method as described

in the text, in 7 TeV and 8 TeV data for all events passing the

diphoton event selection. The γγ component also includes a

small e+e− contribution from the Drell–Yan process. The er-

ror bars on each point represent the statistical uncertainty on

the measurement while the colored bands represent the total

uncertainty.

three contributions, integrated over the mγγ spectrum,
are found to be 84±8% (77±3%), 15±8% (20±2%), and
1±1% (3±1%) for the 7 TeV (8 TeV) data, respectively.
The MC components mentioned above are combined ac-
cording to these fractions and different background tem-
plates are derived for each category by applying the spe-
cific event selection of the category. The combined back-
ground samples are then normalized to the numbers of
events observed in these categories (Table IV). Since this
representative background sample for each category con-
tains many times more events than the corresponding
data sample, the invariant mass distribution normalized
to the data has negligible statistical fluctuations relative
to the statistical uncertainties that are taken from the
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these two variables for the jet background and that the
sidebands (the regions where either the photon identi-
fication or isolation is loose) are essentially populated
by jets. The small signal contamination in the control
regions is estimated using the MC simulation and ac-
counted for. The method is cross-checked with alterna-
tive in situ techniques as described in Refs. [100, 101].
The number of events for each component in the selected

diphoton events sample, obtained independently in each
bin of mγγ , is shown in Fig. 10. The fractions of the
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three contributions, integrated over the mγγ spectrum,
are found to be 84±8% (77±3%), 15±8% (20±2%), and
1±1% (3±1%) for the 7 TeV (8 TeV) data, respectively.
The MC components mentioned above are combined ac-
cording to these fractions and different background tem-
plates are derived for each category by applying the spe-
cific event selection of the category. The combined back-
ground samples are then normalized to the numbers of
events observed in these categories (Table IV). Since this
representative background sample for each category con-
tains many times more events than the corresponding
data sample, the invariant mass distribution normalized
to the data has negligible statistical fluctuations relative
to the statistical uncertainties that are taken from the
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data. Median expectations for quantities such as signal
significance, signal amplitude, and their uncertainties are
estimated using a single fit to the representative back-
ground sample [102]. Other components that contribute
less than 1% of the total background, such as Drell–Yan
and Wγ and Zγ production, are neglected. For the V H

E
miss
T category, since the effect of the E

miss
T cut on the

background shape is found to be negligible, it is not ap-
plied to the MC events. The background samples for the
V H one-lepton category are obtained from the MC γγ

and γ–jet events introduced previously, where one jet is
treated as a lepton for the category selection.

An example of the diphoton invariant mass distribu-
tions in data and a MC background sample is shown in
Fig. 11 for the Central - low pTt category. For each
category, the simulation describes the distributions of
the data sufficiently well (apart from the signal region
mγγ ∼ 125 GeV) to be used to select the parameteriza-
tion of the background model and to assess the corre-
sponding systematic uncertainty on the signal yield.
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The lower plot shows the ratio of data to MC simulation.

A sample of fully simulated Zγγ events is used for
the V H dilepton category since the contributions from
Zγ+jets and Z+jets events are estimated to be negligi-
ble after the event selection. For the tt̄H categories, the
background parameterizations are tested on data con-
trol samples obtained by inverting photon identification
criteria, isolation and the b-tagging, replacing the elec-
tron(s) with jet(s) and/or loosening the requirement on
the number of jets.

The selection of the parameterization for the back-

ground model proceeds as follows. The distributions of
mγγ from the samples described above are fitted in the
same 105–160 GeV range as the data with a signal at a
given mH (as described in Sec. VIIA) plus a background
model. Since no signal is present in those background-
only samples, the resulting number of signal events from
the fit Nsp(mH) is taken as an estimate of the bias in a
particular background model under test. For such a bias
to be considered acceptable, Nsp(mH) has to be much
smaller than the expected signal rate or much smaller
than the statistical uncertainty on the number of back-
ground events in the fitted signal peak σbkgd(mH), for
cases where the number of expected signal events is very
small. The following criteria are adopted:

|Nsp(mH)| < 10% NS,exp(mH)

or

|Nsp(mH)| < 20% σbkgd(mH) (2)

for all mH in the mass range 119–135 GeV. The mass
range was decided a priori to cover a region of approxi-
mately five times the expected signal mass resolution on
either side of the value of mH measured by ATLAS in the
H → γγ channel [13]. Here NS,exp(mH) is the number of
signal events for a given value of mH expected to pass
the H → γγ selection. For a given category, the param-
eterization with the smallest number of free parameters
satisfying the criteria in Eq. (2) is chosen as background
model.
As an illustration of the procedure, the ratio µsp(mH)

of Nsp(mH) to the expected number of signal events is
shown in Fig. 12 for different candidate background mod-
els as functions of the test mass mH for the Central - low
pTt category. The candidate parameterizations include
exponentials of first-, second- or third-order polynomi-
als (exp1, exp2, exp3) and third-, fourth- or fifth-order
Bernstein polynomials [103] (bern3, bern4, bern5). The
bands representing the criteria in Eq. (2) are also shown.
In this category exp1 and bern3 are excluded by the selec-
tion procedure and exp2 is chosen since it has the fewest
degrees of freedom of the parameterizations that satsify
the selection criteria.
The largestNsp(mH) in the mass range 119–135 GeV of

a chosen parameterization, the spurious signal Nspur, is
assigned as the systematic uncertainty on the signal am-
plitude due to the background modeling. Table VI sum-
marizes the parameterizations used for the background
model in each category described in Sec. VI together with
the derived uncertainties in terms of both spurious signal
and its ratio to the predicted number of signal events in
each category (µspur).
The numbers of measured background events B90

within windows of invariant mass expected to contain
90% of the numbers of signal events predicted by the
SM S90 are listed in Table VII together with the ex-
pected signal purity S90/(S90 + B90) and signficance
S90/

√
S90 +B90, for each event category and the 7 TeV

and 8 TeV datasets.
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Additional ttV materials 

tt̄H background: An uncertainty of 12% is assumed for the theoretical cross section of tt̄H produc-
tion [42] in all channels. Additional uncertainties that affect tt̄H kinematics are applied in the OS dilepton
channel. They come from the choice of factorisation and renormalisation scales and the functional form
of the scale in tt̄H simulated samples. The effect of the variations is studied at particle level and the
nominal PowHel tt̄H MC sample is reweighted to reproduce these variations.

tZ background: An uncertainty of 20% is assumed for the theoretical cross section of the tZ back-
ground. An additional uncorrelated 15% uncertainty arising from scale, αs and the jet pT threshold
variations, is applied to the tZ background in the trilepton and same-sign dimuon channels.

9 Results

A summary of all three channels with their corresponding fit regions used to measure tt̄W and tt̄Z pro-
duction in this analysis is shown in Table 8.

Trilepton and same-sign dilepton Opposite-sign dilepton

Analysis strategy comparable signal and background: small signal in huge background

cut and count multivariate techniques

3�Z 3�Zveto 2µSS 2�OSZveto 2�OSZ

Z-mass selection |m�� − mZ | < 10 GeV |m�� − mZ | > 10 GeV - |m�� − mZ | > 10 GeV |m�� − mZ | < 10 GeV

Additional E
miss
T > 40 GeV E

miss
T > 40 GeV(ee, µµ) ∆R

jj
ave > 0.75

selection HT > 240 GeV HT> 130 GeV(eµ)

∆R
jj
ave > 0.75

Lepton flavour all trilepton all trilepton µµ all dilepton ee, µµ

Signal tt̄Z tt̄W dominated tt̄W dominated tt̄Z and tt̄W tt̄Z dominated

Main background tZ, WZ and fakes tt̄Z, tt̄H and fakes tt̄Z, tt̄H and fakes tt̄+jets Z+jets

Validation regions (3j + 2j + 1j, 1b) (CRZ) (1b) (CRW) E
miss
T < 40 GeV

Regions in the fit (≥ 4j, 1b) (SRB1J4) (3j + 2j,≥ 2b) (SRW3�) (≥ 2j,≥ 2b) (SR2µSS) (3j, 1b + 2b) (3j, 2b)

(Signal region, (3j,≥ 2b) (SRB2J3) (4j, 1b + 2b) (4j, 2b)

control region) (≥ 4j,≥ 2b) (SRB2J4) (≥ 5j, 1b + 2b) (≥ 5j, 2b)

Table 8: Summary of the tt̄V event selection and analysis strategies in three channels. In the last row signal-rich
regions are shown in bold.

The calculation of confidence intervals and hypothesis testing is performed using a modified fre-
quentist method as implemented in RooStats [76] and is based on a profile likelihood which takes into
account the systematic uncertainties as nuisance parameters. Significance is calculated using the asymp-
totic formula of Refs. [77–79].

9.1 Trilepton and same-sign dilepton channels

A simultaneous fit of the three signal regions SRZb1j4, SRZb2j3, SRZb2j4 is used to extract the tt̄Z

signal strength while the tt̄W signal strength is measured from the fit in SRW�3 and SR2µSS regions.
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Jet pile-up subtractions 

topological clustering, only pile-up signal above a certain threshold can form separate clusters. Low

energy pile-up deposits can thus only contribute signal if they overlap with other deposits which survive

noise suppression. The probability of overlap is dependent on the transverse size of EM and hadronic

showers in the calorimeter, relative to the size of the calorimeter cells. In the central regions of the

calorimeter, due to fine granularity, pile-up mainly contributes extra clusters. This is the region where ρ
is calculated.

As discussed in Sec. 2, the bipolar shaping of the liquid argon calorimeter pulses can result in

negative-energy signals associated with out-of-time pile-up activity. If isolated from in-time signals,

they may form negative clusters, which are excluded from jet reconstruction and the calculation of ρ.
However, overlap between positive jet signal and out-of-time activity will result in a negative modulation

of the jet energy. This could be seen as a negative dependence in the jet pT on out-of-time pile-up. Such

overlap is more probable at higher η, due to coarser granularity relative to the transverse shower size. In

addition, the length of the bipolar pulse is shorter in the forward calorimeters, resulting in a negative tail

of larger amplitude. As a result, forward jets have enhanced sensitivity to out-of-time pile-up.

Since the ρ calculation is dominated by low-occupancy regions in the calorimeter, the sensitivity

of ρ to pile-up does not fully describe the pile-up sensitivity of the high-occupancy region at the core

of a high-pT jet. Furthermore, the effects of pile-up in the forward region are not well described by

the median pT density as obtained from positive clusters in the central region. A residual correction is

therefore necessary to obtain an average jet response that is insensitive to pile-up across the full η range.
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Figure 6: Dependence of the reconstructed jet pT (anti-kt, R = 0.4, LCW scale) on in-time pile-up (a)

and out-of-time pile-up (b), at various correction stages: before any correction, after ρ · A subtraction,

and after the residual correction. The dependence is shown in bins of jet |η| and fit using the same

functional form as in the residual correction itself. The error bands show the 68% confidence intervals

of the fits. The dependence was obtained by comparison to truth particle jets in simulated dijet events,

and corresponds to a truth-jet pT of 25 GeV.

Figure 6 shows the dependence of anti-kt R = 0.4 LCW jets on (a) NPV for fixed �µ� and (b) �µ� for

fixed NPV, probing separately the effects of in-time and out-of-time pile-up, respectively. The subtraction

of ρ · A removes most of the sensitivity to in-time pile-up, though some residual dependence on NPV

remains. Fig. 6(b) shows that ρ · A subtraction has very little effect on the sensitivity to out-of-time pile-
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T
− ptrue

T
distribution versus �µ� (a) and versus pseudorapidity η (b), for

anti-kt R = 0.6 jets at the LCW scale matched to truth particle jets satisfying 20 < ptrue

T
< 30 GeV, in

simulated dijet events. The new pile-up subtraction method based on jet areas is seen to improve the

resolution of the reconstructed jet pT over the previous subtraction method.

This uncorrected dependence is taken as a source of systematic bias: the logarithmic fits are used to

obtain a pT-dependent systematic uncertainty, defined by the coefficients αNPV
and α�µ� from

∂pT

∂NPV

(pT) =
∂pT

∂NPV

(25 GeV) + αNPV
× log

� pT

25 GeV

�
(5)

and
∂pT

∂�µ� (pT) =
∂pT

∂�µ� (25 GeV) + α�µ� × log

� pT

25 GeV

�
. (6)

6.5 Resolution improvement

Figure 8 shows the RMS width of the preco

T
–ptrue

T
distribution in simulated dijet events, as a function

of the amount of pile-up as characterized by �µ� and versus jet η. The impact of pile-up on the jet pT

resolution is evident from the linear rise observed in the uncorrected points in (a). When compared to

the previous pile-up subtraction method, the new pile-up correction based on jet areas further alleviates

the degradation in jet pT resolution due to pile-up. However, some dependence of the RMS width on

�µ� remains, which may be attributed to local fluctuations in the pile-up activity. Figure 9 shows even

more clearly the advantage of the new correction over the old, as the old correction resulted in almost no

improvement within any given bin of NPV.

6.6 In-situ validation

Two methods of in-situ validation of the pile-up correction are employed to study the dependence of jet

pT on NPV and �µ�. The first method uses track-jets to provide a pile-up independent measure of jet

pT. This requires the presence of track-jets and so can only be used in the most central region of the

detector for |η| < 2.1. It is not statistically limited. The second method exploits the pT balance between a

15

ATLAS-­‐CONF-­‐2013-­‐083	
  

1/8/15	
  
30	
  



Luminosity scaling 

1 

PC Report — Run-2 plans and schedule 
Andreas Hoecker & Marumi Kado, ATLAS week, CERN, 8 October 2014 
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Cross section ratio 
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1.2 Cross section ratios: 13 TeV / 8 TeV 

Cross section ratios 

Hugely increased potential for discovery of heavy particles at 13 TeV 
But life may also become harder for states lighter than tt 
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Summary of SM cross section 
measurements 
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