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•  Searches	  for	  Beyond	  Standard	  Model	  physics	  is	  a	  primary	  
goal	  of	  the	  LHC	  program	  at	  CERN	  

•  Such	  new	  physics	  could	  manifest	  in	  many	  ways;	  one	  of	  the	  
most	  obvious	  is	  in	  the	  form	  of	  new	  resonance(s)	  

•  ATLAS	  strategy:	  Model-‐independent	  searches,	  in	  the	  
absence	  of	  a	  discovery,	  set	  limits	  on	  benchmark/generic	  
models,	  and/or	  physically	  interes>ng	  ones	  
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Graviton	  

New	  gauge	  
bosons:	  	  

W’/W*,	  Z’/Z*	  …	  

The	  mass	  of	  a	  new	  parLcle	  
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R,	  ω,	  a	  …	  	  
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SystemaLcs:	  

BG	  fit	  func.	  choice,	  qual.	  

Jet	  Energy	  Scale	  

Luminosity,	  beam	  energy	  

Theore>cal	  uncert.	  

Criteria:	  

≥	  2	  an>-‐kt	  6,	  pT	  >	  50	  GeV	  
jets	  

Poorly-‐measured	  high	  pT	  
jets	  rejected	  

|y|	  <	  2.8,	  mjj	  >	  250	  GeV	  

Model	   Obs.	  Limit	  [TeV]	  

q*àqg	   4.09	  

s8àgg	   2.72	  

W’àqq’	   2.45	  

Leptophobic	  W*àqq’	   1.75	  

Leptophilic	  W*àqq’	   1.66	  

QBHàq	  or	  g	  only	   5.82	  

BlackMax	  BH	   5.75	  

BG	  from	  data	  fit:	  

χ2	  =	  79	  for	  56	  DOF	  

arXiv:1407.1376	  
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Resonances	  
are	  narrow:	  
resolu>on	  8%	  
@	  200	  GeV,	  
<4%	  above	  2	  

TeV	  

Limits	  on	  
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Criteria:	  

≥	  2	  pT	  >	  25	  GeV	  e	  or	  µ	


Reject	  poorly-‐measured	  E	  
(electrons)	  or	  p	  (muons)	  

Model	   Obs.	  Limit	  [TeV]	  

Z’	  SSM	   2.90	  

Z’	  E6 χ	
 2.62	  

Z’	  E6	  ψ	
 2.51	  

Z*	   2.85	  

Z’	  (B-‐L)	   2.75	  

Z’	  3R	   2.72	  

RS	  G*,	  k/Mpl	  =	  0.1	   2.68	  

RS	  QBH	   2.24	  

ADD	  QBH	   3.65	  

MWT	  R1,	  g=2	   1.99	  

Backgrounds:	  

Irreducible,	  dominant:	  DY	  

Mul>-‐jet	  (el	  channel	  only),	  
Diboson,	  ubar	  

arXiv:1405.4123	  

SystemaLcs:	  

Theore>cal	  uncert.	  

Beam	  energy	  uncert.	  

Resolu>on	  (muons)	  

Mul>-‐jet	  BG	  (electrons)	  
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Criteria:	  

el	  isolated	  with	  pT	  >	  125	  GeV,	  |η|	  <	  2.5	  

In	  el	  channel,	  if	  other	  good	  el	  with	  pT	  >	  20	  
GeV,	  reject	  

µ	  pT	  >	  45	  GeV,	  |η|	  <	  2.0	  les	  1.0	  <|η|<	  1.3	  

In	  el	  channel,	  MET	  >	  125	  GeV,	  in	  µ	  
channel,	  MET	  >	  45	  GeV	   Model	   Obs.	  Limit	  [TeV]	  

W’	  SSM	   3.24	  

W*	
 3.21	  
Backgrounds:	  

SM	  W	  is	  dominant	  

Also	  contribu>ons	  from:	  SM	  Zàll,	  W/Z	  
decays	  to	  τ,	  u	  and	  single	  top,	  mul>-‐jet	  

arXiv:1407.7494	  

SystemaLcs:	  

Uncert.	  on	  BG	  cross	  sec>ons	  

Muon	  momentum	  resolu>on	  

Monte-‐Carlo	  sta>s>cs	  

Reconstruc>on	  and	  trigger	  efficiency	  

kinema>c	  variable	  is	  mT	  =	  
sqrt(2*pT*ETmiss*(1-‐cos	  psilnu))	  
	  
Main	  BG	  is	  SM	  W	  tail	  in	  mT	  
Zàll	  with	  one	  l	  missing	  
W/Zàtaunu/tau	  tau	  
ubar	  and	  single	  top	  at	  low	  mass	  
mul>jet	  
	  
e>125	  GeV,	  in	  |h|	  <	  2.5	  (less	  
crack)	  
	  
muons	  pT	  >	  45	  GeV.	  |h|	  <	  1.0	  or	  
1.3	  <	  |h|	  <	  2.0	  
	  
ETMiss:	  sum	  over	  energy-‐
calibrated	  objects,	  correct	  for	  calo	  
clusters	  not	  associated	  with	  them	  
	  
Mult-‐jet	  BG	  data-‐driven,	  others	  
from	  MC	  
	  
Events	  with	  any	  other	  el	  >	  20	  GeV	  
discarded	  (el	  chan)	  
	  
leptons	  isolated	  
	  
ETmiss>125	  (el	  chan),	  >45	  GeV	  
(mu	  chan)	  
	  
	  
	  
W’	  ssm	  limit	  3.24	  TeV	  
W*	  limit	  3.1	  TeV	  
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Backgrounds:	  

Dominant	  is	  SM	  Vγ	


Vγ,	  diboson,	  top	  BG	  
from	  MC	  

W/Z+jets	  data-‐
driven	  es>mate	  

el	  ET	  >	  25	  GeV,	  central	  
>ght	  el	  for	  wgam,	  loose	  for	  zgam	  
el	  are	  isolated	  
mu	  pT	  >	  25	  GeV,	  |h|	  in	  2.4	  
z-‐>mumu	  allows	  id	  only	  (calo)	  
muons	  or	  MS	  only	  muons	  
muons	  isolated	  
el-‐mu	  overlap	  removal	  
gam	  ET	  >	  40	  GeV,	  |h|	  <	  2.37	  
gam	  are	  isolated	  
	  
lnug	  candidates:	  
l	  pT	  >	  25	  GeV,	  gam	  E	  >	  40	  GeV,	  
ETmiss	  >	  35	  GeV	  
mT(l,	  MET)	  >	  40	  GeV	  
if	  l	  =	  e,	  then	  m(eg)	  not	  within	  15	  
GeV	  of	  Z	  boson	  mass	  
	  
llg	  candidates:	  
l	  have	  opposite	  charge,	  same	  
flavor	  
m(ll)	  between	  65-‐115	  GeV	  
>=1	  gam	  with	  ET	  >	  40	  GeV	  
for	  l	  =	  m,	  >=1	  m	  is	  combined	  
if	  more	  than	  one	  ll	  cand,	  the	  ll	  
comb	  with	  m(ll)	  closest	  to	  m(Z)	  
kept	  
	  
In	  both	  cases,	  require	  DelR(l,	  gam)	  
>	  0.7	  to	  suppress	  photon	  
radia>on	  backgrounds	  
	  
Primary	  BG	  is	  SM	  Vgam,	  
es>mated	  with	  MC	  (validated	  
with	  data)	  
W/Z+jets,	  gam+jets	  est.	  from	  data	  
Other	  bg	  (u,	  single	  top,	  WW,	  WZ,	  
ZZ)	  est.	  with	  MC	  
	  
Main	  syst.	  for	  gam:	  photon	  
reconstruct.	  and	  ID	  
	  
For	  wg:	  jes	  and	  MET	  calibra>on	  
	  
Luminosity	  
	  
Limits	  set	  on	  LSTC	  technimesons	  
and	  composite	  scalars	  
	  
aTàWg	  limits	  275-‐960	  GeV	  
omegaTàZg	  200-‐700	  and	  
750-‐890	  GeV	  
composit	  scalar	  phiàZg	  200-‐1180	  
GeV	  
	  
	  

lνγ criteria:	  

l pT	  >	  25	  GeV	  

γ	  ET	  >	  40	  GeV	  

MET	  >	  35	  GeV	  

mT(l,	  MET)	  >	  40	  GeV	  

if l=e,	  meγ	  not	  in	  
15	  GeV	  of	  mZ	  

ΔR(l,γ)	  >	  0.7,	  	  
l & γ isolated	  
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Backgrounds:	  

Dominant	  is	  SM	  Vγ	


Vγ,	  diboson,	  top	  BG	  
from	  MC	  

W/Z+jets	  data-‐
driven	  es>mate	  

el	  ET	  >	  25	  GeV,	  central	  
>ght	  el	  for	  wgam,	  loose	  for	  zgam	  
el	  are	  isolated	  
mu	  pT	  >	  25	  GeV,	  |h|	  in	  2.4	  
z-‐>mumu	  allows	  id	  only	  (calo)	  
muons	  or	  MS	  only	  muons	  
muons	  isolated	  
el-‐mu	  overlap	  removal	  
gam	  ET	  >	  40	  GeV,	  |h|	  <	  2.37	  
gam	  are	  isolated	  
	  
lnug	  candidates:	  
l	  pT	  >	  25	  GeV,	  gam	  E	  >	  40	  GeV,	  
ETmiss	  >	  35	  GeV	  
mT(l,	  MET)	  >	  40	  GeV	  
if	  l	  =	  e,	  then	  m(eg)	  not	  within	  15	  
GeV	  of	  Z	  boson	  mass	  
	  
llg	  candidates:	  
l	  have	  opposite	  charge,	  same	  
flavor	  
m(ll)	  between	  65-‐115	  GeV	  
>=1	  gam	  with	  ET	  >	  40	  GeV	  
for	  l	  =	  m,	  >=1	  m	  is	  combined	  
if	  more	  than	  one	  ll	  cand,	  the	  ll	  
comb	  with	  m(ll)	  closest	  to	  m(Z)	  
kept	  
	  
In	  both	  cases,	  require	  DelR(l,	  gam)	  
>	  0.7	  to	  suppress	  photon	  
radia>on	  backgrounds	  
	  
Primary	  BG	  is	  SM	  Vgam,	  
es>mated	  with	  MC	  (validated	  
with	  data)	  
W/Z+jets,	  gam+jets	  est.	  from	  data	  
Other	  bg	  (u,	  single	  top,	  WW,	  WZ,	  
ZZ)	  est.	  with	  MC	  
	  
Main	  syst.	  for	  gam:	  photon	  
reconstruct.	  and	  ID	  
	  
For	  wg:	  jes	  and	  MET	  calibra>on	  
	  
Luminosity	  
	  
Limits	  set	  on	  LSTC	  technimesons	  
and	  composite	  scalars	  
	  
aTàWg	  limits	  275-‐960	  GeV	  
omegaTàZg	  200-‐700	  and	  
750-‐890	  GeV	  
composit	  scalar	  phiàZg	  200-‐1180	  
GeV	  
	  
	  

ΔR(l,γ)	  >	  0.7,	  	  
l & γ isolated	  
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SystemaLcs:	  
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γ	  ET	  >	  40	  GeV	  

if l=µ,	  ≥1	  µ	  has	  
track	  in	  MS	  and	  ID	  
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Backgrounds:	  

Dominant	  is	  SM	  WZ	  
BG	  with	  ≥3	  real	  prompt l,	  or	  γ	  faking	  l,	  from	  MC	  

BG	  with	  jets	  faking	  leptons	  es>mated	  from	  data	  

enee,	  enmm,	  mnee,	  mnmm	  
	  
Main	  BG	  is	  SM	  WZ	  es>mated	  with	  
MC	  
SM	  Zg	  with	  g	  misIDed	  as	  el	  from	  
MC	  
BGs	  with	  jets	  faking	  leptons	  from	  
data-‐driven	  methods	  
	  
leptons	  isolated,	  with	  excep>on	  
of	  same	  flavor	  leptons	  (for	  high	  
momentum	  Zs,	  decay	  products	  
are	  collimated)	  
	  
e-‐mu	  overlap	  DR(e,m)	  >	  0.1	  
	  
Exactly	  3	  l	  pT	  >	  25	  GeV,	  MET	  >	  25	  
GeV,	  events	  with	  4th	  lepton	  having	  
pT	  >	  20	  are	  rejected	  
	  
2	  opp-‐sign	  same	  flavor	  l	  must	  
have	  mass	  within	  20	  GeV	  mZ	  
	  
Dy(W,Z)	  <	  1.5	  
	  
High	  mass	  (mlnll>250	  GeV)	  and	  
low	  mass	  regions	  defined	  
	  
For	  high	  mass,	  Df(l,	  MET)	  <	  1.5	  
For	  low	  mass,	  Df(l,	  MET)	  >	  1.5	  
	  
Figs	  3,	  4	  
	  
Theore>cal	  uncertain>es	  
dominant	  
Other	  sources	  are	  Luminosity,	  MC	  
sta>s>cs,	  calibra>on	  of	  MET,	  
lepton	  trigger,	  ID,	  scale,	  
resolu>on,	  isola>on	  efficiencies	  
	  
Fig	  5	  
	  
W’	  EGM	  exclusion	  is	  1.49	  TeV	  
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Signal	  criteria:	  

3	  l	  with	  pT	  >	  25	  GeV	  

MET	  >	  25	  GeV	  

Reject	  if	  4th	  l with	  pT	  >	  20	  GeV	  

l	  iso,	  except	  from	  same-‐flavor 
l (collimated	  high	  pT	  Z	  decays)	  

2	  l opp.	  sign,	  same	  flavor,	  
have	  mll	  within	  20	  GeV	  of	  mZ	  

Δy(W,Z)	  <	  1.5	  

High-‐mass	  (mlνll >	  250	  GeV)	  
and	  low-‐mass	  search	  regions	  

HM:	  Δφ(l,MET)	  <	  1.5,	  	  
LM:	  Δφ(l,MET)	  >	  1.5	  

arXiv:1406.4456	  

Model	   Obs.	  Limit	  

W’	  EGM	   1.49	  TeV	  

SystemaLcs:	  

Theory	  (dominant)	  

High	  mass	  extrapola>on	  

Also	  limits	  
on	  Heavy	  
Vector	  
Triplets	  
model,	  

constrains	  
couplings	  
directly	  
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Backgrounds:	  

SM	  Z	  +	  jets	  (dominant),	  u,	  non-‐res.	  diboson	  

llqq	  final	  state	  
	  
G*àZZ	  and	  
W’àZW	  
benchmarks	  
(SSM/EGM)	  
	  
Main	  BG	  is	  SM	  Z
+jets	  
u,	  non	  res	  
diboson	  prod.	  
All	  BG	  es>mated	  
with	  MC	  
	  
el	  pT	  >	  25	  GeV	  
mu	  pT	  >	  25,	  |h|	  <	  
2.4	  
leptons	  isolated,	  
except	  from	  same	  
flavor	  l	  
isola>on	  dropped	  
en>rely	  if	  DR(ll)	  <	  
0.25	  
	  
an>-‐kt	  4	  jets	  used	  
jet	  pT	  >	  30	  GeV	  
|h|	  <	  2.1	  
for	  j	  with	  pT	  >	  50	  
GeV	  
scalar	  sum	  pT	  of	  
all	  assoc	  tracks	  
from	  pvx	  at	  least	  
50%	  of	  scalar	  sum	  
pT	  of	  all	  
associated	  tracks	  
(JVF)	  
	  
For	  resonances	  
above	  900	  GeV,	  
merged	  jets	  “J”	  
Use	  Cambridge-‐
Aachen	  clustering	  
algorithm	  R=1.2	  
In	  |h|	  <	  1.2	  and	  
pT	  >	  100	  GeV	  
	  
exactly	  2	  leptons,	  
66<	  mll	  <	  116	  
GeV,	  muons	  
opposite	  charge	  
	  
pTll	  >	  400	  GeV,	  
pTJ	  >	  400	  GeV:	  
MR	  
pTll	  >	  250	  GeV,	  
pTjj	  >	  250	  GeV:	  
HR	  
pTll	  >	  100	  GeV,	  
pTjj	  >	  100	  GeV:	  LR	  
	  
in	  that	  order,	  
event	  goes	  into	  
first	  category	  it	  
passes	  criteria	  for	  
	  
70	  <	  mjj/J	  <	  110	  
GeV	  for	  all	  3	  R	  
	  
J	  have	  sub-‐jet	  
components,	  a,	  b,	  
require	  min(pTa,	  
pTb)*DRab/mab	  
>	  .45	  (momentum	  
balance)	  
	  
Z+jets	  BG	  shape	  
and	  
normaliza>on	  
uncert.	  
ISR/FSR	  modeling	  
main	  signal	  
uncert.	  
	  
1.59	  TeV	  EGM	  W’	  
740	  GeV	  Bulk	  RS	  
G*	  with	  k/Mpl	  =	  
1.0	  
	  

Model	   Obs.	  Limit	  

W’	  EGM	   1.59	  TeV	  

Bulk	  RS	  G*,	  k/Mpl	  =	  1.0	   740	  GeV	  

ATLAS-‐CONF-‐2014-‐039	  
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Signal	  criteria:	  

Exactly	  2	  l,	  2	  resolved	  jets	  (j)	  
or	  one	  unresolved	  (J)	  

l pT	  >	  25	  GeV	  

l	  iso,	  except	  from	  same-‐flavor 
l (collimated	  high	  pT	  Z	  decays)	  

j	  reconstructed	  with	  an>-‐kt	  4,	  
j	  pT	  >	  30	  GeV,	  |η|	  <	  2.1	  
J	  reconstructed	  with	  

Cambridge-‐Aachen	  R=1.2,	  
J	  pT	  >	  100	  GeV,	  |η|	  <	  1.2	  

66	  <	  mll <	  116	  GeV	  
70	  <	  mjj/J	  <	  110	  GeV	  

SystemaLcs:	  

Data-‐driven	  correc>ons	  	  to	  BG	  

ISR/FSR	  modeling	  
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SystemaLcs:	  

BG	  shape,	  yield	  

Jet	  calibra>on	  

b-‐tagging	  

an>	  kt	  4	  jets	  
JVF	  cut	  
Events	  with	  pT	  >	  20	  GeV	  jets	  IDed	  
as	  non	  collision	  (pileup,	  noisy	  
cells)	  rejected	  
Jets	  within	  |h|	  <	  2.5	  
btagging:	  most	  important	  is	  
impact	  parameter	  of	  each	  track,	  
presence	  of	  a	  displaced	  vtx,	  
reconstruc>on	  of	  charm	  and	  
beauty	  hadron	  decays	  
mv1	  combines	  variables	  using	  NN	  
for	  70%	  efficiency	  
	  
>=	  4	  bjets	  with	  pT	  >	  40	  GeV	  
Form	  dijet	  pairs	  from	  the	  4	  
highest	  pT	  ones	  of	  these	  
For	  dijets	  a,	  b:	  
DRab	  <	  1.5	  
pTab	  >	  200	  GeV	  
	  
jets	  not	  in	  the	  dijets,	  but	  within	  
DR	  <	  1.5	  of	  them,	  with	  pT	  >	  30	  
GeV,	  |h|	  <	  2.5,	  are	  combined	  with	  
jets	  from	  the	  dijet	  to	  test	  
compa>bility	  with	  t	  or	  W	  mass	  
hypothesis	  (reject	  ubar	  bg)	  
	  
mass	  of	  dijets	  is	  compa>ble	  with	  
HH	  hypothesis	  
	  
90%	  of	  BG	  from	  mul>-‐jets	  (data-‐
driven)	  
10%	  from	  ubar	  (shape	  MC,	  yield	  
data)	  
Z+jets	  (<1%)	  from	  MC	  
negligible	  contrib	  from	  uH	  
	  
Background	  shape	  and	  
normaliza>on	  uncerts.	  
JES	  and	  JRS	  
b-‐tagging	  uncertainty	  
	  
G*	  excluded	  590-‐710	  GeV	  

Model	   Obs.	  
Limit	  

Bulk	  
RS	  G*	  

590-‐710	  
GeV	  

Signal	  criteria:	  

≥4	  an>-‐kt	  4	  j,	  b-‐tagged,	  pT	  >	  40	  
GeV,	  |η|	  <	  2.5	  

Reject	  events	  with	  high	  pT	  j	  
coming	  from	  non-‐collision	  BG	  

Form	  2	  dijet	  pairs	  using	  j	  a,	  b:	  
ΔRab	  <	  1.5,	  pTab	  >	  200	  GeV	  

j	  with	  pT	  >	  30	  GeV,	  and	  not	  in	  
dijets	  but	  in	  ΔR	  <	  1.5:	  

Reject	  event	  if	  likely	  from	  u	  

Require	  4j	  mass	  consistent	  
with	  HH	  hypothesis	  

ATLAS-‐CONF-‐2014-‐005	  

b-‐tagging:	  

Mul>variate	  requirements	  
combined	  in	  NN	  

Trk	  impact	  params,	  displaced	  
vtx,	  c/b	  hadron	  decays	  

Working	  point	  used	  70%	  
efficient	  

Backgrounds:	  

~90%	  from	  mul>-‐jets	  (data-‐driven)	  
10%	  u	  (shape	  MC,	  yield	  dd),	  <1%	  Z+	  jets	  (MC)	  
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•  No	  evidence	  for	  new	  resonances	  found,	  but	  
limits	  have	  been	  set	  on	  many	  models	  
–  In	  many	  cases,	  general	  limits	  assuming	  no	  
specific	  model	  have	  also	  been	  set	  (useful	  for	  
further	  interpreta>on)	  

•  Sensi>vity	  to	  new	  resonances	  drama>cally	  
increases	  with	  center	  of	  mass	  energy	  of	  
collisions	  
– Prepara>ons	  for	  Run	  II	  are	  underway	  
–  In	  some	  cases	  possible	  to	  surpass	  Run	  I	  
sensi>vity	  with	  just	  a	  few	  �-‐1	  @	  13	  TeV	  

12	  
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•  ADD:	  One	  or	  more	  ED.	  KK	  excita>ons	  of	  Graviton	  and	  quantum	  black	  holes	  
(QBH)	  predicted.	  New	  resonance	  is	  lightest	  Graviton	  mode	  (G*).	  QBH	  not	  
resonances,	  but	  for	  some	  models	  can	  be	  treated	  as	  such,	  so	  some	  limits	  on	  
mass	  threshold	  for	  QBH	  produc>on	  (Mth).	  	  (For	  dedicated	  BH/QBH	  
searches	  see	  talk	  by	  C.	  Clement).	  

•  RS	  1:	  Two	  4D	  branes	  in	  a	  5D	  bulk,	  with	  ED	  in	  bulk	  compac>fied.	  SM	  
par>cles	  confined	  to	  one	  brane.	  Limits	  set	  on	  G*	  mass	  vs	  coupling	  k/Mpl.	  

•  Bulk	  RS:	  As	  RS	  1,	  but	  SM	  par>cles	  can	  propagate	  into	  the	  bulk.	  
•  W’,	  Z’:	  Benchmarks	  SSM	  and	  EGM.	  Sequen>al	  Standard	  Model	  high-‐mass	  

gauge	  bosons	  have	  same	  couplings	  as	  SM	  W/Z.	  Extended	  Gauge	  Model	  has	  
modified	  coupling	  to	  WZ.	  Limits	  set	  on	  masses	  of	  new	  bosons.	  

•  W*,	  Z*:	  Chiral	  gauge	  bosons	  with	  masses	  near	  weak	  scale.	  Limits	  set	  on	  
their	  masses.	  

•  q*:	  Excited	  states	  of	  a	  composite	  quark.	  Limits	  set	  on	  excited	  quark	  mass.	  
•  Technicolor:	  (Low	  Scale	  Technicolor,	  Minimal	  Walking	  Technicolor)	  New	  

force	  analogous	  to	  strong	  force.	  Models	  include	  Higgs	  boson	  consistent	  
with	  LHC	  discovery.	  	  Limits	  set	  on	  masses	  of	  new	  technimesons,	  couplings.	  	  

14	  
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e/γ	

EM	  cluster	  with	  assoc.	  
ID	  track	  (e,	  conv.	  γ)	  

	  

Conv.	  vtx.	  resolve	  
between	  e	  and	  conv.	  γ	


	


Trk-‐clus	  match,	  trk	  qual,	  
shower	  shape	  in	  calo	  to	  

reject	  hadronic	  BG	  
	  

e	  àuse	  medium	  level	  
working	  point	  

	  

γ	  àuse	  Dght	  level	  
working	  point	  

	  

el	  (γ)	  in	  |η|<	  2.47	  (2.37),	  
less	  1.37<|η|<1.52	  

µ	

Usually	  trk	  in	  ID	  

and	  MS	  
	  

Can	  use	  just	  ID	  trk+	  
calo,	  or	  just	  MS	  trk	


	


Use	  stringent	  req.	  
on	  MS	  hits,	  MS/ID	  

trk	  match	  

MET	  
From	  sum	  of	  ET	  of	  
all	  clusters	  in	  calo	  
(|η|	  <	  4.9)	  and µ	


	  

Correct	  for	  clus.	  
assoc.	  w/reco	  obj.	


j	  
Seeded	  by	  clusters	  in	  hadronic	  calo	


	  

Reconstruct	  with	  an>-‐kt	  algorithm	  in	  	  
|η| < 2.8,	  with	  cone	  size	  0.6	  or	  0.4	  

	  

For	  j	  with	  |η|	  <	  2.5	  use	  vertexing	  to	  
reject	  pileup	  
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•  Jets	  can	  fake	  muons	  or	  electrons	  or	  photons	  
(more	  common)	  

•  Es>mate	  BG	  from	  data-‐driven	  method:	  
– Have	  a	  nominal	  selec>on	  (as	  for	  the	  signal	  
candidates)	  

– Have	  a	  loosened	  selec>on	  (background-‐enriched	  
sample)	  

–  Relate	  number	  of	  events	  that	  pass/fail	  each	  
selec>on	  to	  the	  number	  of	  events	  with	  no	  fakes	  
and	  the	  number	  of	  events	  with	  fakes	  

– Use	  also	  probabili>es	  that	  a	  real	  e/µ/γ	  passes	  each	  
selec>on	  (r)	  and	  the	  probability	  a	  jet	  fakes	  e/µ/γ	


Method	  used	  in	  
several	  searches	  
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17	  Method	  used	  in	  
several	  searches	  

•  Can	  form	  matrix	  rela>ng	  number	  of	  events	  
where	  objects	  pass	  nominal	  (T)	  selec>on	  vs	  
loosened	  (L)	  selec>on,	  and	  number	  of	  
events	  with	  real	  prompt	  par>cles	  (R)	  vs	  
fakes	  (F):	  

Specific	  equa>on	  
taken	  from	  arXiv:

1405.4123	  
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Model !, γ Jets Emiss
T

∫
L dt[fb−1] Mass limit Reference

Ex
tra

di
m
en
sio

ns
G
au
ge

bo
so
ns

CI
DM

LQ
He

av
y

qu
ar
ks

Ex
cit
ed

fe
rm
io
ns

O
th
er

ADD GKK + g/q − 1-2 j Yes 4.7 n = 2 1210.44914.37 TeVMD

ADD non-resonant !! 2e,µ − − 20.3 n = 3 HLZ ATLAS-CONF-2014-0305.2 TeVMS

ADD QBH→ !q 1 e,µ 1 j − 20.3 n = 6 1311.20065.2 TeVMth

ADD QBH − 2 j − 20.3 n = 6 to be submitted to PRD5.82 TeVMth

ADD BH high Ntrk 2 µ (SS) − − 20.3 n = 6, MD = 1.5 TeV, non-rot BH 1308.40755.7 TeVMth

ADD BH high
∑

pT ≥ 1 e, µ ≥ 2 j − 20.3 n = 6, MD = 1.5 TeV, non-rot BH 1405.42546.2 TeVMth

RS1 GKK → !! 2 e,µ − − 20.3 k/MPl = 0.1 1405.41232.68 TeVGKK mass
RS1 GKK →WW → !ν!ν 2 e,µ − Yes 4.7 k/MPl = 0.1 1208.28801.23 TeVGKK mass
Bulk RS GKK → ZZ → !!qq 2 e,µ 2 j / 1 J − 20.3 k/MPl = 1.0 ATLAS-CONF-2014-039730 GeVGKK mass
Bulk RS GKK → HH → bb̄bb̄ − 4 b − 19.5 k/MPl = 1.0 ATLAS-CONF-2014-005590-710 GeVGKK mass
Bulk RS gKK → tt 1 e,µ ≥ 1 b, ≥ 1J/2j Yes 14.3 BR = 0.925 ATLAS-CONF-2013-0522.0 TeVgKK mass

S1/Z2 ED 2 e,µ − − 5.0 1209.25354.71 TeVMKK ≈ R−1

UED 2 γ − Yes 4.8 ATLAS-CONF-2012-0721.41 TeVCompact. scale R−1

SSM Z ′ → !! 2 e,µ − − 20.3 1405.41232.9 TeVZ′ mass
SSM Z ′ → ττ 2 τ − − 19.5 ATLAS-CONF-2013-0661.9 TeVZ′ mass
SSM W ′ → !ν 1 e,µ − Yes 20.3 ATLAS-CONF-2014-0173.28 TeVW′ mass
EGM W ′ →WZ → !ν !′!′ 3 e,µ − Yes 20.3 1406.44561.52 TeVW′ mass
EGM W ′ →WZ → qq!! 2 e,µ 2 j / 1 J − 20.3 ATLAS-CONF-2014-0391.59 TeVW′ mass
LRSM W ′

R → tb 1 e,µ 2 b, 0-1 j Yes 14.3 ATLAS-CONF-2013-0501.84 TeVW′ mass
LRSM W ′

R → tb 0 e,µ ≥ 1 b, 1 J − 20.3 to be submitted to EPJC1.77 TeVW′ mass

CI qqqq − 2 j − 4.8 η = +1 1210.17187.6 TeVΛ

CI qq!! 2 e,µ − − 20.3 ηLL = −1 ATLAS-CONF-2014-03021.6 TeVΛ

CI uutt 2 e,µ (SS) ≥ 1 b, ≥ 1 j Yes 14.3 |C | = 1 ATLAS-CONF-2013-0513.3 TeVΛ

EFT D5 operator (Dirac) 0 e,µ 1-2 j Yes 10.5 at 90% CL for m(χ) < 80 GeV ATLAS-CONF-2012-147731 GeVM∗

EFT D9 operator (Dirac) 0 e,µ 1 J, ≤ 1 j Yes 20.3 at 90% CL for m(χ) < 100 GeV 1309.40172.4 TeVM∗

Scalar LQ 1st gen 2 e ≥ 2 j − 1.0 β = 1 1112.4828660 GeVLQ mass
Scalar LQ 2nd gen 2 µ ≥ 2 j − 1.0 β = 1 1203.3172685 GeVLQ mass
Scalar LQ 3rd gen 1 e, µ, 1 τ 1 b, 1 j − 4.7 β = 1 1303.0526534 GeVLQ mass

Vector-like quark TT → Ht + X 1 e,µ ≥ 2 b, ≥ 4 j Yes 14.3 T in (T,B) doublet ATLAS-CONF-2013-018790 GeVT mass
Vector-like quark TT →Wb + X 1 e,µ ≥ 1 b, ≥ 3 j Yes 14.3 isospin singlet ATLAS-CONF-2013-060670 GeVT mass
Vector-like quark TT → Zt + X 2/≥3 e, µ ≥2/≥1 b − 20.3 T in (T,B) doublet ATLAS-CONF-2014-036735 GeVT mass
Vector-like quark BB → Zb + X 2/≥3 e, µ ≥2/≥1 b − 20.3 B in (B,Y) doublet ATLAS-CONF-2014-036755 GeVB mass
Vector-like quark BB →Wt + X 2 e,µ (SS) ≥ 1 b, ≥ 1 j Yes 14.3 B in (T,B) doublet ATLAS-CONF-2013-051720 GeVB mass

Excited quark q∗ → qγ 1 γ 1 j − 20.3 only u∗ and d ∗, Λ = m(q∗) 1309.32303.5 TeVq∗ mass
Excited quark q∗ → qg − 2 j − 20.3 only u∗ and d ∗, Λ = m(q∗) to be submitted to PRD4.09 TeVq∗ mass
Excited quark b∗ →Wt 1 or 2 e,µ 1 b, 2 j or 1 j Yes 4.7 left-handed coupling 1301.1583870 GeVb∗ mass
Excited lepton !∗ → !γ 2 e, µ, 1 γ − − 13.0 Λ = 2.2 TeV 1308.13642.2 TeV!∗ mass

LSTC aT →W γ 1 e, µ, 1 γ − Yes 20.3 to be submitted to PLB960 GeVaT mass
LRSM Majorana ν 2 e,µ 2 j − 2.1 m(WR ) = 2 TeV, no mixing 1203.54201.5 TeVN0 mass
Type III Seesaw 2 e,µ − − 5.8 |Ve |=0.055, |Vµ |=0.063, |Vτ |=0 ATLAS-CONF-2013-019245 GeVN± mass
Higgs triplet H±± → !! 2 e,µ (SS) − − 4.7 DY production, BR(H±± → !!)=1 1210.5070409 GeVH±± mass
Multi-charged particles − − − 4.4 DY production, |q| = 4e 1301.5272490 GeVmulti-charged particle mass
Magnetic monopoles − − − 2.0 DY production, |g | = 1gD 1207.6411862 GeVmonopole mass

Mass scale [TeV]10−1 1 10
√
s = 7 TeV

√
s = 8 TeV

ATLAS Exotics Searches* - 95% CL Exclusion
Status: ICHEP 2014

ATLAS Preliminary∫
L dt = (1.0 - 20.3) fb−1

√
s = 7, 8 TeV

*Only a selection of the available mass limits on new states or phenomena is shown.
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Limits	  set	  on	  Z’	  mass	  vs	  coupling	  g’	  in	  the	  
Minimal	  Models	  framework.	  	  Here	  the	  
model	  is	  completely	  characterized	  by	  3	  
parameters:	  2	  coupling	  constants,	  gY	  and	  
gB-‐L,	  and	  MZ’.	  	  The	  coupling	  constants	  can	  
be	  wriuen	  in	  terms	  of γ’	  and	  θMin.	  

Mine
0 0.5 1 1.5 2 2.5 3

 ’a

-110

1

10
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MinZ’M

 = 3.0 TeV
MinZ’M

 = 2.5 TeV
MinZ’M
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MinZ’M

ATLAS
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 = 8 TeVs -1 L dt = 20.3 fb0ee: 

-1 L dt = 20.5 fb0: µµ

 Exp.  Obs.

Limits	  can	  also	  be	  set	  on	  γ’	  and	  θMin	  	  for	  
fixed	  values	  of	  MZ’.	  
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Limits	  set	  on	  G*	  mass	  in	  the	  RS1	  model	  
as	  a	  func>on	  of	  the	  coupling	  to	  SM	  
par>cles,	  k/MPl.	  

 [TeV]AM
0.5 1 1.5 2 2.5

g~

1

2

3

4
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8

9

10

Dilepton 95% Exclusion 
Dilepton 95% Expected limit 
Theory Inconsistent
Running regime
EW precision test

ATLAS
 = 8 TeVs

 llA 2, R1R
-1 L dt = 20.3 fb0ee: 

-1 L dt = 20.5 fb0: µµ

Limits	  set	  on	  the	  bare-‐axial	  mass	  vs	  the	  
coupling	  of	  the	  new	  spin-‐1	  resonance	  to	  
SM	  fermions,	  in	  the	  Minimal	  Walking	  
Technicolor	  model.	  
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21	  
enee,	  enmm,	  mnee,	  mnmm	  
	  
Main	  BG	  is	  SM	  WZ	  es>mated	  with	  
MC	  
SM	  Zg	  with	  g	  misIDed	  as	  el	  from	  
MC	  
BGs	  with	  jets	  faking	  leptons	  from	  
data-‐driven	  methods	  
	  
leptons	  isolated,	  with	  excep>on	  
of	  same	  flavor	  leptons	  (for	  high	  
momentum	  Zs,	  decay	  products	  
are	  collimated)	  
	  
e-‐mu	  overlap	  DR(e,m)	  >	  0.1	  
	  
Exactly	  3	  l	  pT	  >	  25	  GeV,	  MET	  >	  25	  
GeV,	  events	  with	  4th	  lepton	  having	  
pT	  >	  20	  are	  rejected	  
	  
2	  opp-‐sign	  same	  flavor	  l	  must	  
have	  mass	  within	  20	  GeV	  mZ	  
	  
Dy(W,Z)	  <	  1.5	  
	  
High	  mass	  (mlnll>250	  GeV)	  and	  
low	  mass	  regions	  defined	  
	  
For	  high	  mass,	  Df(l,	  MET)	  <	  1.5	  
For	  low	  mass,	  Df(l,	  MET)	  >	  1.5	  
	  
Figs	  3,	  4	  
	  
Theore>cal	  uncertain>es	  
dominant	  
Other	  sources	  are	  Luminosity,	  MC	  
sta>s>cs,	  calibra>on	  of	  MET,	  
lepton	  trigger,	  ID,	  scale,	  
resolu>on,	  isola>on	  efficiencies	  
	  
Fig	  5	  
	  
W’	  EGM	  exclusion	  is	  1.49	  TeV	  
	  

H c
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arXiv:1406.4456	  

Observed	  95%	  exclusion	  
contours	  in	  the	  HVT	  
parameter	  space	  {(g2/

gV)cF,	  gVcH}	  for	  
resonances	  of	  mass	  1	  
TeV,	  1.5	  TeV	  and	  2	  TeV.	  	  
Also	  shown	  are	  the	  
benchmark	  model	  

parameters	  A(gV=1),	  
A(gV=3)	  and	  B(gV=3).	  	  
The	  observed	  limits	  for	  
the	  benchmark	  HVT	  
resonances	  are	  1.49,	  
0.76	  and	  1.56	  TeV,	  

respec>vely.	  
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an>	  kt	  4	  jets	  
JVF	  cut	  
Events	  with	  pT	  >	  20	  GeV	  jets	  IDed	  
as	  non	  collision	  (pileup,	  noisy	  
cells)	  rejected	  
Jets	  within	  |h|	  <	  2.5	  
btagging:	  most	  important	  is	  
impact	  parameter	  of	  each	  track,	  
presence	  of	  a	  displaced	  vtx,	  
reconstruc>on	  of	  charm	  and	  
beauty	  hadron	  decays	  
mv1	  combines	  variables	  using	  NN	  
for	  70%	  efficiency	  
	  
>=	  4	  bjets	  with	  pT	  >	  40	  GeV	  
Form	  dijet	  pairs	  from	  the	  4	  
highest	  pT	  ones	  of	  these	  
For	  dijets	  a,	  b:	  
DRab	  <	  1.5	  
pTab	  >	  200	  GeV	  
	  
jets	  not	  in	  the	  dijets,	  but	  within	  
DR	  <	  1.5	  of	  them,	  with	  pT	  >	  30	  
GeV,	  |h|	  <	  2.5,	  are	  combined	  with	  
jets	  from	  the	  dijet	  to	  test	  
compa>bility	  with	  t	  or	  W	  mass	  
hypothesis	  (reject	  ubar	  bg)	  
	  
mass	  of	  dijets	  is	  compa>ble	  with	  
HH	  hypothesis	  
	  
90%	  of	  BG	  from	  mul>-‐jets	  (data-‐
driven)	  
10%	  from	  ubar	  (shape	  MC,	  yield	  
data)	  
Z+jets	  (<1%)	  from	  MC	  
negligible	  contrib	  from	  uH	  
	  
Background	  shape	  and	  
normaliza>on	  uncerts.	  
JES	  and	  JRS	  
b-‐tagging	  uncertainty	  
	  
G*	  excluded	  590-‐710	  GeV	  

ATLAS-‐CONF-‐2014-‐005	  

Check	  consistency	  with	  ubar	  hypothesis	  

•  mW	  formed	  extra	  jet	  +	  jet	  in	  the	  dijet	  with	  lowest	  
probability	  of	  being	  a	  b	  jet	  

•  mt	  taken	  from	  invariant	  mass	  of	  extra	  jet	  +	  dijet	  
•  σmW

	  =	  0.1mW,	  σmt
	  =	  0.1mt,	  MW	  =	  80.4	  GeV,	  Mt	  =	  172.5	  GeV	  

•  Define	  variable	  Xu:	  

	  
	  
	  
•  If	  either	  dijet	  for	  the	  event	  has	  Xu	  <	  3.2	  for	  any	  

combina>on,	  the	  event	  is	  rejected	  

Xtt =
mW −MW

σ mW

"

#
$$

%

&
''

2

+
mt −Mt

σ mt

"

#
$$

%

&
''

2
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an>	  kt	  4	  jets	  
JVF	  cut	  
Events	  with	  pT	  >	  20	  GeV	  jets	  IDed	  
as	  non	  collision	  (pileup,	  noisy	  
cells)	  rejected	  
Jets	  within	  |h|	  <	  2.5	  
btagging:	  most	  important	  is	  
impact	  parameter	  of	  each	  track,	  
presence	  of	  a	  displaced	  vtx,	  
reconstruc>on	  of	  charm	  and	  
beauty	  hadron	  decays	  
mv1	  combines	  variables	  using	  NN	  
for	  70%	  efficiency	  
	  
>=	  4	  bjets	  with	  pT	  >	  40	  GeV	  
Form	  dijet	  pairs	  from	  the	  4	  
highest	  pT	  ones	  of	  these	  
For	  dijets	  a,	  b:	  
DRab	  <	  1.5	  
pTab	  >	  200	  GeV	  
	  
jets	  not	  in	  the	  dijets,	  but	  within	  
DR	  <	  1.5	  of	  them,	  with	  pT	  >	  30	  
GeV,	  |h|	  <	  2.5,	  are	  combined	  with	  
jets	  from	  the	  dijet	  to	  test	  
compa>bility	  with	  t	  or	  W	  mass	  
hypothesis	  (reject	  ubar	  bg)	  
	  
mass	  of	  dijets	  is	  compa>ble	  with	  
HH	  hypothesis	  
	  
90%	  of	  BG	  from	  mul>-‐jets	  (data-‐
driven)	  
10%	  from	  ubar	  (shape	  MC,	  yield	  
data)	  
Z+jets	  (<1%)	  from	  MC	  
negligible	  contrib	  from	  uH	  
	  
Background	  shape	  and	  
normaliza>on	  uncerts.	  
JES	  and	  JRS	  
b-‐tagging	  uncertainty	  
	  
G*	  excluded	  590-‐710	  GeV	  

ATLAS-‐CONF-‐2014-‐005	  

Check	  consistency	  with	  HH	  hypothesis	  

•  “Signal	  Region”	  defined	  by	  making	  ellip>cal	  cut	  in	  plane	  of	  
leading	  dijet	  invariant	  mass,	  mJJ,	  and	  sub-‐leading	  dijet	  
invariant	  mass,	  mjj	  

•  σmJJ
	  =	  0.1mJJ,	  σmjj

	  =	  0.1mjj,	  MJJ	  =	  124.0	  GeV,	  Mjj	  =	  115.0	  GeV	  
•  Define	  variable	  XHH:	  

	  
•  XHH	  <	  1.6	  defines	  the	  signal	  region	  

XHH =
mJJ −MJJ

σ mJJ

"

#
$$

%

&
''

2

+
mjj −M jj

σ mjj

"

#
$
$

%

&
'
'
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SystemaLcs:	  

Luminosity	  

γ	  trigger,	  ID,	  
iso.	  eff.	  

γ,	  j	  E	  scales	  

Data-‐driven	  BG:	  

Es>mate	  from	  fit	  to	  mγj,	  validate	  
with	  MC	  and	  data	  control	  regs.	  

an>	  kt	  5	  jets	  with	  pu	  correc>on	  
JE	  calibra>on	  
Discard	  jets	  in	  noisy	  or	  poorly	  
calibrated	  regions	  
j	  have	  |h|	  <	  2.8	  
gamma	  have	  shower	  
characteris>c	  proper>es	  disc.	  
against	  jet	  bg	  
gamma	  have	  track	  proper>es	  
discriminate	  against	  el	  
isolated	  photon	  
Exactly	  1	  jet	  with	  DR(gam,j)<0.1	  
(reduces	  fragmenta>on	  BG)	  
Inst.	  BG	  reduced	  by	  requirements	  
against	  gamma	  in	  poorly	  
measured,	  non-‐func>oning	  or	  
noisy	  regions	  
BG	  primarily	  from	  fragmenta>on	  
and	  fakes	  
gamma	  and	  jet	  have	  pT	  >	  125	  GeV	  
Highest	  sumpT	  pair	  used	  to	  make	  
mgj	  
Barrel	  photons	  only,	  |Dh|gj	  <	  1.6	  
Data-‐driven	  BG	  es>mate	  fi�ng	  
the	  mgj	  spectrum:	  f(x)=a(1-‐
x)^b*x^-‐(c+dlnx)	  
Fit	  func.	  validated	  with	  MC	  and	  
data	  control	  regions	  
Fig	  1	  
Syst	  uncertain>es	  are	  small.	  	  
Lumi,	  photon	  trigger,	  id	  and	  
isola>on	  efficiencies,	  jet	  and	  
photon	  energy	  scales	  
Fig	  2	  (model	  independent	  limits)	  
Gaussian	  resonance	  with	  width	  of	  
5%	  has	  sigma*Br*A*e	  limit	  of	  8	  �	  
at	  m=1	  TeV,	  0.1	  �	  at	  m=4	  TeV	  
Limit	  on	  Mth	  in	  QBH	  model	  is	  4.6	  
TeV	  (Fig	  3)	  
Limit	  on	  mq*	  is	  3.5	  TeV	  
	  

arXiv:1309.3230	  

Model	   Obs.	  Limit	  

Gaus.	  res.	  5%	  width,	  
	  m=1	  TeV	  
m=4	  TeV	  

σ*Br*A*ε <	  
	  8	  �	  
0.1	  �	  

QBH	  n=6	   Mth	  <	  4.6	  TeV	  

q*	   mq*	  <	  3.5	  TeV	  

f (x) = a(1− x)b x−(c+d ln x )

Signal	  criteria:	  

An>KT6	  j	  pT	  >	  125	  GeV	  in	  |η|<	  2.8	  

γ	  iso.,	  pT	  >	  125	  GeV	  in	  |η|	  <	  1.37	  

Exactly	  1	  j	  such	  that	  ΔR(γ,j)	  <	  0.1	  

|Δηγj|	  <	  1.6	  
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10 QBH prediction

95% CL upper limits:
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10 PYTHIA q* prediction

95% CL upper limits:

Observed Limit

 bandm 1 ±Expected Limit 

 bandm 2 ±Expected Limit 

ATLAS
-1 = 20.3 fbdt L

  0
 = 8 TeVs


