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Key Questions

• What is the origin of Electroweak 
Symmetry Breaking? Origin of Mass?

• Where is all the Anti-Matter?

• Were the fundamental forces once unified?

• Are there extra dimensions? Dark Matter?

New particles should appear at the TeV scale, 
in reach of the LHC 
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Supercondu
cting

Proton 
Accelerator 
and Collider

Tunnel
27 km long

 4m 
diameter

1232 
Dipoles

8 Tesla Fields
Temp ~ 1.9 

K
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LHC Experiments
• ATLAS/CMS : 

• Electroweak Symmetry Breaking

• Supersymmetry

• Extra Dimensions, Exotics

• LHCb : 
• CKM Measurements 

• (Matter/Anti-Matter Imbalance)

• Precision tests of the standard model

• ALICE : 
• Properties of the Quark-Gluon Plasma
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LHC Experiments
• ATLAS/CMS : 

• Electroweak Symmetry Breaking

• Supersymmetry

• Extra Dimensions, Exotics

• LHCb : 
• CKM Measurements 

• (Matter/Anti-Matter Imbalance)

• Precision tests of the standard model

• ALICE : 
• Properties of the Quark-Gluon Plasma

Also smaller experiments:Totem, Alpha
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LHC Beginning & Beyond
LHC start up,   s = 900 GeV 

s = 7-8 TeV ,  L = 6 to 8 10  cm s, bunch spacing 50 ns  

Go to design energy, nominal luminosity 

-2 -133

s = 13-14 TeV,  L = 1 10  cm s, bunch spacing 25 ns
                           (likely to be more)  

-2 -1

34

Injector & LHC Phase I upgrade to full design luminosity

s = 14 TeV,  L = 2 10  cm s, bunch spacing 25 ns 
                           (likely to be more)

34

HL-LHC Phase-2 upgrade, crab cavities?, IR 

-2 -1
s = 14 TeV,  L = 5 10  cm s, bunch spacing 25 ns 

34
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• 2009-today: Run 1 : 7-8 TeV centre of 
mass energy. Peak Luminosity  6.66 x 
1033 cm-2s-1 

• 2013-2014 : Shut down to prepare 
machine for design energy (14 TeV) 
and nominal luminosity (1034cm-2s-1)

• 2015-2016 : Operation at design

9
Tuesday, 26 June 12



LHC  Highlights - 26 June, 2012 - Geoffrey Taylor

Estimated 
for 2012

LHC Peak Luminosity 

• http://lpc.web.cern.ch/lpc/lumiplots.htm
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LHC Integrated Luminosity 
@CMS
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Impressive)Luminosity)Race)with)an)Amazing)Finish!)
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An#extremely#successful#week#24#
•  Very%stable%opera-on%with%

–  ~6.5%e33%
–  1.5e11%ppb%

•  1.33%891%recorded%in%one%
week!!%

•  51%%of%the%-me%in%stable%beams%
•  Total%18.7%%‘down%-me’%

–  MKI%wai-ng%for%cool%down:%13h40'%
–  Injectors:%6h30' %%
–  Wai-ng%for%experiments:%3h28'%
–  Others%(>%1h):%7%h%51%min%

26%June%2012% T.%Pauly%&%S.%Zimmermann,%RC%Weekly% 3%
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LHC Collision Conditions
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Re-discovery of the SM
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A Higgs Search (H->WW*) @ ATLAS

CERN-PH-EP-2012-126 
e-Print: arXiv:1206.0756 [hep-ex]16

Tuesday, 26 June 12



LHC  Highlights - 26 June, 2012 - Geoffrey Taylor

A Higgs Search (H->γγ) @ CMS

Phys. Lett. B 710 (2012) 403-425

408 CMS Collaboration / Physics Letters B 710 (2012) 403–425

Table 3
Separate sources of systematic uncertainties accounted for in this analysis. The magnitude of the variation of the source that has been applied
to the signal model is shown in the second column.

Sources of systematic uncertainty Uncertainty

Per photon Barrel Endcap

Photon identification efficiency 1.0% 2.6%
R9 > 0.94 classification (class migration) 4.0% 6.5%
Energy resolution (!σ /EMC) R9 > 0.94 (low η, high η) 0.22%, 0.61% 0.91%, 0.34%

R9 < 0.94 (low η, high η) 0.24%, 0.59% 0.30%, 0.53%
Energy scale ((Edata − EMC)/EMC) R9 > 0.94 (low η, high η) 0.19%, 0.71% 0.88%, 0.19%

R9 < 0.94 (low η, high η) 0.13%, 0.51% 0.18%, 0.28%

Per event

Integrated luminosity 4.5%
Vertex finding efficiency 0.4%
Trigger efficiency One or both photons R9 < 0.94 in endcap 0.4%

Other events 0.1%

Dijet selection

Dijet-tagging efficiency VBF process 10%
Gluon–gluon fusion process 70%

Production cross sections Scale PDF

Gluon–gluon fusion +12.5% −8.2% +7.9% −7.7%
Vector boson fusion +0.5% −0.3% +2.7% −2.1%
Associated production with W/Z 1.8% 4.2%
Associated production with tt +3.6% −9.5% 8.5%

binned and an unbinned evaluation of the likelihood are consid-
ered. While most of the analysis and determination of systematic
uncertainties are common for these two approaches, there are dif-
ferences at the final stages which make a comparison useful. The
signal model is taken from MC simulation after applying the cor-
rections determined from data/simulation comparisons of Z → ee
and Z → µµγ events mentioned above, and the reweighting of
the Higgs boson transverse momentum spectrum. The background
is evaluated from a fit to the data without reference to the MC
simulation.

Since a Higgs boson signal would be reconstructed with a mass
resolution approaching 1 GeV in the classes with best resolution,
the limit and signal significance evaluation is carried out in steps
of 0.5 GeV. The SM Higgs boson cross sections and branchings ra-
tios used are taken from Ref. [66].

Table 3 lists the sources of systematic uncertainty considered
in the analysis, together with the magnitude of the variation of
the source that has been applied.

The limit set on the cross section of a Higgs boson decaying
to two photons using the frequentist CLS computation and an un-
binned evaluation of the likelihood, is shown in Fig. 2. Also shown
is the limit relative to the SM expectation, where the theoretical
uncertainties on the expected cross sections from the different pro-
duction mechanisms are individually included as systematic uncer-
tainties in the limit setting procedure. The observed limit excludes
at 95% CL the standard model Higgs boson decaying into two pho-
tons in the mass range 128 to 132 GeV. The fluctuations of the
observed limit about the expected limit are consistent with statis-
tical fluctuations to be expected in scanning the mass range. The
largest deviation, at mγ γ = 124 GeV, is discussed in more detail
below. It has also been verified that the shape of the observed limit
is insensitive to the choice of background model fitting function.
The results obtained from the binned evaluation of the likelihood
are in excellent agreement with the results shown in Fig. 2.

Fig. 3 shows the local p-value calculated, using the asymptotic
approximation [67], at 0.5 GeV intervals in the mass range 110 <
mH < 150 GeV. The local p-values for the dijet-tag event class,
and for the combination of the four other classes, are also shown
(dash-dotted and dashed lines respectively). The local p-value

Fig. 2. Exclusion limit on the cross section of a SM Higgs boson decaying into two
photons as a function of the boson mass (upper plot). Below is the same exclusion
limit relative to the SM Higgs boson cross section, where the theoretical uncertain-
ties on the cross section have been included in the limit setting.

quantifies the probability for the background to produce a fluctua-
tion at least as large as observed, and assumes that the relative
signal strength between the event classes follows the MC sig-
nal model for the standard model Higgs boson. The local p-value
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Fig. 1. Background model fit to the mγ γ distribution for the five event classes, together with a simulated signal (mH = 120 GeV). The magnitude of the simulated signal is
what would be expected if its cross section were twice the SM expectation. The sum of the event classes together with the sum of the five fits is also shown. a) The sum of
the five event classes. b) The dijet-tagged class. c) Both photons in the barrel, Rmin

9 > 0.94. d) Both photons in the barrel, Rmin
9 < 0.94. e) At least one photon in the endcaps,

Rmin
9 > 0.94. f) At least one photon in the endcaps, Rmin

9 < 0.94.

events, the use of a 2nd order polynomial was shown to be suffi-
cient and unbiased.

The description of the Higgs boson signal used in the search
is obtained from MC simulation using the next-to-leading order
(NLO) matrix-element generator powheg [53,54] interfaced with
pythia [49], using the z2 underlying event tune. For the dominant
gluon–gluon fusion process, the Higgs boson transverse momen-
tum spectrum has been reweighted to the next-to-next-to-leading
logarithmic (NNLL) + NLO distribution computed by the hqt pro-
gram [55–57]. The uncertainty on the signal cross section due to
PDF uncertainties has been determined using the PDF4LHC pre-
scription [58–62]. The uncertainty on the cross section due to
scale uncertainty has been estimated by varying independently
the renormalization and factorization scales used by hqt, between
mH/2 and 2mH. We have verified that the effect of this variation
on the rapidity of the Higgs boson is very small and can be ne-
glected.

Corrections are made to the measured energy of the photons
based on detailed study of the mass distribution of Z → ee events
and comparison with MC simulation. After the application of these
corrections the Z → ee events are re-examined and values are de-
rived for the random smearing that needs to be made to the MC
simulation to account for the energy resolution observed in the
data. These smearings are derived for photons separated into four

η regions (two in the barrel and two in the endcap) and two cate-
gories of R9. The uncertainties on the measurements of the photon
scale and resolution are taken as systematic uncertainties in the
limit setting. The overall uncertainty on the diphoton mass scale is
less than 1%.

The mγ γ distributions for the data in the five event classes,
together with the background fits, are shown in Fig. 1. The un-
certainty bands shown are computed from the fit uncertainty on
the background yield within each bin used for the data points.
The expected signal shapes for mH = 120 GeV are also shown. The
magnitude of the simulated signal is what would be expected if its
cross section were twice the SM expectation. The sum of the five
event classes is also shown, where the line representing the back-
ground model is the sum of the five fits to the individual event
classes.

8. Results

The confidence level for exclusion or discovery of a SM Higgs
boson signal is evaluated using the diphoton invariant mass distri-
bution for each of the event classes. The results in the five classes
are combined in the CL calculation to obtain the final result.

The limits are evaluated using a modified frequentist approach,
CLs, taking the profile likelihood as a test statistic [63–65]. Both a
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Discovery?

• Finding the Higgs is a discovery!
• Not finding the SM Higgs is a 

discovery!

• LHC will elucidate spontaneous 
symmetry breaking. How do the W 
and Z get their mass? Let alone all 
other elementary particles?

18
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Higgs Search Limits

It took ~30 years to experimentally restrict 
the SM Higgs mass to be above 114 GeV
CMS and ATLAS independently eliminated 
another ~475 GeV of the range in 2011

“Expected” exclusion  114.5 - 543 GeV
Observed exclusion 127.5 - 600 GeV

19
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Higgs Search Limits: ATLAS

Excluded at 95% CL  

110 < mH < 122.5 GeV (except 117.5-118.5) 
129 < mH < 539 GeV 

Expected if no signal
120-555 GeV 

One window left open? 
Have a new peak at ICHEP 2012

20
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A standard model Higgs?
• Is the particle we are calling a Higgs, a real 

Higgs? A real Higgs would decay to WW* 
much more often than it decays to γγ 

• Decay to two photons proceeds via indirect 
decay. If it happens more often than expected
• Higgs couplings to top and W don’t match prediction OR

• Unknown heavy particles are mediating the decay

• Must proceed to measure decays to  
fermions: leptons and quarks ( H →ττ & 
H→bb )

21
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Retrospective
• In 2008 ATLAS performed studies involving state of 

the art simulations in a rigorous effort to prepare 
for the start of data taking at the LHC

• Culminated in a ~1850 page document it reported 
what was expected to be searched for or measured 
and to what exclusion or precision at collision 
energy of 14 TeV 

• (arXiv:0901.0512 - citations > 700)

• In 2012 we can look back and measure our 
progress with respect to expectation 

• (Higgs is the best case study)

22
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Higgs Expectations @ 14 TeV

√s
(TeV)

σ(gg→H) (pb)
m(H) = 125 

GeV

7 15

8 20

14 50
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Higgs Expectations @ 14 TeV

√s
(TeV)

σ(gg→H) (pb)
m(H) = 125 

GeV

7 15

8 20

14 50

Factor 2.5-3 less Higgs events at 
7-8 TeV than at 14 TeV -  at 125 
GeV expected significance was 
4 sigma with luminosity of 10/

fb. 
With ~15/fb at 7-8 TeV, the 
significance is greater than 5 

sigma. Basically in three years of 
data-taking analyses have 
improved by a factor of 2. 
Remarkable achievement!
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Higgs Expectations @ 14 TeV
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Physics Beyond the SM
• Has the LHC ...

• made dark matter?
• made weird heavy particles? Black holes?
• found sources of CP asymmetry that help bridge the 

gap between the minuscule amount in the SM and 
that observed in the Universe

• No evidence for any of it yet, but as David 
Gross said at EPS2011 “we’re only at the 
beginning of a long journey”. We expect to 
accumulate 100 times more data, so let’s 
be optimistic.

24
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Particles decaying to Top
Kaluza-Klein gluon excitation in the Randall-

Sundrum model

For narrow Z's,   95%CL limits range from 9.3-0.95 pb in the range 
m_Z' = 500 GeV -1300 GeV. 

The excluded mass region for a leptophobic topcolour Z' boson 
(Kaluza-Klein gluon excitation in the Randall-Sundrum model):

 m_Z' < 880 GeV       (m_{g_KK} < 1130 GeV).
CERN-PH-EP-2012-122 

e-Print: arXiv:1205.5371 [hep-ex] 25
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Di-jet Resonance Searches

• Test of QCD & Large sensitivity to new physics
• Resonances decaying into two quarks or gluons, excited quarks
• ATLAS 36/pb. Exclude 95% C.L. 0.60 < m(q*) < 2.64 TeV. CMS 

similar analysis with 2.9/pb
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SUSY constraints

gluino mass [GeV]
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 median expected limitsCL

!1 !Expected limit 

ATLAS EPS 2011

 0-lepton jet+MET channels most sensitive to gluino and squark 
production (Simplified Model - assumes only squarks gluino & LSP)
 Changing neutralino mass and allowing for richer SUSY particle 

content weakens constraints (more room to search)
27
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ATLAS Mass Reach for SUSY

28
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ATLAS Mass Reach for Exotics

Similar results for CMS for SUSY and Exotics
https://twiki.cern.ch/twiki/bin/view/CMSPublic/PhysicsResultsSUS
https://twiki.cern.ch/twiki/bin/view/CMSPublic/PhysicsResultsEXO 29
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Is SUSY beyond reach?
• Pre-LHC : SUSY predicted particles at the 

Terascale

• Today : SUSY is directly being pushed beyond the 
Terascale > 1 TeV 

• Precision flavor physics e.g LHCb (Belle, Babar 
elsewhere) > 10 TeV

• Naturalness requires SUSY to have fairly light 
stops to  cancel “un-naturally” large corrections to 
the Higgs mass

30
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Precision Tests of the 
Standard Model

31
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LHCb 
• Sensitive probe of new physics.

• Virtual loops 
• Measurement of the Isospin 
asymmetry in B->K μμ turned up 
an asymmetry which no one 
expected 
• arXiv:1205.3422 [hep-ex]
• Awaiting  SM prediction

More on  LHCb results in 
upcoming talk 

32
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Heavy Ion Physics

ALICE

Exact mechanism  
that causes 

confinement 
remains unknown

Is the mechanism 
that confines 
quarks inside 

protons responsible 
for most of the 
mass in matter?

33
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Properties of qg-Plasma

• QCD predicts the existence of quark-
gluon plasma at high energy density

• Azimuthal distribution of particles in 
the plane perpendicular to the beam 
direction (azimuthal anisotropy) 

• Higher Harmonic Anisotropic Flow 
Measurements of Charged Particles in 
Pb-Pb collitions at sqrt(s)= 2.76 TeV

• Fourier coefficients

• First measurements of particle flow 
v3, v4 and v5! 

• PRL 107, 032301 (2011)

magnitude of v2ðptÞ is better described by !=s ¼ 0 while
for v3ðptÞ !=s ¼ 0:08 provides a better description. We
anticipate future comparisons utilizing MC-KLN initial
conditions.

For central collisions 0%–5% we observe that at pt $
2 GeV=c v3 becomes equal to v2 and at pt $ 3 GeV=c v4

also reaches the same magnitude as v2 and v3. For more
central collisions 0%–2%, we observe that v3 becomes
equal to v2 at lower pt and reaches significantly larger

values than v2 at higher pt. The same is true for v4

compared to v2.
We compare the structures found with azimuthal corre-

lations between triggered and associated particles to those
described by the measured vn components. The two-
particle azimuthal correlations are measured by calculating

Cð!"Þ % Nmixed

Nsame

dNsame=d!"

dNmixed=d!"
; (3)

where !" ¼ "trig &"assoc. dNsame=d!" (dNmixed=d!")
is the number of associated particles as function of !"
within the same (different) event, and Nsame (Nmixed) the
total number of associated particles in dNsame=d!"
(dNmixed=d!"). Figure 4 shows the azimuthal correlation
observed in very central collisions 0%–1%, for trigger
particles in the range 2<pt < 3 GeV=c with associated
particles in 1< pt < 2 GeV=c for pairs in j!!j> 1. We
observe a clear doubly peaked correlation structure cen-
tered opposite to the trigger particle. This feature has been
observed at lower energies in broader centrality bins
[32,33], but only after subtraction of the elliptic flow
component. This two-peak structure has been interpreted
as an indication for various jet-medium modifications
(i.e., Mach cones) [32,33] and more recently as a manifes-
tation of triangular flow [10–13]. We therefore compare the
azimuthal correlation shape expected from v2, v3, v4, and
v5 evaluated at corresponding transverse momenta with the
measured two-particle azimuthal triggered correlation and
find that the combination of these harmonics gives a natu-
ral description of the observed correlation structure on the
away side.
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FIG. 4 (color online). The two-particle azimuthal correlation,
measured in 0<!"< # and shown symmetrized over 2#,
between a trigger particle with 2< pt < 3 GeV=c and an asso-
ciated particle with 1< pt < 2 GeV=c for the 0%–1% centrality
class. The solid red line shows the sum of the measured aniso-
tropic flow Fourier coefficients v2, v3, v4, and v5 (dashed lines).
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PRL 107, 032301 (2011) P HY S I CA L R EV I EW LE T T E R S
week ending
15 JULY 2011

032301-4
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Jet Quenching @ ATLAS
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Figure 1: (top) Dijet asymmetry distributions for data (points) and unquenched HIJING with superimposed
PYTHIA dijets (solid yellow histograms), as a function of collision centrality (left to right from peripheral to
central events). Proton-proton data from

√
s = 7 TeV, analyzed with the same jet selection, is shown as open

circles. (bottom) Distribution of ∆φ, the azimuthal angle between the two jets, for data and HIJING+PYTHIA,
also as a function of centrality.

events superimposed on HIJING events 6.

2 Di-jet asymmetry and azimuthal correlation

The cross-section of dijet production is a dominant contribution to the total jet production
cross-section. Jets are therefore most often produced in pairs well balanced in azimuth and
transverse energy. Jet quenching may lead to an imbalance in the transverse energy since each
jet, or initial parton, traverses a different path length in the QCD medium. Such an imbalance
can be quantified using the asymmetry defined as AJ = (ET,1 − ET,2)/(ET,1 + ET,2), where
ET,1 > ET,2 are transverse energies of jets in a dijet system. We focus on the balance between
the highest transverse energy pair of jets in events. These jets are required to have an azimuthal
angle separation, ∆φ = |φ1 − φ2| > π/2 to reduce contributions from multi-jet final states.
Furthermore the first jet is required to have ET,1 > 100 GeV, and the second jet ET,2 > 25 GeV.
The jet selection is chosen such that the first (leading) jet has high reconstruction efficiency and
the second (sub-leading) jet is above the distribution of background fluctuations and soft jets
associated with the collision. The jet selection criteria yield a sample of 1693 events from the
2010 Pb+Pb data corresponding to an integrated luminosity of approximately 1.7 µb−1. The
dijets are expected to have the asymmetry with a maximum near zero and rapidly decreasing
towards the kinematic limit determined by the selected cuts which lies near the asymmetry of
0.7.

Figure 1 shows the result of the measurement, upper plots show the dijet asymmetry, lower
plots show the dijet azimuthal correlations. The measurement is evaluated in four bins of collision
centrality going from the most central (0-10%) to the most peripheral (40-100%). The centrality
is defined using the total sum of transverse energy (ΣET ) deposited in the forward calorimeters
(FCal). The asymmetry distribution for dijets measured in p+p collisions at

√
s = 7 TeV is

shown in open symbols in the upper plots of Fig. 1. The yellow distributions show the Monte
Carlo (MC) reference which consists of fully reconstructed PYTHIA dijets embedded into the
underlying event simulated by the HIJING MC generator. The presence of dijets with large
asymmetries both in the reference samples and p+p data reflects the contribution from events
with a topology of three or more jets, and the detector effects. Compared to the reference, the
asymmetry measured in central heavy ion collisions exhibits the absence of the global maximum

Ultra-relativistic heavy ion collisions are expected to produce hot and dense QCD 
matter.

High pT quarks or gluons are expected  lose energy or have their parton shower 
modified in the medium of high color-charge density.

May lead to modified jet yields or structure, phenomenon known as “jet quenching”
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2012 LHC Goals
• Allow ATLAS and CMS to independently 

discover the Higgs before the shutdown (LS1)

• Run with Pb-p collisions at the end of 2012

• Machine studies with 25 ns bunch spacing and 
pileup to ensure smooth operation after LS1

• Data needed for Higgs discovery

Year
Data(/fb)/Beam 

E(TeV)
Significance

(σ)
2011 5 / 3.5 2.5
2012 11.5 /4.0 5
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LHC Lowlights
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Summary

40

LHC start up,   s = 900 GeV 

s = 7-8 TeV ,  L = 6 to 8 10  cm s, bunch spacing 50 ns  

Go to design energy, nominal luminosity 

-2 -133

s = 13-14 TeV,  L = 1 10  cm s, bunch spacing 25 ns
                           (likely to be more)  

-2 -1

34

Injector & LHC Phase I upgrade to full design luminosity

s = 14 TeV,  L = 2 10  cm s, bunch spacing 25 ns 
                           (likely to be more)

34

HL-LHC Phase-2 upgrade, crab cavities?, IR 

-2 -1
s = 14 TeV,  L = 5 10  cm s, bunch spacing 25 ns 

34

-1

-2 -1

Plan for 50% more  
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• Remarkable that with ~1/2 design 
energy (but with great progress on 
the luminosity front) the LHC has 
achieved so already.

• With plans for massive increases in 
data at higher energies in the future 
the LHC will without doubt be 
extremely productive
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last word from CERN DG
Nevertheless,	  at	  less	  than	  two	  weeks	  from	  the	  start	  of	  
the	  ICHEP	  conference,	  the	  news	  from	  the	  experiments	  
is	  exciting.	  As	  I	  reported	  to	  Council,	  the	  hints	  that	  
were	  reported	  in	  the	  2011	  data	  last	  December	  are	  
still	  present	  in	  the	  2012	  data.	  Furthermore,	  
reFinements	  of	  the	  analysis	  of	  the	  2011	  data	  have	  
conFirmed	  the	  hints	  reported	  in	  December.	  It	  is	  too	  
early	  for	  the	  experiments	  to	  say	  whether	  the	  
signiFicance	  is	  enough	  to	  claim	  a	  discovery,	  but	  
whatever	  the	  news,	  it	  will	  be	  reported	  at	  CERN	  on	  
Wednesday	  4	  July	  with	  a	  live	  two-‐way	  video	  link	  to	  
the	  scientists	  gathering	  in	  Melbourne	  for	  ICHEP2012.

42
Tuesday, 26 June 12


