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Diboson resonances at the edge 
of the LHC 

¤  Diboson	
  resonances	
  appear	
  in	
  many	
  theories	
  
extending	
  the	
  SM	
  	
  
•  Simple	
  benchmarks	
  	
  

•  Extended	
  gauge	
  sector	
  models	
  (W’àWZ)	
  
•  Extra	
  dimensions	
  Models	
  (GàWW,ZZ)	
  

¤  We	
  want	
  to	
  explore	
  the	
  high	
  energy	
  edge	
  of	
  the	
  LHC	
  	
  
•  Leptonic	
  decays	
  suffer	
  from	
  low	
  branching	
  raUos	
  
•  Hadronic	
  decays	
  suffer	
  from	
  large	
  backgrounds	
  and	
  

require	
  special	
  reconstrucUon	
  techniques	
  
•  SUll…	
  for	
  resonances	
  O(TeV)	
  the	
  cross	
  secUon	
  is	
  so	
  

small	
  that	
  we	
  want	
  to	
  take	
  advantage	
  of	
  the	
  large	
  BR	
  

¤  The	
  challenge	
  -­‐	
  hadronic	
  decays!	
  	
  

W Z 

22% 7% 

τν, 
ττ 

11% 3% 

νν - 20% 

67% 70% 

Boson decay fractions 
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Naïve  approach to search for Diboson 
resonances with hadronic decays 
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At the edge bosons are boosted 

Big 
Guy 

	
  (TeV)	
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V	
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The	
  vector	
  bosons	
  have	
  masses	
  of	
  O(100	
  GeV)	
  
	
  
So	
  most	
  of	
  the	
  O(TeV)	
  mass	
  of	
  the	
  resonance	
  
transforms	
  into	
  large	
  boost	
  to	
  the	
  decaying	
  products	
  
	
  
In	
  a	
  decay	
  like	
  this	
  we	
  would	
  have	
  each	
  boson	
  with	
  a	
  
momentum	
  of	
  the	
  O(TeV)!	
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Things are different at large boosts 

	
  	
  	
  “Natural”	
  angular	
  separaUon:	
  
	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  dR	
  ~	
  2m/(pT)	
  
	
  	
  	
  	
  Normal	
  jet	
  clustering	
  parameter	
  R=0.4	
  
	
  
•  Resolved	
  Regime:	
  Two	
  jets	
  
	
  The	
  boson	
  has	
  relaUvely	
  low	
  momentum	
  
in	
  the	
  lab	
  frame	
  so	
  we	
  are	
  able	
  to	
  
reconstruct	
  one	
  jet	
  for	
  each	
  quark	
  

•  Boosted	
  Regime:	
  Single	
  boson	
  jet	
  	
  
	
  The	
  boson	
  has	
  high	
  momentum	
  in	
  the	
  
lab	
  frame	
  -­‐	
  the	
  outgoing	
  quarks	
  are	
  very	
  
close	
  to	
  each	
  other	
  so	
  the	
  jets	
  begin	
  to	
  
merge	
  

W
qi	
  
qj	
  

W

qi	
  

qj	
  

PT	
  	
  O(100GeV)	
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Leading Jet  [GeV] QCD [fb/GeV] W’* [fb/GeV] 

0.5 TeV (1.2 TeV W’) 103 10-1 

1.0 TeV (2 TeV W’) 10 10-3 

dσ/pT	
  x	
  BR	
  (rough	
  numbers)*	
  

#E
ve
nt
s	
  

Mjj	
  

QCD-­‐Background	
  

Big 
Guy 

O(TeV)	
  O(0.1TeV)	
   O(0.1TeV)	
  

q	
  

q	
  
q	
  

q	
  

	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  Signal	
  

Ultimate challenge - beat the 
QCD background 

V	
  V	
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Outline 

¤ Tagging	
  Boson	
  Jets	
  

¤ Searches	
  for	
  Heavy	
  Diboson	
  resonances	
  
with	
  ATLAS	
  at	
  √s	
  =	
  8	
  TeV	
  
•  In	
  depth	
  look	
  at	
  the	
  fully	
  hadronic	
  channel	
  
•  Channels	
  with	
  leptons	
  
•  Pulng	
  it	
  all	
  together	
  

¤ What	
  to	
  expect	
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Tagging Boson Jets 
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Boson vs QCD jets 

Boson	
  Jets	
  
¤  Boson	
  decay	
  	
  
•  Two	
  narrow	
  regions	
  with	
  

high	
  energy	
  density	
  
corresponding	
  to	
  each	
  quark	
  

•  Each	
  of	
  the	
  quarks	
  carries	
  
comparable	
  fracUon	
  of	
  the	
  
boson	
  momentum	
  in	
  the	
  lab	
  
frame	
  

•  Mass	
  of	
  the	
  jet	
  comes	
  from	
  
the	
  addiUon	
  of	
  the	
  two	
  
regions	
  corresponding	
  to	
  the	
  
quarks	
  	
  

QCD	
  Jets	
  

¤  High-­‐pT	
  parton	
  
•  Narrow	
  region	
  with	
  high	
  

energy	
  density	
  	
  
•  High	
  energy	
  density	
  region	
  

has	
  most	
  of	
  the	
  momentum	
  
of	
  the	
  jet	
  

•  Mass	
  of	
  the	
  jet	
  from	
  the	
  
spread	
  of	
  the	
  energy	
  of	
  the	
  
high	
  pT	
  parton	
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Fat-jet – Grooming – Tagging 

	
  Fat-­‐jet	
  
•  Large	
  distance	
  parameter	
  to	
  pick	
  up	
  all	
  radiaUon	
  from	
  original	
  

decay	
  

Grooming	
  
•  Signal	
  –	
  Take	
  out	
  jet	
  consUtuents	
  that	
  don’t	
  belong	
  to	
  the	
  signal	
  

decay	
  
•  Background	
  –	
  Preserve	
  background	
  characterisUcs	
  in	
  the	
  jet	
  

	
  

Tagging	
  
•  Use	
  differences	
  in	
  Signal	
  and	
  Background	
  jet	
  characterisUcs	
  to	
  

reject	
  background	
  jets	
  

Grooming 

1	
  

2	
  

3	
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Fat jet 

C/A	
  Clustering	
  
1)	
  Smaller	
  distance	
  first	
  
2)	
  Merge	
  if	
  distance	
  smaller	
  than	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  
	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  R	
  =	
  1.2	
  
3)	
  Iterate	
  unUl	
  nothing	
  to	
  merge	
  

Jet	
  

Jet	
  C
lu

st
e

r 

BOSON	
  

QCD	
  

Collimated	
  structure	
  –	
  merged	
  early	
  	
  

Angular	
  separaUon	
  –	
  merged	
  late	
  

Collimated	
  structure	
  –	
  merged	
  early	
  	
  

Angular	
  separaUon	
  –	
  merged	
  late	
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Mass Drop Grooming 

Mass	
  Drop	
  Filter*	
  

1)  Go	
  back	
  in	
  clustering	
  	
  
2)  Find	
  point	
  where	
  momentum	
  is	
  

balanced	
  amongst	
  proto	
  jets	
  and	
  
mass	
  of	
  proto	
  jets	
  is	
  small	
  
compared	
  to	
  merged	
  jet	
  

Jet	
  

D
e

-c
lu

ste
r 

BOSON	
  

QCD	
  

Stopping	
  point	
  

Stopping	
  point	
  

Stopping	
  point	
  
Discard	
  

Sub-­‐jet	
  1	
  

Sub-­‐jet	
  2	
  

q1	
  

q2	
   *	
  Only	
  most	
  important	
  details	
  for	
  large	
  boosts	
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Sub-jet momentum balance after 
grooming 
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Jet mass after grooming 
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Other handles for discrimination – 
Hadronic activity 

¤  We’ve	
  applied	
  selecUon	
  
criteria	
  based	
  on	
  the	
  jet	
  
mass	
  and	
  momentum	
  
balance	
  

¤  Remaining	
  background	
  is	
  
enriched	
  with	
  gluon	
  splilng	
  
jets	
  
•  Increased	
  hadronic	
  acUvity	
  

¤  Use	
  number	
  of	
  tracks	
  
associated	
  to	
  the	
  jet	
  as	
  a	
  
proxy	
  



16   E.	
  Kajomovitz,	
  Duke	
  

Data driven estimate of the ntrk 
selection efficiency 

¤  Monte	
  Carlo	
  simulaUons	
  of	
  ntrk	
  predict	
  	
  a	
  good	
  
discriminaUng	
  power	
  to	
  disUnguish	
  between	
  
boson	
  jets	
  and	
  the	
  background	
  for	
  this	
  
variable	
  

¤  However,	
  the	
  simulaUon	
  is	
  not	
  precise	
  enough	
  
to	
  determine	
  the	
  efficiency	
  and	
  background	
  
rejecUon	
  to	
  the	
  necessary	
  accuracy	
  	
  

¤  Use	
  a	
  control	
  region	
  in	
  data	
  to	
  determine	
  the	
  
properUes	
  of	
  a	
  selecUon	
  requirement	
  on	
  this	
  
variable	
  
•  Select	
  a	
  W/Z+jets	
  enriched	
  sample	
  by	
  selecUng	
  

those	
  events	
  with	
  a	
  jet	
  passing	
  the	
  boson	
  
selecUon	
  criteria	
  on	
  the	
  sub-­‐jet	
  momentum	
  
balance	
  	
  

•  Use	
  the	
  jet	
  mass	
  distribuUon	
  to	
  determine	
  the	
  
relaUve	
  signal	
  efficiency	
  of	
  a	
  cut	
  on	
  ntrk	
  

•  Dominant	
  uncertainty	
  is	
  the	
  mass	
  distribuUon	
  of	
  
the	
  background	
  

Control	
  Region	
  
W/Z+jets	
  enriched	
  sample	
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Figure 16: The e�ciency of the track-multiplicity cut for boson identification is measured in a data sample of
V+jets, selected by requiring events to pass the analysis jet trigger and |�y12| cuts, and to have a leading jet with pT
satisfying 0.58 < pT < 0.67 TeV and py > 0.45. The size of the V+jets contribution is evaluated in the data with a
fit over the mass range shown in the figures, using a polynomial function to describe the background and a pair of
crystal-ball functions for the W and Z contributions. The ratio of W to Z is fixed according to Pythia cross sections,
the mass ratio mZ/mW is fixed according to the ratio of the boson’s pole masses, and the other shape parameters
are fixed according to fits in a simulated sample of W 0 ! WZ ! qqqq at the relevant pT scale. The overall W/Z
signal strength parameter is free to float in the fit. To account for systematic e↵ects in the background estimation
two di↵erent polynomial shapes and fit ranges are used. The plots show fits to the jet mass spectrum in data after
the ntrk < 30 cut.

11th September 2015 – 00:19 36
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Tagging “Boson Jets” 

TAGGING 
BOSON 

JETS 

Jet	
  Mass:	
  
-­‐  Boson	
  jet	
  mass	
  

peaks	
  at	
  nominal	
  
boson	
  mass	
  

-­‐  QCD	
  mostly	
  falling	
  
mass	
  distribuUon	
  

Momentum	
  
balance:	
  	
  
	
  -­‐	
  	
  For	
  boson	
  jets	
  the	
  
subjets	
  have	
  comparable	
  
momenta	
  at	
  the	
  stopping	
  
point	
  
-­‐	
  For	
  QCD	
  jets	
  one	
  of	
  the	
  
subjets	
  will	
  have	
  most	
  of	
  
the	
  momentum	
  	
  

Hadronic	
  acUvity:	
  	
  
	
  -­‐	
  Increased	
  hadronic	
  acUvity	
  in	
  gluon-­‐like	
  jets	
  

For	
  each	
  search	
  channel	
  the	
  opUmal	
  tagging	
  point	
  will	
  depend	
  on	
  the	
  backgrounds	
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Boson tagged jets in data DRAFT
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Figure 24: Jet display for Event 53038984 in Run 203027. The colored boxes represent the topological clusters,
the blue crosses represent tracks not associated with the event primary vertex, the black crosses represent tracks
associated with the event primary vertex, and the gray areas are the reclustered jets kept after the filtering algorithm.
pT1 = 999.3 GeV; ⌘1 = 0.70; �1 = 2.9; m1 = 89.2; ntrk1 = 29; pT2 = 999.3 GeV; ⌘2 = �0.05; �2 = �0.26; m2 = 72.3;
ntrk2 = 23; mj j = 2068.6 GeV.
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Figure 25: Jet display for Event 7295269 in Run 201556. The colored boxes represent the topological clusters,
the blue crosses represent tracks not associated with the event primary vertex, the black crosses represent tracks
associated with the event primary vertex, and the gray areas are the reclustered jets kept after the filtering algorithm.
pT1 = 950.3 GeV; ⌘1 = 0.67; �1 = �0.32; m1 = 89.1; ntrk1 = 14; pT2 = 909.4 GeV; ⌘2 = 0.06; �2 = 2.82;
m2 = 103.1; ntrk2 = 26; mj j = 1955.2 GeV.

11th September 2015 – 00:19 43
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Searching for diboson 
resonances:  In depth look at the 
fully hadronic channel 
arxiv:1506.00962 
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Fully hadronic channel 

¤ Huge	
  backgrounds!	
  -­‐	
  Apply	
  a	
  ?ght	
  tagging	
  selecUon	
  
•  Different	
  narrow	
  jet	
  mass	
  windows	
  for	
  selecUng	
  W	
  or	
  Z	
  

•  Simple	
  strategy	
  opUmized	
  for	
  model	
  rejecUon	
  
•  Considerable	
  overlap	
  between	
  the	
  windows	
  

¤ Backgrounds	
  are	
  so	
  large	
  that	
  addiUonal	
  handles	
  are	
  needed	
  
•  Event	
  topology	
  

¤ AddiUonal	
  selecUon	
  criteria	
  dictated	
  /	
  driven	
  by	
  detector	
  
consideraUons	
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Event topology  

I-Core -  EHEP for Theorists – 2014.06.17           25   E.#Kajomovitz,#Duke#

Centrality requirements 
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(d)

Figure 12: The di↵erence in rapidity between the leading and subleading jet, for simulated W 0 and dijet background
events passing the trigger and mass-drop filtering requirements, for four values of the W 0 boson mass and corres-
ponding dijet mass selections. The W 0 signal yield has been scaled for visibility, as indicated in each figure.
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Figure 12: The di↵erence in rapidity between the leading and subleading jet, for simulated W 0 and dijet background
events passing the trigger and mass-drop filtering requirements, for four values of the W 0 boson mass and corres-
ponding dijet mass selections. The W 0 signal yield has been scaled for visibility, as indicated in each figure.
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Additional requirements 

Pseudo	
  rapidity	
  
requirement	
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Figure 13: The ⌘ distribution of the leading and subleading jets, for simulated W 0 and dijet background events
passing the trigger, mass-drop filtering, and rapidity di↵erence event selection requirements, for four values of the
W 0 boson mass and corresponding dijet mass selections. The W 0 signal yield has been scaled for visibility, as
indicated in each figure.
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Figure 14: The pT asymmetry between the leading and subleading jet, for simulated W 0 and dijet background events
passing the trigger, mass-drop filtering, pseudorapidity and rapidity di↵erence event selection requirements, for
four values of the W 0 boson mass and corresponding dijet mass selections. The W 0 signal yield has been scaled for
visibility, as indicated in each figure.
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Estimating the background 

¤  Dominant	
  background	
  are	
  dijet	
  events	
  from	
  QCD	
  processes	
  
•  SimulaUon	
  is	
  not	
  accurate	
  enough	
  to	
  provide	
  a	
  robust	
  predicUon	
  for	
  esUmaUng	
  the	
  

background	
  

¤  Data	
  driven	
  esUmate	
  
•  Smoothly	
  and	
  steeply	
  falling	
  distribuUon	
  for	
  backgrounds	
  
•  Signal	
  is	
  narrow	
  (only	
  a	
  small	
  region	
  is	
  affected	
  by	
  the	
  presence	
  of	
  a	
  signal)	
  
•  Fit	
  a	
  parametric	
  shape	
  to	
  the	
  data	
  

¤  For	
  the	
  parameterizaUon	
  we	
  need	
  to	
  ensure	
  
•  Has	
  adequate	
  complexity	
  
•  Will	
  not	
  produce	
  fake	
  signals	
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5.2. Boson tagging requirements239

The two jets with the highest transverse momentum each must satisfy the three boson tagging require-240

ments discussed in section 4: py � 0.45, ntrk < 30, and |m j � mV | < 13 GeV, where mV is the peak241

value of the reconstructed W or Z boson mass distribution. For the W0 ! WZ search, this final cut sets242

mV equal to the peak reconstructed W boson mass when applied to the lower mass jet, and to the peak243

reconstructed Z boson mass when applied to the higher mass jet.244

The expected e�ciency of these boson tagging cuts applied to signal events is evaluated using the MC245

signal samples described in section 3. For signal events passing event topology requirements on the mass-246

drop filtering, ⌘, the rapidity di↵erence, and the pT asymmetry, the average e�ciency of the tagging cuts247

for each of the two leading-pT filtered jets is approximately the same in the GRS ! WW and GRS ! ZZ248

samples, and ranges from 44.0% in the mGRS = 1.2 TeV sample to 33.9% for the mGRS = 3.0 TeV sample.249

Figure 2(b) shows the selection e�ciency of the event selection and tagging requirements for signal events250

with resonance mass within 10% of the nominal signal mass for the W0 ! WZ and bulk GRS ! WW251

and bulk GRS ! ZZ benchmark models, with both statistical and systematic uncertainties included in252

the error band. The average background selection e�ciency of the tagger for each of the two leading-pT253

filtered jets in simulated QCD dijet events satisfying the same event selection requirements ranges from254

1.2% for events with dijet masses between 1.08 TeV and 1.32 TeV, to 0.6% for events with dijet masses255

between 2.7 TeV and 3.3 TeV.256

5.3. Dijet mass requirement257

The invariant mass calculated from the two leading jets must exceed 1.05 TeV. This requirement restricts258

the analysis of the dijet mass distribution to regions where the trigger is fully e�cient for boson-tagged259

jets, so that the trigger e�ciency does not a↵ect its shape.260

6. Background model261

The search for high-mass diboson resonances is carried out by looking for resonance structures on a
smoothly falling dijet invariant mass spectrum, empirically characterised by the function

dn
dx
= p1(1 � x)p2+⇠p3 xp3 , (1)

where x = m j j/
p

s, and m j j is the dijet invariant mass, p1 is a normalisation factor, p2 and p3 are
dimensionless shape parameters, and ⇠ is a dimensionless constant chosen after fitting to minimise the
correlations between p2 and p3. A maximum-likelihood fit, with parameters p1, p2 and p3 free to float, is
performed in the range 1.05 TeV < m j j < 3.55 TeV, where the lower limit is dictated by the point where
the trigger is fully e�cient for tagged jets and the upper limit is set to be in a region where the data and
the background estimated by the fit are well below one event per bin for the tagged distributions. The
likelihood is defined in terms of events binned in 100-GeV-wide bins in m j j as

L =
Y

i

�ni
i e��i

ni!
, (2)
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Tests on background 
parameterization 

¤  Two	
  types	
  of	
  tests	
  
•  Spurious	
  signal:	
  Fit	
  S+B	
  in	
  background	
  only	
  

distribuUons	
  and	
  best	
  fit	
  signal	
  is	
  small	
  
compared	
  to	
  background	
  uncertainty	
  

•  ParameterizaUon	
  complexity:	
  Adding	
  addiUonal	
  
parameters	
  does	
  not	
  result	
  in	
  a	
  significant	
  beser	
  
fit	
  	
  

¤  Test	
  parameterizaUon	
  in	
  control	
  regions	
  
•  Sidebands	
  in	
  data	
  
•  Untagged	
  data	
  
•  Mixture	
  of	
  sideband	
  spectra	
  

¤  Test	
  parameterizaUon	
  in	
  background	
  
simulaUons	
  
•  Different	
  dijet	
  simulaUon	
  
•  Consider	
  large	
  variaUons	
  in	
  the	
  background	
  

composiUon	
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Figure 3: Fits of the background model to the dijet mass (mj j) distributions in (a) Pythia 8 and (b) Herwig++ simu-
lated background events that have passed all event selection and tagging requirements. The events are reweighted in
both cases to correctly reproduce the leading-jet pT distribution for untagged events, and the simulated data samples
were scaled to correspond to a luminosity of 20.3 fb�1. The significance shown in the inset for each bin is calculated
using the statistical errors of the simulated data.
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Figure 4: Fits of the background model to the dijet mass (mj j) distributions in data events (a) before boson tagging,
and (b) where both jets pass all tagging requirements except for the mj requirement, and instead satisfy 40 < mj 
60 GeV.

fits of the chosen function to simulations of the dominant background as well as sidebands and control290

regions of data in which a signal contribution is expected to be negligible. These e↵ects were estimated291

to be no more than 25% of the statistical uncertainty at any mass in the search region. The e↵ect of292

the uncertainty on the trigger e�ciency, the variations of the selection e�ciencies as a function of the293
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Figure 3: Fits of the background model to the dijet mass (mj j) distributions in (a) Pythia 8 and (b) Herwig++ simu-
lated background events that have passed all event selection and tagging requirements. The events are reweighted in
both cases to correctly reproduce the leading-jet pT distribution for untagged events, and the simulated data samples
were scaled to correspond to a luminosity of 20.3 fb�1. The significance shown in the inset for each bin is calculated
using the statistical errors of the simulated data.
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Figure 4: Fits of the background model to the dijet mass (mj j) distributions in data events (a) before boson tagging,
and (b) where both jets pass all tagging requirements except for the mj requirement, and instead satisfy 40 < mj 
60 GeV.
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regions of data in which a signal contribution is expected to be negligible. These e↵ects were estimated291

to be no more than 25% of the statistical uncertainty at any mass in the search region. The e↵ect of292

the uncertainty on the trigger e�ciency, the variations of the selection e�ciencies as a function of the293

11th September 2015 – 00:19 12



25   E.	
  Kajomovitz,	
  Duke	
  

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

The dijet mass distributions after all three tagging selections are well-described by the background model353

over the entire mass range explored, with the exception of a few bins near m j j = 2 TeV which contain354

more events than predicted by the background model. Approximately 20% of the events selected by355

either the WW, WZ, or ZZ selection are shared among all three signal regions. The fraction of events356

common to the WZ and the WW or the WZ and the ZZ selections are 49% and 43% respectively. After357

requiring that m j j > 1.75 TeV, 5 out of 25 events are common to all three signal regions. The statistical358

interpretation of these dijet mass distributions is discussed in the following section.359
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In	
  most	
  of	
  the	
  range	
  there	
  is	
  good	
  agreement	
  between	
  the	
  
background	
  esUmate	
  and	
  the	
  observed	
  data	
  
	
  
At	
  ~2	
  TeV	
  the	
  three	
  channels	
  (WW/WZ/ZZ)	
  observe	
  staUsUcally	
  mild	
  
deviaUons	
  from	
  the	
  background.	
  Approximately	
  20%	
  of	
  the	
  events	
  
are	
  shared	
  in	
  the	
  three	
  signal	
  regions.	
  Overlap	
  between	
  WW/WZ	
  or	
  
WZ/ZZ	
  is	
  larger	
  
	
  
Largest	
  deviaUon	
  is	
  in	
  the	
  WZ	
  channel	
  2.5	
  sigma	
  global	
  (3.4	
  local)	
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Exclusion limits at the 95% confidence level are set following the CLs prescription [52].389

8.3. Exclusion limits on new diboson resonances390

Limits on the production cross section times branching ratio of massive resonances are set in each diboson391

channel as a function of the resonance mass using the EGM W0 as a benchmark for the WZ selection,392

and the bulk GRS model for the WW and ZZ selections. In most of the mass range, the observed limit is393

somewhat better than the expected limit, but in the region near 2 TeV the excess of events in the data leads394

to observed limits which are weaker than expected. Figure 6(a) shows the observed 95% CL upper limits395

on the cross section times branching ratio on the EGM W0 ! WZ hypotheses as a function of the W0 mass.396

EGM W0 ! WZ for masses between 1.3 and 1.5 TeV are excluded at 95% CL. Figures 6(b) and 6(c) show397

the observed 95% CL upper limits on the cross section times branching ratio for the bulk GRS ! WW and398

ZZ, respectively. The cross section times branching ratio for excited graviton production with the model399

parameters described in section 3 is too low to be excluded with the sensitivity of this measurement.400
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Figure 6: Upper limits, at 95% C.L., on the section times branching ratio limits for the WZ window selection as a
function of mW0 , and for the WW window selection and the ZZ window selections as a function of mGRS . The solid
red line in each figure displays the predicted cross section for the W 0 or GRS model as a function of the resonance
mass.
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Figure 6: Upper limits, at 95% C.L., on the section times branching ratio limits for the WZ window selection as a
function of mW0 , and for the WW window selection and the ZZ window selections as a function of mGRS . The solid
red line in each figure displays the predicted cross section for the W 0 or GRS model as a function of the resonance
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Figure 1: The signal acceptance times e�ciency for the di↵erent analyses entering the combination are shown in
1(a) for the EGM W’ model and in 1(b) for the bulk G⇤model. The error bands represent the combined statistical
and systematic uncertainties.

6 Systematic uncertainties280

The sources of systematic uncertainties along with their e↵ects on the expected signal and background281

yields for each of the individual channels used in this combination are described in detail in their cor-282

responding publications [17, 19–21]. Although the results from the di↵erent search channels in this283

combination are statistically independent, commonalities between the di↵erent search channels, such as284

the objects used, the signal and background simulation, and the integrated luminosity estimate, introduce285

correlated e↵ects in the signal and background expectations.286

Whenever an e↵ect due to an uncertainty in the triggering, identification, or reconstruction of leptons is287

considered for a channel, it is treated as fully correlated with the e↵ects due to this uncertainty in other288

channels. In the same manner, the e↵ects of each uncertainty related to the small-R jet energy scale and289

resolution are treated as fully correlated in all channels using small-R jets or Emiss
T . For the search chan-290

nels using large-R jets, uncertainties in the large-R jet energy scale, energy resolution, mass scale, mass291

resolution, or in the modeling of the boson tagging discriminant py are taken as fully correlated. Un-292

certainties in the data-driven background estimates are treated as uncorrelated. The e↵ects of uncertainty293

in the initial and final state radiation (ISR and FSR) modeling and in the PDF are each treated as fully294

correlated across all search channels.295

The dominant systematic uncertainties depend on the mass of the diboson resonance being considered.296

In the mass range . 1.5 TeV, background modeling uncertainties dominate: SM diboson background in297

the `⌫`0`0 channel and Z(W)+jets background for the ``qq̄ (`⌫qq̄) channel. In the higher mass region,298

background modeling uncertainties in the `⌫qq̄ channel as well as the large-R jet energy scale uncertainty299

dominate.300

7 Statistical procedure301

The combination of the individual channels proceeds with a simultaneous analysis of the invariant mass302

distributions of the diboson candidates in the di↵erent channels. For each hypothesis being tested, only the303
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Sensitivity to diboson resonances 
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Combined picture in ATLAS 

¤  The	
  single	
  lepton	
  channel	
  has	
  a	
  
comparable	
  sensiUvity	
  in	
  most	
  of	
  
the	
  range	
  where	
  the	
  fully	
  hadronic	
  
search	
  takes	
  place	
  
•  Excellent	
  agreement	
  with	
  the	
  

background	
  only	
  hypothesis.	
  No	
  
excess	
  is	
  observed	
  

¤  The	
  two	
  and	
  three	
  lepton	
  channels	
  
have	
  less	
  sensiUvity	
  at	
  high	
  masses	
  
but	
  no	
  excesses	
  are	
  observed	
  
either	
  	
  
•  Local	
  significance	
  in	
  WZ	
  is	
  reduced	
  

to	
  2.5	
  sigma	
  (at	
  the	
  global	
  level	
  this	
  
is	
  a	
  very	
  mild	
  excess)	
  

DRAFT

2.6 �. For the bulk G⇤ assuming k/M̄Pl = 1 the observed combined lower mass limit is 810 GeV, with an367

expected limit of 790 GeV. The most stringent individual limit is from the `⌫qq̄ channel with 760 GeV.368
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CMS results 

¤  CMS	
  has	
  performed	
  searches	
  for	
  diboson	
  resonances	
  in	
  similar	
  channels	
  
•  arXiv:1405.1994	
  (fully	
  hadronic)	
  
•  arXiv:1405.3447	
  (semileptonic)	
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The future… Exciting times! 
2 

Outlook at 13/14 TeV

Diboson resonance searches Junjie Zhu 15

qqbar yield of signal increases by a factor of ~10 at 2 TeV for W’
gg yield of signal increases by a Factor of ~20 at 2 TeV for gravitons

Great opportunities for BSM searches with diboson final statesFrom Junjie’s talk 
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Exhaustive boson tagging studies 
from Run-1 (ATL-PERF-2015-03) 

¤  Consider	
  large	
  space	
  of	
  grooming	
  /	
  
tagging	
  configuraUons	
  
•  O(500)	
  configuraUons	
  tested	
  

¤  Step-­‐1	
  
•  DeterminaUon	
  of	
  grooming	
  

algorithm	
  based	
  on	
  jet	
  mass	
  (bkg	
  
rejecUon	
  for	
  68%	
  signal	
  eff)	
  

•  AddiUonal	
  consideraUons	
  
•  Pileup	
  dependence	
  

¤  Step-­‐2	
  	
  
•  Single	
  variable	
  tagging	
  
•  Analyzed	
  O(20)	
  variables	
  
•  Best	
  variables	
  appear	
  to	
  be	
  

“proneness”	
  related	
  variables	
  	
  

Comprehensive Studies of W-tagging in Run 1 - Overview

1 Optimization based on the uncalibrated jet mass
Consider different jet algorithm, grooming techniques and configurations
(approx. 500 different combinations)
Determine smallest mass window containing 68% of the signal
Sort algorithms based on bkg efficiency εGQCD in 68% signal mass window
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Improved tagging at Run-2 based 
on Run-1 experience ATLAS W/Z-tagger for Run 2

Based on the results obtained in Run-1

Started with reduced set of grooming algorithms and substructure variables

Run 2 tagger: anti-kt trimmed jets with Rsub = 0.2, fcut = 5% + mass + D2
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ATL-PHYS-PUB-2015-033

Strong dependence of jet mass with jet pT for trimming algorithm
→ mass calibration

Define 50% and 25% signal efficiency working points using smooth
parametrizations of the jet mass and D2

15 GeV mass window around mean W /Z -mass and pT dependent D2 cut

September, 2-4 2015 Boosted V reconstruction and diboson searches 13
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Summary 

¤  The	
  large	
  dataset	
  collected	
  in	
  Run-­‐1	
  of	
  the	
  LHC	
  provided	
  the	
  exciUng	
  opportunity	
  to	
  explore	
  
new	
  parUcles	
  at	
  the	
  TeV	
  scale	
  decaying	
  to	
  W/Z’s	
  	
  

¤  The	
  excellent	
  spaUal	
  resoluUon	
  of	
  the	
  calorimeters	
  in	
  the	
  experiment(s)	
  allowed	
  to	
  develop	
  
dedicated	
  techniques	
  to	
  reconstruct	
  boosted	
  bosons	
  decaying	
  to	
  hadrons	
  
•  This	
  is	
  just	
  the	
  beginning!	
  	
  

¤  There	
  is	
  tension	
  with	
  other	
  searches	
  
•  In	
  ATLAS	
  the	
  fully	
  hadronic	
  channel	
  shows	
  a	
  not-­‐significant-­‐enough	
  excess	
  around	
  2	
  TeV.	
  But…	
  

other	
  channels	
  of	
  comparable	
  sensiUvity	
  are	
  in	
  good	
  agreement	
  with	
  background	
  only	
  predicUons	
  
•  CMS	
  has	
  seen	
  some	
  mild	
  excesses	
  in	
  the	
  same	
  general	
  region	
  in	
  searches	
  with	
  comparable	
  

sensiUvity	
  in	
  this	
  region.	
  But…	
  at	
  lower	
  mass	
  scale.	
  The	
  uncertainty	
  in	
  the	
  Jet	
  Energy	
  Scale	
  esUmated	
  
by	
  both	
  experiments	
  is	
  smaller	
  than	
  the	
  difference	
  in	
  the	
  mass	
  of	
  the	
  excesses.	
  

¤  Run-­‐2	
  is	
  here!	
  Data	
  is	
  beginning	
  to	
  flow	
  quickly	
  
•  Massive	
  cross	
  secUon	
  increase	
  if	
  the	
  excess	
  depending	
  on	
  producUon	
  mechanism	
  
•  If	
  all	
  goes	
  well	
  O(5{-­‐1)…	
  in	
  Spring	
  experiments	
  could	
  confirm	
  /	
  exclude	
  the	
  excess.	
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Thanks!  
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Backup 
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Systematic uncertainties 

¤  In	
  ATLAS	
  systemaUc	
  uncertainUes	
  follow	
  the	
  following	
  approach	
  
•  Two	
  independent	
  measurements	
  for	
  jet	
  related	
  quanUUes	
  
•  Track	
  based	
  
•  Calo	
  based	
  

•  Compare	
  raUo	
  of	
  Calo	
  /	
  Track	
  in	
  data	
  to	
  MC	
  and	
  use	
  maximal	
  deviaUon	
  from	
  unity	
  to	
  
derive	
  uncertainty	
  

•  Check	
  with	
  different	
  simulaUons	
  

DRAFT

Table 4 summarises the systematic uncertainties a↵ecting the signal shape and the pdf constraining the337

associated nuisance parameter. The largest uncertainty on the shape of the reconstructed signal is due to338

the jet pT scale and resolution; the uncertainty in the scale introduces an uncertainty on the scale of the339

mass of the reconstructed resonant signal, and the resolution introduces an uncertainty of the width. The340

jet mass scale uncertainty also has an e↵ect on the scale of the reconstructed mass, but this e↵ect is less341

significant. Table 5 summarises the systematic uncertainties a↵ecting the signal normalisation. The jet342

mass scale uncertainty a↵ects both the shape and the normalisation.343

Table 4: Summary of the systematic uncertainties a↵ecting the shape of the signal dijet mass distribution and their
corresponding models. G(x|µ,�) in the table denotes a Gaussian distribution for the variable x with mean µ and
standard deviation �.

Source Uncertainty Constraining pdf
Jet pT scale 2% G(↵PT|1, 0.02)

Jet pT resolution 20% G(�rE | 0, 0.05 ⇥
p

1.22 � 12)
Jet mass scale 3% G(↵m|1, 0.03)

Table 5: Summary of the systematic uncertainties a↵ecting the signal normalisation and their impact on the signal.

Source Normalisation uncertainty
E�ciency of the track-multiplicity cut 20.0%

Jet mass scale 5.0%
Jet mass resolution 5.5%

Subjet momentum-balance scale 3.5%
Subjet momentum-balance resolution 2.0%

Parton shower model 5.0%
Parton distribution functions 3.5%

Luminosity 2.8%

8. Results344

8.1. Background fit to data345

The fitting procedure is applied to the data after WZ, WW and ZZ selection, and the results are shown in346

figure 5. In this figure, the fitted background functions, labelled “background model,” are again integrated347

over the same bins used to display the data, and the size of the shaded band reflects the uncertainties on348

the parameters propagated to show the uncertainty on the expectation from the fit. The lower panels in349

the figure show the significance of the di↵erence between data and the expectation in each bin. Table 6350

gives the fitted values of the parameters for the data selected before tagging, displayed in figure 4(a), and351

after the WZ, WW and ZZ selections, as well as the number of events observed.352
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Kinematic effects? 

DRAFT
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Figure 19: Fits of the background model to the dijet mass (mj j) distributions passing cuts in (a) any of the three
analysis channels, and (b) the GRS! WW or ZZ analysis channels.
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Figure 20: Observed mj j spectra when varying the WZ boson tagging selection by removing requirements. In (a),
the spectrum with no tagging and the spectrum with the full WZ selection are compared to spectra with just one
boson tagging requirement applied to each jet. In (b), the e↵ect of applying all tagging requirements except one is
displayed.
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Mass window optimization 

DRAFT
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Figure 18: E↵ect of the jet mass scale (JMS) and jet mass resolution (JMR) uncertainties on the expected jet mass
distribution for the more massive ((a),(c),(e)) and less massive ((b),(d),(f)) of the leading and subleading jets in
W 0 ! WZ signal events, for several values of the W 0 boson mass.
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Figure 15: E�ciency of the mass window cut for the benchmark W 0 ! WZ signal (in red) and for the expected
background (in blue) as a function of the half width of the jet-mass window, for three values of the W 0 boson mass.
For the signal distribution, the shaded region represents the uncertainty on the e�ciency to select simulated W 0
events due to systematic uncertainties on the jet mass scale and jet mass resolution. The background e�ciency is
calculated from data by deriving the background jet mass shape in a control region with a single tagged jet.
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Summary of the boson tagging 
selection 

Channel Selection 

llqq 
70 < mJ < 110 GeV 
√y > 0.45 

lvqq 
65 < mJ < 105 GeV 
√y > 0.45 

JJ 

|mJ – mv|< 13 GeV 
√y > 0.45 
  ntrk < 30 

Due	
  to	
  the	
  large	
  backgrounds	
  in	
  
the	
  fully	
  hadronic	
  (JJ)	
  channel	
  a	
  
?ght	
  selecUon	
  is	
  necessary	
  
	
  
In	
  the	
  JJ	
  channel	
  different	
  mass	
  
windows	
  are	
  used	
  for	
  W	
  and	
  Z.	
  
However,	
  there	
  is	
  a	
  considerable	
  
overlap	
  between	
  them	
  	
  (more	
  on	
  
this	
  later	
  in	
  the	
  talk)	
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Analyses summary - selection 
DRAFT

Table 2: Summary of the event selection requirements in the di↵erent search channels. The selected events are
further classified into di↵erent kinematic categories as listed in Table 3.

Channel Leptons Jets Emiss
T Boson Identification

`⌫`0`0
3 leptons

– Emiss
T > 25 GeV |mll � mZ | < 20 GeV

pT > 25 GeV

``qq̄
2 leptons

2 small-R jets or 1 large-R jet –
|mll � mZ | < 25 GeV

pT > 25 GeV 70 GeV < m j j < 110 GeV
70 GeV < mJ < 110 GeV , py > 0.45

`⌫qq̄
1 lepton 2 small-R jets or 1 large-R jet

Emiss
T > 30 GeV

65 GeV < m j j < 105 GeV
pT > 25 GeV No b-jet with �R(b,W/Z) > 0.8 65 GeV < mJ < 105 GeV, py > 0.45

JJ 0 lepton 2 large-R jets, |⌘| < 2.0 Emiss
T < 350 GeV

|mW/Z � mJ | < 13 GeV
p
y > 0.45, ntrk < 30

Table 3: Summary of the event classification requirements in the di↵erent search channels. The classifications are
mutually exclusive, applying the requirements in sequence beginning with the high-pT merged, followed by the
high-pT resolved and finalizing with the low-pT resolved classification.

Channel High-pT merged High-pT resolved (high mass) Low-pT resolved (low mass)

`⌫`0`0 –
�y(W,Z) < 1.5

��(`3rd, Emiss
T ) < 1.5 ��(`3rd, Emiss

T ) > 1.5

``qq̄
pT(``) > 400 GeV pT(``) > 250 GeV pT(``) > 100 GeV

pT(J) > 400 GeV pT( j j) > 250 GeV pT( j j) > 100 GeV

`⌫qq̄

1 large-R jet, pT > 400 GeV 2 small-R jets, pT > 80 GeV 2 small-R jets, pT > 30 GeV

pT(`⌫) > 400 GeV
pT( j j) > 300 GeV pT( j j) > 100 GeV

pT(`⌫) > 300 GeV pT(`⌫) > 100 GeV

��(Emiss
T , j) > 1 (electron channel)

JJ
|�y12| < 1.2

–
m(JJ) > 1.05 TeV

17th September 2015 – 18:28 9
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Analyses summary - regions 

DRAFT

Table 2: Summary of the event selection requirements in the di↵erent search channels. The selected events are
further classified into di↵erent kinematic categories as listed in Table 3.

Channel Leptons Jets Emiss
T Boson Identification

`⌫`0`0
3 leptons

– Emiss
T > 25 GeV |mll � mZ | < 20 GeV

pT > 25 GeV

``qq̄
2 leptons

2 small-R jets or 1 large-R jet –
|mll � mZ | < 25 GeV

pT > 25 GeV 70 GeV < m j j < 110 GeV
70 GeV < mJ < 110 GeV , py > 0.45

`⌫qq̄
1 lepton 2 small-R jets or 1 large-R jet

Emiss
T > 30 GeV

65 GeV < m j j < 105 GeV
pT > 25 GeV No b-jet with �R(b,W/Z) > 0.8 65 GeV < mJ < 105 GeV, py > 0.45

JJ 0 lepton 2 large-R jets, |⌘| < 2.0 Emiss
T < 350 GeV

|mW/Z � mJ | < 13 GeV
p
y > 0.45, ntrk < 30

Table 3: Summary of the event classification requirements in the di↵erent search channels. The classifications are
mutually exclusive, applying the requirements in sequence beginning with the high-pT merged, followed by the
high-pT resolved and finalizing with the low-pT resolved classification.

Channel High-pT merged High-pT resolved (high mass) Low-pT resolved (low mass)

`⌫`0`0 –
�y(W,Z) < 1.5

��(`3rd, Emiss
T ) < 1.5 ��(`3rd, Emiss

T ) > 1.5

``qq̄
pT(``) > 400 GeV pT(``) > 250 GeV pT(``) > 100 GeV

pT(J) > 400 GeV pT( j j) > 250 GeV pT( j j) > 100 GeV

`⌫qq̄

1 large-R jet, pT > 400 GeV 2 small-R jets, pT > 80 GeV 2 small-R jets, pT > 30 GeV

pT(`⌫) > 400 GeV
pT( j j) > 300 GeV pT( j j) > 100 GeV

pT(`⌫) > 300 GeV pT(`⌫) > 100 GeV

��(Emiss
T , j) > 1 (electron channel)

JJ
|�y12| < 1.2

–
m(JJ) > 1.05 TeV

17th September 2015 – 18:28 9
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Analyses summary - contributions 

DRAFT

µ̂ is the ML estimator for the common signal strength for the model in question. If the two channels being341

compared have a common signal strength, i.e. µ = µA = µB, then in the asymptotic limit �2 log(⇤(µ̂)) is342

expected to be �2 distributed with two degrees of freedom.343

In the combined analysis to search for W0 resonances, all four individual channels are used. For the344

charge-neutral bulk G⇤, only the `⌫qq, ``qq, and the JJ channels contribute to the combination, and in345

the case of the fully hadronic channel, a merged signal region resulting from the union of the WW and ZZ346

signal regions is used in the analysis. The background to this merged signal region is estimated using the347

same technique as for the individual signal regions. Table 4 summarizes the channels and signal regions348

combined in the analysis for EGM W0 and bulk G⇤.349

Table 4: Channels and signal regions contributing to the combination for the EGM W 0 and bulk G⇤.

Channel Signal Region W0 mass range [TeV] G⇤ mass range [TeV]

`⌫`0`0
low-mass 0.2-1.9 –
high-mass 0.2-2.5 –

``qq̄
low-pT resolved 0.3-0.9 0.2-0.9
high-pT resolved 0.6-2.5 0.6-0.9

merged 0.9-2.5 0.9-2.5

`⌫qq̄
low-pT resolved 0.3-0.8 0.2-0.7
high-pT resolved 0.6-1.1 0.6-0.9

merged 0.8-2.5 0.8-2.5

JJ
WZ selection 1.3-2.5 –

WW+ZZ selection – 1.3-2.5

8 Results350

Fig. 2 shows the combined upper limit on the EGM W0 production cross section times its branching ratio351

to WZ at the 95% CL in the mass range from 300 GeV to 2.5 TeV. The observed limit is compared to352

the expected limit and the theoretical EGM W0 prediction. The largest deviation from the background353

expectation is found at ⇡ 2 TeV with a local p0-value corresponding to 2.5 standard deviations (�).354

This is smaller than the p0-value of 3.4 � observed in the JJ channel since the other channels are more355

consistent with the background-only hypothesis. In the context of the EGM W0 benchmark, the results356

of the combined `⌫`0`0, ``qq̄, and `⌫qq̄ channels and the JJ channel are compared in the mass region357

around 2 TeV following the consistency test described in Section 7 and are found to be inconsistent at the358

level of 2.9 �. The resulting lower limit at the 95% CL on the EGM W0 mass, using a LO cross section359

calculation, after the full combination is observed to be 1.81 TeV, with an expected limit of 1.81 TeV. The360

most stringent observed mass limit of an individual analysis is 1.59 TeV at NNLO in the `⌫qq̄ channel.361

In Fig. 3 the observed and expected combined upper limit on the bulk G⇤ production cross section times362

its branching ratio to WW and ZZ at the 95% CL is shown in the mass range from 200 GeV to 2.5 TeV,363

together with the theoretical bulk G⇤ prediction. In the context of the bulk G⇤ benchmark, the results of364

the combined `⌫`0`0, ``qq̄, and `⌫qq̄ channels and the JJ channel are compared in the mass region around365

2 TeV following the consistency test described in Section 7 and are found to be inconsistent at the level of366

17th September 2015 – 18:28 12
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Figure 180: ATLAS detector layout.

Figure 181: Muon spectrometer layout.
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Figure 180: ATLAS detector layout.

Figure 181: Muon spectrometer layout.
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Figure 182: Interaction length for the ATLAS Electromagnetic calorimeter (top) and for the full ATLAS
detector (bottom) as a function of |⌘|.
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Figure 178: Leading (left) and sub-leading (right) jet number of muon segments as a function of m j j
after applying the full event selection and W-Tagging with narrow jet mass selection.

Figure 179: ATLAS Tile Calorimeter as a function of ⌘ with respect to the interaction point.

final layers. Gap scintillators (TileGap) provide corrections for energy lost in inactive material.1962

The following detector separation is used in these studies:1963

• Presampler: Presampler barrel + Presampler end-cap1964

• EM1: EM barrel 1 + EM end-cap 11965

• EM2: EM barrel 2 + EM end-cap 21966

• EM3: EM barrel 3 + EM end-cap 31967

• Had1: Tile barrel 0 + Tile Extended 0 + Tile Gap 3 (Cells E1-E4)1968

• Had2: Tile barrel 1 + Tile Extended 1 + Tile Gap 1 (Cell C10)1969

• Had3: Tile barrel 2 + Tile Extended 2 + Tile Gap 2 (Cell D4)1970

Figure 181 shows a schematic diagram of the muon spectrometer.1971

1972

In Figure 182 are shown the interaction length for the ATLAS Electromagnetic calorimeter and for1973

the full ATLAS detector as a function of |⌘|. The Jet Energy Fraction histograms for the events with1974
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