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MSUGRA/CMSSM 0 2-6 jets Yes 20.3 m(q̃)=m(g̃) 1405.78751.7 TeVq̃, g̃

q̃q̃, q̃→qχ̃
0
1 0 2-6 jets Yes 20.3 m(χ̃

0
1)=0 GeV, m(1st gen. q̃)=m(2nd gen. q̃) 1405.7875850 GeVq̃

q̃q̃γ, q̃→qχ̃
0
1 (compressed) 1 γ 0-1 jet Yes 20.3 m(q̃)-m(χ̃

0
1 ) = m(c) 1411.1559250 GeVq̃

g̃g̃, g̃→qq̄χ̃
0
1 0 2-6 jets Yes 20.3 m(χ̃

0
1)=0 GeV 1405.78751.33 TeVg̃

g̃g̃, g̃→qqχ̃
±
1→qqW±χ̃

0
1

1 e, µ 3-6 jets Yes 20 m(χ̃
0
1)<300 GeV, m(χ̃

±
)=0.5(m(χ̃

0
1)+m(g̃)) 1501.035551.2 TeVg̃

g̃g̃, g̃→qq(ℓℓ/ℓν/νν)χ̃
0
1

2 e, µ 0-3 jets - 20 m(χ̃
0
1)=0 GeV 1501.035551.32 TeVg̃

GMSB (ℓ̃ NLSP) 1-2 τ + 0-1 ℓ 0-2 jets Yes 20.3 tanβ >20 1407.06031.6 TeVg̃

GGM (bino NLSP) 2 γ - Yes 20.3 m(χ̃
0
1)>50 GeV ATLAS-CONF-2014-0011.28 TeVg̃

GGM (wino NLSP) 1 e, µ + γ - Yes 4.8 m(χ̃
0
1)>50 GeV ATLAS-CONF-2012-144619 GeVg̃

GGM (higgsino-bino NLSP) γ 1 b Yes 4.8 m(χ̃
0
1)>220 GeV 1211.1167900 GeVg̃

GGM (higgsino NLSP) 2 e, µ (Z) 0-3 jets Yes 5.8 m(NLSP)>200 GeV ATLAS-CONF-2012-152690 GeVg̃

Gravitino LSP 0 mono-jet Yes 20.3 m(G̃)>1.8 × 10−4 eV, m(g̃)=m(q̃)=1.5 TeV 1502.01518865 GeVF1/2 scale

g̃→bb̄χ̃
0
1 0 3 b Yes 20.1 m(χ̃

0
1)<400 GeV 1407.06001.25 TeVg̃

g̃→tt̄χ̃
0
1 0 7-10 jets Yes 20.3 m(χ̃

0
1) <350 GeV 1308.18411.1 TeVg̃

g̃→tt̄χ̃
0
1

0-1 e, µ 3 b Yes 20.1 m(χ̃
0
1)<400 GeV 1407.06001.34 TeVg̃

g̃→bt̄χ̃
+

1 0-1 e, µ 3 b Yes 20.1 m(χ̃
0
1)<300 GeV 1407.06001.3 TeVg̃

b̃1b̃1, b̃1→bχ̃
0
1 0 2 b Yes 20.1 m(χ̃

0
1)<90 GeV 1308.2631100-620 GeVb̃1

b̃1b̃1, b̃1→tχ̃
±
1 2 e, µ (SS) 0-3 b Yes 20.3 m(χ̃

±
1 )=2 m(χ̃

0
1) 1404.2500275-440 GeVb̃1

t̃1 t̃1, t̃1→bχ̃
±
1 1-2 e, µ 1-2 b Yes 4.7 m(χ̃

±
1 ) = 2m(χ̃

0
1), m(χ̃

0
1)=55 GeV 1209.2102, 1407.0583110-167 GeVt̃1 230-460 GeVt̃1

t̃1 t̃1, t̃1→Wbχ̃
0
1 or tχ̃

0
1

2 e, µ 0-2 jets Yes 20.3 m(χ̃
0
1)=1 GeV 1403.4853, 1412.474290-191 GeVt̃1 215-530 GeVt̃1

t̃1 t̃1, t̃1→tχ̃
0
1

0-1 e, µ 1-2 b Yes 20 m(χ̃
0
1)=1 GeV 1407.0583,1406.1122210-640 GeVt̃1

t̃1 t̃1, t̃1→cχ̃
0
1 0 mono-jet/c-tag Yes 20.3 m(t̃1)-m(χ̃

0
1 )<85 GeV 1407.060890-240 GeVt̃1

t̃1 t̃1(natural GMSB) 2 e, µ (Z) 1 b Yes 20.3 m(χ̃
0
1)>150 GeV 1403.5222150-580 GeVt̃1

t̃2 t̃2, t̃2→t̃1 + Z 3 e, µ (Z) 1 b Yes 20.3 m(χ̃
0
1)<200 GeV 1403.5222290-600 GeVt̃2

ℓ̃L,R ℓ̃L,R, ℓ̃→ℓχ̃
0
1 2 e, µ 0 Yes 20.3 m(χ̃

0
1)=0 GeV 1403.529490-325 GeVℓ̃

χ̃+
1
χ̃−

1 , χ̃
+

1→ℓ̃ν(ℓν̃) 2 e, µ 0 Yes 20.3 m(χ̃
0
1)=0 GeV, m(ℓ̃, ν̃)=0.5(m(χ̃

±
1 )+m(χ̃

0
1)) 1403.5294140-465 GeVχ̃±

1

χ̃+
1
χ̃−

1 , χ̃
+

1→τ̃ν(τν̃) 2 τ - Yes 20.3 m(χ̃
0
1)=0 GeV, m(τ̃, ν̃)=0.5(m(χ̃

±
1 )+m(χ̃

0
1)) 1407.0350100-350 GeVχ̃±

1

χ̃±
1
χ̃0

2→ℓ̃Lνℓ̃Lℓ(ν̃ν), ℓν̃ℓ̃Lℓ(ν̃ν) 3 e, µ 0 Yes 20.3 m(χ̃
±
1 )=m(χ̃

0
2), m(χ̃

0
1)=0, m(ℓ̃, ν̃)=0.5(m(χ̃

±
1 )+m(χ̃

0
1)) 1402.7029700 GeVχ̃±

1 ,
χ̃0

2

χ̃±
1
χ̃0

2→Wχ̃
0
1Zχ̃

0
1

2-3 e, µ 0-2 jets Yes 20.3 m(χ̃
±
1 )=m(χ̃

0
2), m(χ̃

0
1)=0, sleptons decoupled 1403.5294, 1402.7029420 GeVχ̃±

1 ,
χ̃0

2

χ̃±1 χ̃
0
2→Wχ̃

0
1h χ̃

0
1, h→bb̄/WW/ττ/γγ e, µ, γ 0-2 b Yes 20.3 m(χ̃

±
1 )=m(χ̃

0
2), m(χ̃

0
1)=0, sleptons decoupled 1501.07110250 GeVχ̃±

1 ,
χ̃0

2

χ̃0
2
χ̃0

3, χ̃
0
2,3 →ℓ̃Rℓ 4 e, µ 0 Yes 20.3 m(χ̃

0
2)=m(χ̃

0
3), m(χ̃

0
1)=0, m(ℓ̃, ν̃)=0.5(m(χ̃

0
2)+m(χ̃

0
1)) 1405.5086620 GeVχ̃0

2,3

Direct χ̃
+

1
χ̃−

1 prod., long-lived χ̃
±
1 Disapp. trk 1 jet Yes 20.3 m(χ̃

±
1 )-m(χ̃

0
1)=160 MeV, τ(χ̃

±
1 )=0.2 ns 1310.3675270 GeVχ̃±

1

Stable, stopped g̃ R-hadron 0 1-5 jets Yes 27.9 m(χ̃
0
1)=100 GeV, 10 µs<τ(g̃)<1000 s 1310.6584832 GeVg̃

Stable g̃ R-hadron trk - - 19.1 1411.67951.27 TeVg̃

GMSB, stable τ̃, χ̃
0
1→τ̃(ẽ, µ̃)+τ(e, µ) 1-2 µ - - 19.1 10<tanβ<50 1411.6795537 GeVχ̃0

1

GMSB, χ̃
0
1→γG̃, long-lived χ̃

0
1

2 γ - Yes 20.3 2<τ(χ̃
0
1)<3 ns, SPS8 model 1409.5542435 GeVχ̃0

1

q̃q̃, χ̃
0
1→qqµ (RPV) 1 µ, displ. vtx - - 20.3 1.5 <cτ<156 mm, BR(µ)=1, m(χ̃

0
1)=108 GeV ATLAS-CONF-2013-0921.0 TeVq̃

LFV pp→ν̃τ + X, ν̃τ→e + µ 2 e, µ - - 4.6 λ′
311

=0.10, λ132=0.05 1212.12721.61 TeVν̃τ

LFV pp→ν̃τ + X, ν̃τ→e(µ) + τ 1 e, µ + τ - - 4.6 λ′
311

=0.10, λ1(2)33=0.05 1212.12721.1 TeVν̃τ

Bilinear RPV CMSSM 2 e, µ (SS) 0-3 b Yes 20.3 m(q̃)=m(g̃), cτLS P<1 mm 1404.25001.35 TeVq̃, g̃

χ̃+
1
χ̃−

1 , χ̃
+

1→Wχ̃
0
1, χ̃

0
1→eeν̃µ, eµν̃e 4 e, µ - Yes 20.3 m(χ̃

0
1)>0.2×m(χ̃

±
1 ), λ121!0 1405.5086750 GeVχ̃±

1

χ̃+
1
χ̃−

1 , χ̃
+

1→Wχ̃
0
1, χ̃

0
1→ττν̃e, eτν̃τ 3 e, µ + τ - Yes 20.3 m(χ̃

0
1)>0.2×m(χ̃

±
1 ), λ133!0 1405.5086450 GeVχ̃±

1

g̃→qqq 0 6-7 jets - 20.3 BR(t)=BR(b)=BR(c)=0% ATLAS-CONF-2013-091916 GeVg̃

g̃→t̃1t, t̃1→bs 2 e, µ (SS) 0-3 b Yes 20.3 1404.250850 GeVg̃

Scalar charm, c̃→cχ̃
0
1 0 2 c Yes 20.3 m(χ̃

0
1)<200 GeV 1501.01325490 GeVc̃

Mass scale [TeV]10−1 1
√

s = 7 TeV
full data

√
s = 8 TeV

partial data

√
s = 8 TeV

full data

ATLAS SUSY Searches* - 95% CL Lower Limits
Status: Feb 2015

ATLAS Preliminary
√

s = 7, 8 TeV

*Only a selection of the available mass limits on new states or phenomena is shown. All limits quoted are observed minus 1σ theoretical signal cross section uncertainty.
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Successful	
  Run	
  1:	
  Higgs	
  discovery,	
  plenty	
  of	
  other	
  
results	
  
•  ATLAS	
  showed	
  excellent	
  performance	
  
•  Recorded	
  more	
  than	
  25	
  9-­‐1	
  of	
  pp	
  collisions	
  
•  But	
  physics	
  doesn’t	
  stop	
  there…	
  
	
  
Physics	
  potenCal	
  of	
  the	
  LHC	
  and	
  HL-­‐LHC	
  
•  Probing	
  the	
  Higgs	
  sector	
  
•  Extending	
  the	
  reach	
  for	
  new	
  physics	
  
	
  
Detector	
  development	
  as	
  response	
  to	
  rising	
  
luminosity	
  	
  
•  Higher	
  Rates	
  ==>	
  Trigger	
  	
  
•  Pileup	
  ==>	
  Tracking	
  	
  

–  tracking	
  in	
  the	
  core	
  of	
  high	
  ET	
  jets	
  
–  primary	
  &	
  secondary	
  vertex	
  

reconstrucCon	
  
•  Detector	
  performance	
  degradaCon	
  	
  

–  RadiaCon	
  damage	
  
–  Detector	
  Integrity	
  	
  
–  Component	
  aging	
  &	
  obsolescence	
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  and	
  mo>va>ons	
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NEW	
  PHYSICS	
  
	
  
SUSY	
  	
  
•  Squarks	
  and	
  gluinos	
  1-­‐1.5	
  TeV	
  
•  SUSY	
  parCcle	
  properCes	
  	
  
	
  
	
  
	
  
	
  
	
  
	
  
	
  
	
  
	
  
3-­‐5	
  TeV	
  W’	
  and	
  Z’	
  properCes	
  
Look	
  for	
  strongly	
  coupled	
  scalars	
  	
  

HIGGS	
  BOSON	
  
	
  
•  Measure	
  σ	
  x	
  B	
  	
  
•  RaCo	
  of	
  H	
  couplings	
  to	
  fermions	
  	
  
•  Low	
  rate	
  Higgs	
  couplings	
  	
  
•  Self-­‐couplings	
  	
  
•  Dynamics	
  of	
  EWSB	
  

O(1000	
  P-­‐1)	
  required	
  to	
  
carry	
  out	
  the	
  physics	
  
program	
  



ATLAS	
  Upgrades	
  overview	
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System	
   Phase	
  0	
  Upgrades	
   Phase	
  I	
  Upgrades	
   Phase	
  II	
  Upgrades	
  

Tracking	
   •  IBL	
  pixels	
  
•  Pixel	
  new	
  services	
  

•  Replace	
  pixel/SCT/TRT	
  with	
  
all-­‐Silicon	
  tracker	
  

Lar	
  Calo	
   •  new	
  LV	
  power	
  supplies	
  	
   •  finer	
  granularity	
  to	
  
L1Calo	
  	
  

•  full	
  granularity	
  digital	
  readout	
  
at	
  40	
  MHz	
  to	
  L1Calo	
  	
  

•  replace	
  forward	
  calorimetry	
  	
  
	
  

Tile	
  Calo	
   •  new	
  LV	
  power	
  supplies	
  	
   •  completely	
  replace	
  electronics	
  
-­‐	
  digital	
  signals	
  to	
  L1	
  	
  

•  improved	
  mechanics	
  	
  

Muons	
   •  NSW	
  endcap	
  muon	
  
system	
  	
  

•  replace	
  readout	
  electronics	
  
-­‐	
  precision	
  (MDT)	
  to	
  L1	
  	
  

	
  

TDAQ	
   •  topology	
  at	
  L1	
  
•  Fast	
  TracKer	
  (FTK)	
  	
  
•  L2/Evt	
  Filter/Evt	
  

Builder	
  on	
  one	
  CPU	
  	
  

•  new	
  L1Calo	
  
•  NSW	
  in	
  L1Muon	
  
•  conCnued	
  FTK	
  	
  
	
  

•  move	
  to	
  L0/L1	
  architecture	
  
•  add	
  tracking	
  to	
  L1	
  (L1Track)	
  
•  more	
  use	
  of	
  commodity	
  

hardware	
  in	
  HLT/DAQ	
  	
  



LHC	
  >meline	
  

From	
  LHC	
  to	
  HL-­‐LHC	
  
•  Instantaneous	
  luminosiCes	
  x5	
  –	
  ParCcle	
  densiCes	
  x5-­‐10	
  
•  Integrated	
  luminosity	
  x10	
  –	
  RadiaCon	
  damage	
  x10	
  
•  Increased	
  overlap	
  of	
  pp	
  events	
  (pile	
  up	
  x3-­‐5)	
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IBL	
   ITK	
  L1/L2	
  pixel	
  	
  
readout	
  
upgrade	
  

FTK	
  

PHASE	
  I	
   PHASE	
  II	
  PHASE	
  0	
  



η

-3 -2 -1 0 1 2 3

φ

-3

-2

-1

0

1

2

3

O
pe

ra
tio

na
l F

ra
ct

io
n 

[%
]

92

93

94

95

96

97

98

99

100
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Phase	
  0	
  highlights	
  
The	
  Insertable	
  B-­‐Layer	
  

AddiConal	
  4th	
  pixel	
  sensor	
  layer	
  
•  Close	
  to	
  interacCon	
  point	
  (33	
  mm)	
  
•  Significant	
  improvement	
  to	
  tracking:	
  

vertex	
  reconstrucCon,	
  impact	
  parameter	
  
resoluCon	
  

•  The	
  detector	
  has	
  ~0.1	
  %	
  dead	
  pixels!	
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ATLAS Pixel Preliminary

4.5%

3.5%

7.0%

1.9% 2.0%
1.2%

6.3%

1.4%

End of Run 1

After Re-installation

Pixel	
  consolida>on	
  	
  
•  On-­‐detector	
  services	
  replaced	
  
•  Repaired	
  all	
  accessible	
  failures	
  	
  

(~98%	
  modules	
  working)	
  
•  OpCcal	
  electronics	
  moved	
  to	
  	
  

off-­‐detector	
  locaCon	
  for	
  improved	
  accessibility	
  	
  
•  Power	
  supply	
  system	
  upgraded	
  
	
  

Readout	
  upgrade	
  
Occupancy	
  increase	
  foreseen	
  in	
  run	
  II	
  operaCon	
  is	
  
problema>c	
  at	
  Run	
  I	
  read	
  out	
  speed	
  
•  An	
  upgraded	
  readout	
  chain	
  is	
  needed	
  for	
  the	
  

two	
  external	
  pixel	
  layers	
  
•  The	
  IBL	
  readout	
  system	
  offers	
  opCmal	
  

bandwidth	
  
•  CompaCbility	
  between	
  the	
  on-­‐detector	
  and	
  off-­‐

detector	
  electronics	
  needed	
  the	
  design	
  of	
  a	
  
custom	
  op>cal	
  recevier	
  

	
  
Installa>on	
  in	
  2015-­‐2016	
  



System	
   Phase	
  0	
  Upgrades	
   Phase	
  I	
  Upgrades	
   Phase	
  II	
  Upgrades	
  

Tracking	
   •  IBL	
  pixels	
  
•  Pixel	
  new	
  services	
  

•  Replace	
  pixel/SCT/TRT	
  with	
  
all-­‐Silicon	
  tracker	
  

Lar	
  Calo	
   •  new	
  LV	
  power	
  supplies	
  	
   •  finer	
  granularity	
  to	
  
L1Calo	
  	
  

•  full	
  granularity	
  digital	
  readout	
  
at	
  40	
  MHz	
  to	
  L1Calo	
  	
  

•  replace	
  forward	
  calorimetry	
  	
  
	
  

Tile	
  Calo	
   •  new	
  LV	
  power	
  supplies	
  	
   •  completely	
  replace	
  electronics	
  
-­‐	
  digital	
  signals	
  to	
  L1	
  	
  

•  improved	
  mechanics	
  	
  

Muons	
   •  NSW	
  endcap	
  muon	
  
system	
  	
  

•  replace	
  readout	
  electronics	
  
-­‐	
  precision	
  (MDT)	
  to	
  L1	
  	
  

	
  

TDAQ	
   •  topology	
  at	
  L1	
  
•  Fast	
  TracKer	
  (FTK)	
  	
  
•  L2/Evt	
  Filter/Evt	
  

Builder	
  on	
  one	
  CPU	
  	
  

•  new	
  L1Calo	
  
•  NSW	
  in	
  L1Muon	
  
•  conCnued	
  FTK	
  	
  
	
  

•  move	
  to	
  L0/L1	
  architecture	
  
•  add	
  tracking	
  to	
  L1	
  (L1Track)	
  
•  more	
  use	
  of	
  commodity	
  

hardware	
  in	
  HLT/DAQ	
  	
  

Phase	
  1	
  goals	
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ATLAS	
  	
  
Phase	
  1	
  LOI	
  (CERN-­‐LHCC-­‐2011-­‐012)	
  
	
  
•  Physics	
  goals	
  (Higgs,	
  SUSY,	
  etc)	
  require	
  ability	
  to	
  

trigger	
  on	
  low	
  pT	
  (~20	
  GeV)	
  leptons	
  -­‐	
  difficult	
  with	
  
current	
  ATLAS	
  configuraCon	
  at	
  Phase	
  I	
  due	
  to	
  rates	
  	
  

•  Forward	
  trigger	
  chambers	
  limit	
  muon	
  trigger	
  
thresholds	
  	
  

•  Similar	
  limits	
  for	
  EM	
  trigger	
  	
  
•  All	
  the	
  upgrades	
  compa>ble	
  with	
  Phase	
  II	
  
	
  	
  

LHC	
  –	
  14	
  month	
  shutdown	
  –	
  	
  
•  consolidaCon	
  of	
  injector	
  chain	
  	
  
•  peak	
  luminosity	
  =	
  2	
  x	
  1034	
  cm-­‐2	
  s-­‐1	
  



Fast	
  TracKer	
  
Fast	
  track	
  reconstruc>on	
  for	
  events	
  
passing	
  the	
  L1	
  trigger.	
  
•  Crucial	
  to	
  improve	
  QCD	
  rejec>on	
  in	
  b-­‐jets	
  

and	
  τ	
  signatures
•  Hardware	
  based	
  patern	
  recogniCon	
  	
  

and	
  fiung	
  (1	
  fit/ns)	
  
•  1	
  billion	
  paderns	
  (roads)	
  stored	
  	
  

(AM	
  Chip	
  06	
  hold	
  128k	
  paterns	
  /	
  chip)	
  
•  Provides	
  input	
  to	
  the	
  HLT	
  
•  InstallaCon	
  started,	
  with	
  modular	
  usage	
  

ramp	
  up	
  (full	
  coverage	
  in	
  2018).	
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Pixels
& SCT

RODs
Data
Formatter

Second Stage Fit (4 brds) 

Raw Data
ROBs

FLIC

HLT
Processing

100 kHz
Event
Rate

Core Crate
45°+10° in φ
8 η-φ towers
2 PU/tower

Cluster
Finding

FTK

Track Data
ROB

Proc.
unit

DO

TF

HW

AM

FTK ROBs

Proc.
unit

DO

TF

HW

AM

Figure 3: Functional sketch of FTK. AM is the Associative Memory, DO is the Data Organizer, FLIC is
the FTK-to-Level-2 Interface Crate, HW is the Hit Warrior, ROB is the ATLAS Read Out input Bu↵er,
ROD is a silicon detector Read Out Driver, and TF is the Track Fitter. Second Stage Fit is referred to as
the Second Stage Board elsewhere in the document.

Data Organizers (DO). The hits are also converted to a coarser resolution (Super-Strips or SS) that is
appropriate for pattern recognition, with the Super-Strips sent to both the Associative Memory and the
Data Organizers.

The Data Organizers are smart databases where full resolution hits are stored in a format that allows
rapid access based on the pattern recognition road ID and then retrieved when the Associative Memory
finds roads with the requisite number of hits.

The Associative Memory boards contain a very large number of preloaded patterns corresponding
to the possible combinations of a superstrip in each of 8 silicon layers for real tracks. Currently 3 pixel
layers (the B-layer and the 2 outer pixel layers) and 5 SCT layers (the 4 axial layers and 1 stereo layer)
are used for pattern recognition. The patterns are determined in advance from a full ATLAS simulation
of single tracks. The AM is a massively parallel system in that all patterns see each silicon hit nearly
simultaneously. As a result, pattern recognition in FTK is complete shortly after the last hit has been
transmitted from the silicon RODs. When a pattern has 7 or 8 layers hit (such patterns that contain
track candidates are referred to as roads), the AM sends the road ID number back to the Data Organizer
which fetches the associated full resolution hits and sends them and the road number to the Track Fitter
(TF). The TF has access to a set of constants for each detector sector which consists of a physical
silicon module in each layer. Because a sector is quite narrow, the TF can provide high resolution helix
parameters using a simple calculation that is linear in the position of the hit in each layer. Fitting a
track is thus extremely fast since it consists of a series of integer multiply-and-accumulate steps. In a
modern FPGA, approximately 109 track candidates can be fit per second. Following fitting, duplicate
track removal (the Hit Warrior or HW function) is carried out among those 8-layer tracks in a road that
pass the �2 cut.

The Second Stage Boards (SSB) receive from the Data Formatters the cluster centroids in the 4 layers
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Fast track finding is challenging 
•  Tracking consists of two parts :!

–  Track finding (or pattern recognition) with coarse resolution !
–  Track fitting for found patterns with full hit resolution 

!
•  Track finding in limited latency of the trigger is the major challenge !

–  The number of hit combinations that have to be tested increases like Ln, where L 
is the instantaneous luminosity and n is the number of silicon layers !

!
!

Associative memory approach allows 
fast track finding applicable to the triggers 

1 candidate� 2 x 2 = 4 candidates �

��
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  in	
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  resoluCon	
  	
  
of	
  the	
  hits	
  

1)	
  Patern	
  	
  
RecogniCon	
  

TWO	
  STEP	
  TRACK	
  FITTING	
  	
  



Figure 2.1. Left: A z-y view of 1/4 of the ATLAS detector. The blue boxes indicate the end-cap MDT
chambers and the yellow box CSC. Right: A view of a small wheel mounted on the JD disk shielding.

2.2.1 Present understanding of the backgrounds in the muon spectrometer

In order to be able to extrapolate the expected background to higher LHC luminosities and ener-
gies, and to evaluate possible improvements, a careful comparison between data and Monte Carlo
predictions has been performed using LHC data at luminosities in the range 1-3⇥ 1033 cm�2 s�1.
These studies have taken into account the measured hit rates in the MDT chambers, as well as the
HV currents in the RPC trigger detectors. Figure 2.2 shows the ratio of the measured hit rates to
the corresponding simulation values for different MDT chambers. Except for the z=7 m region in
the Barrel Inner (BI) station, the ratio is typically between 0.5 and 1.7.

Figure 2.2. Ratio of measured to simulated MDT hit rate in during 2011 7 TeV run
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Muon	
  and	
  Calorimeter	
  upgrades	
  
New	
  Small	
  Wheels:	
  reduce	
  fake	
  rates	
  and	
  keep	
  
precision	
  at	
  high	
  rate	
  
•  Improved	
  muon	
  tracking	
  from	
  |η|>1.3	
  
•  ResoluCon	
  <	
  100	
  µm	
  
Micromegas	
  (1200	
  m2)	
  
•  Precision	
  tracking	
  
•  High	
  rate	
  capable	
  
Small-­‐strip	
  thin	
  gap	
  chambers	
  (1200	
  m2)	
  
•  Triggering	
  with	
  Cming	
  from	
  bunch	
  ID	
  
•  Proven	
  technology	
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Level	
  1	
  Calorimeter	
  Trigger	
  
•  Improve	
  granularity	
  	
  
•  Requires	
  new	
  trigger	
  electronics	
  
	
  
•  Beter	
  discriminaCon	
  between	
  

electrons	
  and	
  jets	
  with	
  the	
  use	
  of	
  
topological	
  informaCon	
  

Figure 2.12. Shower shape calculations at Level-1 corresponding to the Level-2 and offline R
h

parameter.
The highest energy Dh⇥Df = 0.025⇥0.1 “Super-cell” in the initial RoI, as provided by the current Level-1,
is used to seed the 3x2 and 7x2 clusters; the second high energy “Super-cell” in f , above or below the seed,
is chosen to define the cluster core.

Figure 2.13. Distribution of the R
h

parameter for electrons and jets, defined as the ratio of the energy in the
3x2 over the energy in the 7x2 clusters of the 2nd layer of the EM calorimeter. The size of each element in
the cluster is: Dh⇥Df = 0.025⇥0.1.

Table 2.1 summarizes the jet rejection efficiencies for cuts on several variables using infor-
mation from the hadronic calorimeter. In the table “EM Cluster” refers to the energy deposited
in a 2⇥1 or 1⇥2 h-f trigger tower cluster, “EM Core” to the corresponding energy in the 2⇥2
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Calorimeter 
LVL1 trigger 

upgrade 
• Improve granularity of 

trigger for better 
discrimination between 
electrons and jets 

• Requires new trigger 
electronics located in 
replacement trigger 
daughter boards for the 
Front End boards. 
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Impact of upgrade on Calorimeter trigger rates 



System	
   Phase	
  0	
  Upgrades	
   Phase	
  I	
  Upgrades	
   Phase	
  II	
  Upgrades	
  

Tracking	
   •  IBL	
  pixels	
  
•  Pixel	
  new	
  services	
  

•  Replace	
  pixel/SCT/TRT	
  with	
  
all-­‐Silicon	
  tracker	
  

Lar	
  Calo	
   •  new	
  LV	
  power	
  supplies	
  	
   •  finer	
  granularity	
  to	
  
L1Calo	
  	
  

•  full	
  granularity	
  digital	
  readout	
  
at	
  40	
  MHz	
  to	
  L1Calo	
  	
  

•  replace	
  forward	
  calorimetry	
  	
  
	
  

Tile	
  Calo	
   •  new	
  LV	
  power	
  supplies	
  	
   •  completely	
  replace	
  electronics	
  
-­‐	
  digital	
  signals	
  to	
  L1	
  	
  

•  improved	
  mechanics	
  	
  

Muons	
   •  NSW	
  endcap	
  muon	
  
system	
  	
  

•  replace	
  readout	
  electronics	
  
-­‐	
  precision	
  (MDT)	
  to	
  L1	
  	
  

	
  

TDAQ	
   •  topology	
  at	
  L1	
  
•  Fast	
  TracKer	
  (FTK)	
  	
  
•  L2/Evt	
  Filter/Evt	
  

Builder	
  on	
  one	
  CPU	
  	
  

•  new	
  L1Calo	
  
•  NSW	
  in	
  L1Muon	
  
•  conCnued	
  FTK	
  	
  
	
  

•  move	
  to	
  L0/L1	
  architecture	
  
•  add	
  tracking	
  to	
  L1	
  (L1Track)	
  
•  more	
  use	
  of	
  commodity	
  

hardware	
  in	
  HLT/DAQ	
  	
  

Phase	
  2	
  goals	
  

11	
  

ATLAS	
  	
  
Phase	
  2	
  LOI	
  (CERN-­‐LHCC-­‐2012-­‐022)	
  
	
  
•  Detectors	
  must	
  cope	
  with	
  both	
  high	
  

instantaneous	
  and	
  high	
  integrated	
  
luminosity	
  	
  

•  SCll	
  evaluaCng	
  opCons	
  required	
  for	
  
Phase	
  II	
  detector	
  upgrades	
  	
  

	
  	
  

LHC	
  –	
  18	
  month	
  shutdown	
  –	
  	
  
•  use	
  of	
  crab	
  caviCes	
  for	
  luminosity	
  

leveling	
  	
  
•  peak	
  luminosity	
  =	
  	
  5	
  x	
  1034	
  cm-­‐2s-­‐1	
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Phase II Tracker

 Phase-II Tracker Goals
 Good/Robust Pattern Recognition: 14 meas planes (11 hits/track to reduce fakes)

 Good Track Location at LAr Calorimeter: 1 mm resolution in z

 High muon efficiency and resolution: 20% improvement in mass resolution for H→μμ

 Efficient b-jet tagging w/ good light-q rejection: factor 400 rejection for 65% efficiency

Current ATLAS Tracker Phase-II LoI Layout (¼ view)*
Solenoid

Cryostat

inner wall

Strips to |η|=2.5

- 5 barrels, 7 disks

- 74M strips

Pixels to |η|=2.7

- 4 barrels, 6 disks

- 638M pixelsBeampipe

* snapshot – still under development

Phase	
  2	
  Tracking	
  Detector	
  

Phase-­‐II	
  Tracker	
  Goals	
  
•  Good/Robust	
  Patern	
  RecogniCon:	
  11	
  measurement	
  planes	
  
•  Good	
  Track	
  LocaCon	
  at	
  LAr	
  Calorimeter:	
  1	
  mm	
  resoluCon	
  in	
  z	
  
•  High	
  muon	
  efficiency	
  and	
  resoluCon:	
  20%	
  improvement	
  in	
  H-­‐>µµ	
  mass	
  

resoluCon	
  
•  Efficient	
  b-­‐jet	
  tagging:	
  light	
  jet	
  rejecCon	
  factor	
  of	
  400	
  for	
  65%	
  efficiency	
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Possible new tracker layout  
Classical barrel / end cap layout 

under consideration 
4 layers of pixels 
3 double layers of short strip silicon 
2 double layers of long strips 
~ 400 million pixels 
~ 45 million strips 

Granularity tests show hit 
occupancy OK 
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Possible Pixel 
sensor 
arrangement 



Development	
  of	
  novel	
  silicon	
  sensors	
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Introduction Tuning Test Beam

Result from AMS 350 v4 e�ciency

402

unIrradiated -Bias 12 V
Th 0.84 V

E↵ 99.7%

404

Irradiated 1015n
eq

/cm2 - Bias 30 V
Th 0.84 V

E↵ 96.2%
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J. Bilbao Trento workshop - 2015

IBL Modules Telescope

4

• 100 kHz trigger rate during 
data taking 

• >10% of triggers had a hit on 
the DUT thanks to the ROI 
definition

New	
  silicon	
  sensors	
  are	
  being	
  developed	
  for	
  	
  
the	
  Phase	
  2	
  Tracker	
  
•  HV-­‐CMOS	
  is	
  a	
  family	
  of	
  CMOS	
  processes	
  where	
  

addiCon	
  are	
  made	
  in	
  order	
  to	
  allow	
  High-­‐Voltage	
  	
  
(∼	
  100V)	
  to	
  be	
  used	
  in	
  the	
  circuitry.	
  

Why	
  use	
  this	
  technology	
  for	
  HEP?	
  	
  
•  Large-­‐scale,	
  low-­‐cost	
  producCon	
  possible.	
  	
  
•  Possibility	
  to	
  integrate	
  full	
  electronics	
  in-­‐pixel	
  	
  



Figure 2.8: The L1_MU20 trigger efficiencies as a function of true pT after matching with a true muon
assuming a track trigger with different pT resolutions, assuming that all tracks are reconstructed.

and can only be implemented in a split Level-0/Level-1 trigger architecture. The alternative self-
seeded design that aims to reconstruct high-pT tracks in the entire tracker is also being investigated.

The full data from the Inner Detector cannot be read out at the full beam-crossing rate or even

Figure 2.9: Left: the trigger rate vs. L1 EM Cluster ET threshold for simulated minimum bias events
with hµi = 70. Right: rate vs. tau finding efficiency curves for taus from the decay of a 120 GeV Higgs
boson for the inclusive tau trigger at 7⇥1034 cm�2 s�1 for different track multiplicity and minimum track
pT requirements. The bands show the rate vs efficiency parametrised for different L1 cluster ET thresholds,
shown as the small numbers next to the corresponding points on each band. The thresholds for each band,
such that the integrated rate from the trigger is 20 kHz, are shown at the bottom of the plot. The rates are
estimated using simulated minimum bias events at 3⇥1034 cm�2 s�1 and extrapolated to 7⇥1034 cm�2 s�1.
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Phase	
  2	
  L1	
  track	
  trigger	
  
EvoluCon	
  of	
  FTK	
  for	
  Phase	
  II	
  
•  Regional	
  readout	
  at	
  L0	
  and	
  L1	
  	
  

–  Calorimeter	
  and	
  Muons	
  could	
  provide	
  region	
  of	
  interest	
  (ROI)	
  	
  
–  Inner	
  tracker	
  is	
  read	
  out	
  and	
  hardware	
  trigger	
  confirms	
  presence	
  of	
  a	
  track	
  

candidate	
  	
  
–  Needs	
  addiConal	
  data	
  stream	
  in	
  front	
  end	
  chip	
  	
  

	
  
	
  
	
  
	
  
	
  
	
  
•  Self	
  seeded	
  stand	
  alone	
  

–  Use	
  paired	
  modules	
  (omit	
  stereo	
  placement)	
  
–  Read	
  out	
  only	
  coincident	
  modules	
  (high	
  pT)	
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Track Trigger at Level 1 
• Option 1: regional readout at L0 and L1   

– Calorimeter and Muons could provide region of interest (ROI) 
– Inner tracker is read out and hardware trigger confirms presence of 

a track candidate 
– Needs additional data stream in front end chip 

 
 
 

 
 

• Option 2: Self seeded stand alone 
– Use paired modules (omit stereo placement) 
– Read out only coincident modules (high pT) 
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Phase	
  2	
  Calorimeter	
  upgrades	
  
	
  
Forward	
  Calorimeter	
  (Fcal)	
  
•  potenCal	
  problems	
  with	
  overheaCng	
  and	
  

signal	
  loss	
  in	
  Forward	
  Calorimeter	
  
•  At	
  high	
  intensity	
  beam	
  heaCng	
  could	
  

cause	
  Liquid	
  Argon	
  to	
  boil	
  

	
  
Complete	
  replacement	
  
•  New	
  detector	
  with	
  smaller	
  gaps	
  	
  
•  New	
  cold	
  electronics	
  for	
  HV	
  distribuCon	
  	
  
•  New	
  cooling	
  loops	
  	
  	
  

InstallaCon	
  of	
  a	
  small	
  calorimeter	
  in	
  
front	
  of	
  the	
  current	
  FCal:	
  Mini-­‐FCal	
  	
  
•  Reduces	
  energy	
  and	
  ionizaCon	
  in	
  FCal	
  to	
  

acceptable	
  levels	
  	
  
•  Mini-­‐FCal	
  baseline	
  is	
  copper	
  plate	
  

calorimeter	
  with	
  Diamond	
  detector.	
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Solutions to FCal problem 
• Complete replacement of FCal. 

– New detector with smaller gaps 
– New cold electronics for HV 

distribution 
– New cooling loops 

 
 
 
 

• Installation of a small 
calorimeter just in front of the 
current FCal: Mini-FCal 
– Reduces energy and ionization in 

FCal to acceptable levels 
– Mini-FCal baseline is copper plate 

calorimeter with Diamond 
detector. 

– Also exploring use of detectors 
using High Pressure Xenon or 
Liquid Argon. 
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Mini-FCal 

New FCal 



Outlook	
  
	
  
ExciCng	
  physics	
  program	
  with	
  3009-­‐1	
  and	
  30009-­‐1	
  	
  
•  Search	
  for	
  new	
  parCcles	
  and	
  measurements	
  of	
  Higgs	
  properCes	
  
	
  
Technical	
  challenges	
  ahead	
  
•  High	
  radiaCon	
  environment	
  
•  High	
  rate	
  of	
  pile	
  up	
  and	
  occupancy	
  
•  High	
  trigger	
  rates	
  	
  
	
  
LHC	
  and	
  all	
  4	
  experiments	
  have	
  coherent	
  plans	
  to	
  perform	
  upgrade	
  of	
  
systems.	
  
•  This	
  talk	
  was	
  only	
  a	
  brief	
  summary	
  only	
  a	
  part	
  of	
  the	
  ATLAS	
  upgrade	
  effort	
  
•  The	
  Swiss	
  insCtutes	
  are	
  giving	
  crucial	
  contribuCon	
  to	
  both	
  Phase	
  I	
  and	
  

Phase	
  II	
  acCviCes	
  

16	
  



BACKUP	
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Calorimeter	
  L1	
  Trigger	
  Upgrade	
  
Improve	
  granularity	
  of	
  trigger	
  
•  Requires	
  new	
  trigger	
  electronics	
  
	
  
•  Beter	
  discriminaCon	
  between	
  electrons	
  

and	
  jets	
  with	
  the	
  use	
  of	
  topological	
  
informaCon	
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  Figure 2.12. Shower shape calculations at Level-1 corresponding to the Level-2 and offline R
h

parameter.
The highest energy Dh⇥Df = 0.025⇥0.1 “Super-cell” in the initial RoI, as provided by the current Level-1,
is used to seed the 3x2 and 7x2 clusters; the second high energy “Super-cell” in f , above or below the seed,
is chosen to define the cluster core.

Figure 2.13. Distribution of the R
h

parameter for electrons and jets, defined as the ratio of the energy in the
3x2 over the energy in the 7x2 clusters of the 2nd layer of the EM calorimeter. The size of each element in
the cluster is: Dh⇥Df = 0.025⇥0.1.

Table 2.1 summarizes the jet rejection efficiencies for cuts on several variables using infor-
mation from the hadronic calorimeter. In the table “EM Cluster” refers to the energy deposited
in a 2⇥1 or 1⇥2 h-f trigger tower cluster, “EM Core” to the corresponding energy in the 2⇥2
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Calorimeter 
LVL1 trigger 

upgrade 
• Improve granularity of 

trigger for better 
discrimination between 
electrons and jets 

• Requires new trigger 
electronics located in 
replacement trigger 
daughter boards for the 
Front End boards. 
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Impact of upgrade on Calorimeter trigger rates 
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is chosen to define the cluster core.
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Table 2.1 summarizes the jet rejection efficiencies for cuts on several variables using infor-
mation from the hadronic calorimeter. In the table “EM Cluster” refers to the energy deposited
in a 2⇥1 or 1⇥2 h-f trigger tower cluster, “EM Core” to the corresponding energy in the 2⇥2
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2.3.4 Expected rates in Phase-I with the proposed calorimeter trigger read-out upgrade

The rejection of jets with the discriminants described in sections 2.3.2 - 2.3.3 has been evaluated in
QCD di-jet Monte Carlo samples and with enhanced bias data (i.e. data recorded with a very loose
Level-1 trigger selection) taken during the 2011 run. The trigger efficiency of electrons has been
calculated with Z!e+e� Monte Carlo samples. Pileup effects for µ=46 and 25 ns bunch spacing
are included in the Monte Carlo simulations.

Figure 2.15. Expected Level-1 rates for different algorithms and conditions: rates calculated from Monte
Carlo simulations with the current Level-1 trigger system for non-isolated EM objects (⌅), for isolated EM
objects (•), for isolated EM objects after a shower shape R

h

>0.94 cut applied (N), and after both R
h

>0.94
and Ehad

core <0.8 GeV cuts (H). Monte Carlo simulations include pileup for µ=46 and with a bunch spacing
of 25 ns.

A value R
h

=0.94 has been chosen for this analysis: it provides an efficiency for true electrons
above 99.3% and a jet rejection efficiency of 56.7% and 51.2% respectively on the Monte Carlo
di-jet samples and on the 2011 enhanced bias data.

A further reduction of the Level-1 rates can be achieved by using higher energy resolution in
the hadronic calorimeter trigger towers. Currently, the quantization of the calorimeter trigger read-
out limits the precision to 1 GeV. For electrons with transverse energies in the range 20<ET <80
GeV, higher resolution improves the rejection capability: in these studies it was assumed the dig-
itizers having a 250 MeV least significant bit and a cut on the hadronic core energy Ehad

core  800
MeV has been applied.

Figure 2.15 shows the expected rates for EM non-isolated and isolated objects with the present
Level-1 calorimeter trigger. The figure shows also the impact in the rate reduction when applying
separately R

h

and the combination (R
h

and Ehad
core). Furthermore, the plots show also the thresholds
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FTK	
  Main	
  Algorithms	
  

SS	
  

FTK	
  has	
  a	
  custom	
  
clustering	
  algorithm,	
  
running	
  on	
  FPGAs	
  

The	
  data	
  are	
  geometrically	
  distributed	
  
to	
  the	
  processing	
  units	
  and	
  compared	
  

to	
  exisCng	
  track	
  paterns.	
  

Patern	
  matching	
  limited	
  
to	
  8	
  layers:	
  3	
  pixels	
  +	
  5	
  
SCTs.	
  
Hits	
  compared	
  at	
  
reduced	
  resoluCon.	
  

Full	
  hits	
  precision	
  restored	
  in	
  
good	
  roads.	
  
Fits	
  reduced	
  to	
  scalar	
  
products.	
  ij jiji qxCp +⋅=∑

Good	
  8-­‐layer	
  tracks	
  are	
  extrapolated	
  
to	
  addiConal	
  layers,	
  improving	
  the	
  fit	
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