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News from the Large Hadron Collider: 
Tightening the Noose on the Standard Model 
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The Standard Model of Particle Physics 
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(Some of the) Experimental Tests of the SM 

  SM has been very extensively 
tested, and describes nature 
very well 
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had(mZ)(5) 0.02750 ! 0.00033 0.02759
mZ "GeV#mZ "GeV# 91.1875 ! 0.0021 91.1874

Z "GeV#Z "GeV# 2.4952 ! 0.0023 2.4959

had "nb#0 41.540 ! 0.037 41.478
RlRl 20.767 ! 0.025 20.742
AfbA0,l 0.01714 ! 0.00095 0.01646
Al(P )Al(P ) 0.1465 ! 0.0032 0.1482
RbRb 0.21629 ! 0.00066 0.21579
RcRc 0.1721 ! 0.0030 0.1722
AfbA0,b 0.0992 ! 0.0016 0.1039
AfbA0,c 0.0707 ! 0.0035 0.0743
AbAb 0.923 ! 0.020 0.935
AcAc 0.670 ! 0.027 0.668
Al(SLD)Al(SLD) 0.1513 ! 0.0021 0.1482
sin2

effsin2 lept(Qfb) 0.2324 ! 0.0012 0.2314
mW "GeV#mW "GeV# 80.399 ! 0.023 80.378

W "GeV#W "GeV# 2.085 ! 0.042 2.092
mt "GeV#mt "GeV# 173.20 ! 0.90 173.27
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Problems with the SM 

  SM describes our experimental data very well, at typically % level 
  So, why are most physicists convinced it is wrong?? 

  For one thing, the SM has 19 free parameters which cannot be calculated 
within the SM, the values of which must be provided by experiment  
  this “incompleteness” suggests the SM is not the final answer! 

  We do not understand the matter-antimatter asymmetry in the universe 

  Gravity is not included within the SM 

  We have not verified the SM explanation of particle masses 

     (ie. we have not [yet] found the Higgs boson required by the SM) 

  We do not know what makes up the Dark Matter that contributes ~1/4 of the 
energy content of the universe 

  We do not know the nature of the Dark Energy that dominates the energy 
content of the universe 

Successes of the SM 
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Cosmological Connections 

  The Big Bang was the ultimate particle accelerator!!  
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The Large Hadron Collider 

  The LHC is the world’s most 
powerful particle accelerator 

  Built in a tunnel 27 km around, 
100 m underground, near 
Geneva 

  Protons travel around ring 
11,245 times per sec (speed = 
0.99999999 c) 

  The counter-circulating proton 
beams are so intense that they 
will produce ~900 million 
collisions per second! 
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Experiments at the LHC 

  There are 4 experiments 
at the LHC 

  Two (ATLAS, CMS) are 
large, competing, general 
purpose experiments 

  The other two (LHC-B, 
ALICE) are smaller 
experiments which target 
particular aspects of the 
experimental program 
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ATLAS Collaboration 

Sept. 26/11 



John Parsons, Columbia University 9 
  Overall length = 42 m, diameter = 22 m, weight = 7000 tons 

The ATLAS Detector 
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ATLAS Detector Principles 
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Si Tracker as Seen by Converted Photons 

Good data/MC agreement 
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The ATLAS Detector 
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EM Calorimeter Segmentation 

  Pb:LAr “accordion” sampling calorimeter, with 3 longitudinal (depth) 
segments of varying transverse segmentation 
  Total of ~180k channels 

Middle contains most of energy;  
divided into cells of  
ΔηxΔφ ~ 0.025 x 0.025 

Front divided into narrow 
 “eta strips” of ΔηxΔφ ~ 
(0.025/8) x (0.025*4) 

Back tail-catcher has 
somewhat coarser 
ΔηxΔφ ~ 0.05 x 0.025 
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ATLAS Barrel Cryostat and Superconducting Solenoid 
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The ATLAS Detector 
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  90 km of superconductor, 700 ton cold mass 
  total energy stored in magnetic field: 1.55 GJ   

ATLAS Toroidal Magnet System 

Barrel toroid 

Endcap toroid 
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ATLAS Barrel Toroid Installation 
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LHC Performance 

  LHC operating with 1380 bunches (max. possible given current 50 ns separation) 

  In April 2011, LHC exceeded Tevatron as highest luminosity hadron collider 

  2011 LHC goals: reach instantaneous lumi. of ~ 1033 cm-2 s-1 and deliver ~ 1 fb-1 

  LHC has recently reached instantaneous lumi. of ~ 3.3 x 1033 cm-2 s-1 (beam 
power ~ 107 MJ!) and has already delivered ~ 3.8 fb-1 ! 
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Most results shown 
today use ~1 fb-1 
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ATLAS Data Taking Performance 

  Typ. ATLAS data taking efficiency 
is ~ 94%  

  Detector subsystems have >~ 97%  
of their channels operational 
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Fraction of data that is 
good for analysis 

(LAr > 96% after 
recent reprocessing) 
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Pileup ! 

  During LHC planning phase, had assumed 2 phases of (25 ns) operation: 
  3 yrs at 1E33 (30 fb-1)  essentially no pileup (~2 collisions/bunch crossing) 
  Then increase to 1E34 (design lumi)   ~23 interactions/bunch crossing 

  With recent LHC run conditions (Linst. ~ 3E33 at 50 ns), have already reached an 
avg of  ~12 collisions/bunch crossing (and some evts with  > 20 interactions/bc) 
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Z → ee Candidate in 2010 Data Taking 
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Pileup in 2011 Data! 

Z → µµ event  
with 20 vertices! 
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ATLAS Performance: Electrons (and Photons) 
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Constant term in EM energy resolution 
(design goal = 0.7%)  

Uncertainty in EM energy scale 
~ 0.3 – 0.6% 
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ATLAS Performance: Muons 
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ATLAS Performance: Jets and ETmiss 
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Uncertainty in jet energy scale 
~ 3-4% in 2010 data 
(slightly larger in 2011 so far, due to pileup) 

Good data/MC agreement in tails 
of ETmiss distribution 
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“Rediscovering” the Standard Model 
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Z → ee Z → µµ 

W → e nu W → µ nu 
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t tbar → eµ + X Candidate Event  

2 b-tagged jets 
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Measurement of t tbar Cross Section 
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Diboson Production 
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SM Cross Section Measurements 
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SM Higgs Situation Before LHC Results 
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Latest Tevatron combination 

LEP exclusion: m(H)  < 114.4 GeV 
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SM Higgs Search Channels 
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The SM Higgs Challenge ! 

  < 1 detectable Higgs boson 
per 1012 collisions !  
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  Need to reconstruct mass peak on top 
of large irreducible γγ bkgnd 
  Requires excellent EM energy 

res’n as well as ability to find 
vertex (either by association with 
tracks or by EMCAL “pointing”) 

  As pileup increases, use of 
pointing will be even more 
valuable 

Sept. 26/11 



EM Calorimeter Pointing 
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  Can use fine granularity of EM 
calorimeter to measure trajectory of 
photons (and therefore point back to 
correct production vertex) 

  Validate pointing performance with    
Z → ee events 
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  Angular resolution corresponds to 
resolution of the average z-position at 
the beamline of the 2 photons ~ 1.5 cm 

          (cf. beam spread of σ ~ 5.6 cm) 
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H → γγ Results 

  After final selection, purity of 
sample (ie. % of true diphoton 
events) is ~ 72% 

  No excess seen in diphoton invariant 
mass spectrum 
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  Set limit on SM Higgs : 
~ (3-4)X SM cross section, 

using 1 fb-1 

m(H)  [GeV] 
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H → WW(*) → lnu lnu 

  Important channel for low/intermediate masses 
  Main challenge arises from lack of mass peak due to neutrinos 
      is essentially a counting experiment 

Sept. 26/11 

Expected signal for 
m(H) = 150 GeV 

Expected bkgnd and 
observed Nevts 

H + 0 jet channel results with 1.7 fb-1 
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H → WW(*) → lnu lnu 

  H + 1 jet channel results with 1.7 fb-1 
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Expected signal for 
m(H) = 150 GeV 

Expected bkgnd and 
observed Nevts 
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Results from H → WW(*) → lnu lnu  

SM Higgs excluded @ 95% CL for m(H) in range 154-185 GeV 
(expected exclusion is 135-196 GeV) 
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H → ZZ(*) → ll ll 

Sept. 26/11 

  Very clean, “golden channel” 
  Runs out of statistics at high mass, so there revert to decays with higher 

BR’s, such as H → ZZ(*) → ll nunu and H → ZZ(*) → ll qq 
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ZZ* → µµµµ Candidate 
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Overview of ATLAS SM Higgs Results 
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Combination of ATLAS SM Higgs Results 

SM Higgs boson mass excluded at 95% CL : 
146-232, 256-282, 296-466 GeV 

Expected exclusion range: 131 – 447 GeV 
Sept. 26/11 
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What about CMS Higgs Results? 
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CMS SM Higgs Combination 
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Comparison of Most Recent SM Higgs Limits 

Sept. 26/11 

  Tevatron combination (CDF + DZero) – up to 8.6 fb-1   
  Observed exclusion: 100-109 and 156-177 GeV 
  Expected exclusion:  100-108 and 148-181 GeV 

  ATLAS – up to 2.3 fb-1   
  Observed exclusion: 146-232, 256-282, 296-466 GeV 
  Expected exclusion:  131-447 GeV 

  CMS – up to 1.7 fb-1   
  Observed exclusion: 145-216, 226-288, 310-400 GeV 
  Expected exclusion:  130-440 GeV 
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Rate of Progress in ATLAS Combined SM Higgs Result 
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Selected Examples of  
ATLAS Searches  
for BSM Physics 
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Summary of ATLAS BSM Physics Searches 

Sept. 26/11 
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Models with Extra Dimensions 

  Motivated by string theory, models arose in the late 1990s using extra 
dimensions to try explain the hierarchy problem of the SM 

  The original proposal of Arkani-Hamed, Dimopoulos and Dvali (ADD) 
postulated the existence of a number n of large (~1 /eV) extra flat spatial 
dimensions, into which only gravity can propagate 
  Expect “Kaluza-Klein (KK) tower” of massive (eV-spaced, ie. almost 

continuous) graviton states which, if produced, would escape detection  
ETmiss 

  A year later, Randall and Sundrum (RS) proposed a model with an additional 
~1/TeV-scale “warped” extra dimension 
  KK tower of TeV-spaced massive gravitons, which decay to SM particles 

  While both models originally assumed only gravity could propagate in the bulk, 
it was soon realized that a subset, or even all, of the SM particles could also 
  In “Universal Extra Dimensions” case, expect KK towers for all SM 

particles 

Sept. 26/11 
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Search for RS Graviton 

  Can search for lightest RS KK graviton by looking for a resonance at high 
mass in the invariant mass distribution of SM particle-antiparticle pairs  

Sept. 26/11 

Ph.D. thesis of E. Wulf,   
RS G → ee and G → γγ  
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Dielectron Event with m(ee) = 959 GeV 
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Search for Z’ → µµ 
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  In addition to RS Graviton, can use high mass dilepton spectrum to search 
for heavy Z’ bosons 
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RS Graviton and Z’ Search Results 
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UED Analysis in γγ + ETmiss Final State 

  Consider case of 1 UED with compactification radius R, embedded in larger 
space of N “ADD-type” extra dimensions 

  Pair of KK quarks/gluons would cascade 
decay down to “LKP”, the lightest KK photon 

  If “KK parity” broken by gravitational 
interactions, allows decay γ* → γ + G 

  Final state would be γγ + ETmiss  

  Previous D0 limit (from former Columbia 
student’s thesis) was 1/R > 477 GeV @ 95% CL 

  First ATLAS result (one of first BSM results, using only 3 pb-1 !) increased 
this limit to 1/R > 728 GeV @ 95% CL 

               (recent update with 1 fb-1 increases further, to 1/R > 1226 GeV) 
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UED Analysis in γγ + ETmiss Final State 

  Given quality of understanding of detector from day one, we were able with 
VERY early data in 2010 to already demonstrate our control of the 
backgrounds, and in particular tails in ETmiss distribution   

Sept. 26/11 
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H → γγ 

  For low m(H), rare decay H→γγ (Br ~ 0.1%) is one of most promising 
channels 

  Requires excellent EM energy res’n as well as ability to find vertex (either by 
association with tracks or by EMCAL “pointing”) 

Sept. 26/11 
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  In GMSB models, SUSY breaking communicated by usual gauge interactions 
  An advantage is the “natural” absence of FCNC 

  In GMSB models, a light (~keV) gravitino is the LSP 
  Phenomenology dominated by nature of “next-to-lightest” SUSY particle 

(NLSP) 

  NLSP can be lighest neutralino, which then decays via χ1
0 → γ + G 

  Assuming R parity conversation, strong production of squark and/or gluino 
pairs leads to a final state of γγ + ETmiss 
  Can reinterpret UED study of this final state in GMSB context  

Gauge Mediated SUSY Breaking Models 
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GMSB γγ + ETmiss Result  

Sept. 26/11 

γγ + Etmiss 
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  In GMSB, NLSP can have a finite lifetime, giving rise to the possibility of 
photons which are non-pointing and delayed, as compared to those coming 
from prompt production/decays    (Ph.D. thesis of N. Nikiforou) 

  Use ability of EM calorimeter, using its fine segmentation, to measure 
trajectory of photon (as shown before for H → γγ analysis)  

  Can also use excellent timing resolution of the EM calorimeter 
  Currently, we have calibrated the timing with a resolution of ~ 600 ps 
  Good first step, but there a lot of work to do to reach final expected 

value of ~ 100 ps  (fortunately, we have a lot of data to work with!) 

GMSB (cont’d) 
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Summary of ATLAS SUSY Searches 
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  ATLAS has recorded > 3.5 fb-1 of 7 TeV pp collisions 

  Physics analysis is in full swing 
  During 2010, collected ~ 40 pb-1 and submitted 16 papers 
  During 2011, submitted 54 papers so far (with 20 more undergoing 

internal review) 

  So far, no sign of new physics (despite many searches probing scales > 1 TeV) 

  SM Higgs boson running out of places to hide: 
  Excluded at 95% CL for m(H) in ranges 146-232, 256-282, 296-466 GeV 
  Data taken by end of 2011 run should be sufficient to cover mass range 

down to LEP limit  

  These are exciting times, and the outlook is very bright! 
  Plan to run at 7 TeV (or perhaps slightly higher) thru end of 2012, before 

shutting down to prepare for operation at 14 TeV design energy 
  Longer term planning for lumi. upgrade (and even eventual energy 

upgrade) are already underway 

Summary and Outlook 
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