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The main experiments of the LHC physics program

CMS

ALICE
ATLAS

LHCb



The current status
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4.6 fb-1

0.04 fb-1

20.3 fb-1

• 1984-2009: 25 years of conception, 
design, & construction


• 2009: start of Run1, first beams

• 2010: first pp collisions at √s=7 TeV

• 2011: stable pp collisions at 7 TeV, 

increased luminosity (peak & total)

• 2012: stable pp collisions at 8 TeV, 

higher luminosity (peak, integrated)

• early 2013: end of Run1 after heavy 

ion (HI) run


• Total delivered luminosity in Run1:

• pp: ~25 fb-1 to ATLAS and CMS; 3 fb-1 to LHCb (lumi levelling)

• HI: ~10 (2010)+160 (2011) μb-1 Pb-Pb, 30 nb-1 p-Pb to ALICE/ATLAS/CMS

4

LHC Run1: a brief recap
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• optimally focused beams at IP (β*) 

• many, high-intensity bunches (number of bunches, bunch intensity)

• small emittance (spread of beam in transverse phase space)

5

The path to high luminosity

Giovanni Marchiori

design 
value
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• High data-taking efficiency (dead-time, 
dead channels, bad data quality <10%)


• High trigger efficiency for physics 
channels of interest (close to 100% with 
respect to phase space selected offline 
for best S/√B)


• Pile-up robust algorithms to cope with 
#interactions/crossing > design value (~25)


• Data-driven measurements of detector 
performance to squeeze systematic 
uncertainties to % level or better

6

Excellent detectors for an excellent machine

few cm

photon ID 
efficiency

γ trigger eff wrt offline
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What do we know after Run1?
Jorgen 
Beck 

Hansen

• Consolidated the SM: comprehensive set of measurements at √s=7 and 8 TeV

• Precision EW and QCD

• Rare processes particularly sensitive to New Physics like Bs→μμ


• Completed the Standard Model: Higgs boson discovery (ATLAS & CMS)!!

• clear evidence in various final states for same mass~125 GeV: 


• 5-8σ for each of H→γγ, H→WW*→lνlν and H→ZZ*→4l per experiment

• ~4σ H→ττ and ~2σ W/Z+H→bb per experiment (+3σ VH→bb @Tevatron)


• JP: >3σ exclusion of 0-, 1±, 2± vs 0+ per experiment (γγ/lνlν/4l combined)

• couplings: some measured to 20-30%, in agreement with SM values

• BR(invisible) <~ 30%; no enhancement of rare decays (μμ<7xSM, Zγ<10SM) [both exps]


• NO evidence of new physics (<~1 TeV) despite huge # of (direct&indirect) searches

(BSM)

(SM)
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Examples of indirect, precision searches
• In the Higgs boson sector:


• SM Higgs sector very constrained

• one neutral scalar

• for given mass everything else fixed

• mH related to mW and mt


• In the flavour sector:

• contributions to loop-induced 

processes by new particles

Bs→μμ

B→K*μμ
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• similar results from CMS

9

ATLAS SM measurements
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ATLAS & CMS Higgs results: the evidence

γγ

WWZZ

ττ

bb
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• mH =125.09±0.21(stat.)±0.11(syst.) GeV
11

ATLAS & CMS Higgs results: mass & couplings

mt=172.5 GeV

mb=mb(mH)=2.76 GeV 

assume SM-like loop-
induced couplings 

• similar couplings from ATLAS
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ATLAS & CMS Higgs results: spin & parity
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• similar results from CMS

13

ATLAS SUSY searches
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• similar results from ATLAS

14

CMS exotic searches

CMS Exotica Physics Group Summary – Moriond, 2015!

stopped gluino (cloud)
stopped stop (cloud)
HSCP gluino (cloud)

HSCP stop (cloud)
q=2/3e HSCP

q=3e HSCP
chargino, ctau>100ns, AMSB

neutralino, ctau=25cm, ECAL time

0 1 2 3 4

RS1(γγ), k=0.1
RS1(ee,μμ), k=0.1

RS1(jj), k=0.1
RS1(WW→4j), k=0.1

0 1 2 3 4

coloron(jj) x2
coloron(4j) x2

gluino(3j) x2
gluino(jjb) x2

0 1 2 3 4

RS Gravitons

Multijet 
Resonances

Long-Lived 
Particles

SSM Z'(ττ)
SSM Z'(jj)

SSM Z'(bb)
SSM Z'(ee)+Z'(µµ)

SSM W'(jj)
SSM W'(lv)

SSM W'(WZ→lvll)
SSM W'(WZ→4j)

0 1 2 3 4

Heavy Gauge 
Bosons

CMS Preliminary

j+MET, vector DM=100 GeV, Λ
j+MET, axial-vector DM=100 GeV, Λ

j+MET, scalar DM=100 GeV, Λ
γ+MET, vector DM=100 GeV, Λ

γ+MET, axial-vector DM=100 GeV, Λ
l+MET, ξ=+1, SI/SD DM=100 GeV, Λ
l+MET, ξ=-1, SI/SD DM=100 GeV, Λ
l+MET, ξ=0, SI/SD DM=100 GeV, Λ

0 1 2 3 4

Dark Matter

LQ1(ej) x2
LQ1(ej)+LQ1(νj)

LQ2(μj) x2
LQ2(μj)+LQ2(νj)

LQ3(νb) x2
LQ3(τb) x2
LQ3(τt) x2
LQ3(vt) x2

Single LQ1 (λ=1)
Single LQ2 (λ=1)

0 1 2 3 4

Leptoquarks

e* (M=Λ)
μ* (M=Λ)

q* (qg)
q* (qγ)

b*
0 1 2 3 4

Excited 
Fermions dijets, Λ+ LL/RR

dijets, Λ- LL/RR
dimuons, Λ+ LLIM
dimuons, Λ- LLIM

dielectrons, Λ+ LLIM
dielectrons, Λ- LLIM

single e,  Λ HnCM
single μ, Λ HnCM
inclusive jets, Λ+
inclusive jets, Λ-

0 1 2 3 4 5 6 7 8 9 101112131415161718192021

ADD (γ+MET), nED=4, MD
ADD (j+MET), nED=4, MD
ADD (ee,μμ), nED=4, MS

ADD (γγ), nED=4, MS
ADD (jj), nED=4, MS

QBH, nED=4, MD=4 TeV
NR BH, nED=4, MD=4 TeV

QBH (jj), nED=4, MD=4 TeV
Jet Extinction Scale

String Scale (jj)

0 1 2 3 4 5 6 7 8 9

Large Extra 
Dimensions

Compositeness

TeV

TeV

TeV

TeV

TeV

TeV

TeV

TeV

TeV



Giovanni Marchiori Towards the LHC Run2

]2
c [MeV/−

µ+µ
m

5000 5500

)
2

c
C

an
d

id
at

es
 /

 (
4

4
 M

eV
/

0

2

4

6

8

10

12

14

16

LHCb

BDT>0.7
-13 fb

Figure 2: Invariant mass distribution of the selected B0
(s) !

µ+µ� candidates (black dots) with BDT > 0.7. The result
of the fit is overlaid (blue solid line) and the di↵erent
components detailed: B0

s

! µ+µ� (red long dashed line),
B0 ! µ+µ� (green medium dashed line), combinatorial
background (blue medium dashed line), B0

(s) ! h+h0�

(magenta dotted line), B0(+) ! ⇡0(+)µ+µ� (light blue dot-
dashed line), B0 ! ⇡�µ+⌫

µ

and B0
s

! K�µ+⌫
µ

(black
dot-dashed line).

with a significance of 4.0 standard deviations (�), while
the significance of the B0 ! µ+µ� signal is 2.0�.
These significances are determined from the change
in likelihood from fits with and without the signal
component. The median significance expected for a
SM B0

s ! µ+µ� signal is 5.0�.
The simultaneous unbinned maximum-likelihood fit

results in

B(B0

s ! µ+µ�)= (2.9+1.1
�1.0(stat)

+0.3
�0.1(syst))⇥ 10�9 ,

B(B0 ! µ+µ�)= (3.7+2.4
�2.1(stat)

+0.6
�0.4(syst))⇥ 10�10 .

The statistical uncertainty is derived by repeating
the fit after fixing all the fit parameters, except the
B0

s ! µ+µ� and B0 ! µ+µ� branching fractions
and the slope and normalisation of the combinatorial
background, to their expected values. The systematic
uncertainty is obtained by subtracting in quadrature
the statistical uncertainty from the total uncertainty
obtained from the likelihood with all nuisance param-
eters allowed to vary according to their uncertainties.
Additional systematic uncertainties reflect the impact
on the result of changes in the parametrisation of the
background by including the ⇤0

b ! pµ�⌫̄µ component
and by varying the mass shapes of backgrounds from
b-hadron decays, and are added in quadrature. The

correlation between the branching fractions parame-
ters of both decay modes is +3.3%. The values of the
B0

(s) ! µ+µ� branching fractions obtained from the fit
are in agreement with the SM expectations. The invari-
ant mass distribution of the B0

(s) ! µ+µ� candidates
with BDT > 0.7 is shown in Fig. 2.

As no significant excess of B0 ! µ+µ� events
is found, a modified frequentist approach, the CL

s

method [38] is used, to set an upper limit on the
branching fraction. The method provides CL

s+b

, a
measure of the compatibility of the observed distribu-
tion with the signal plus background hypothesis, CL

b

,
a measure of the compatibility with the background-
only hypothesis, and CL

s

= CL
s+b

/CL
b

. A search
region is defined around the B0 invariant mass as
mB0 ± 60MeV/c2. For each BDT bin the invariant
mass signal region is divided into nine bins with bound-
aries mB0 ± 18, 30, 36, 48, 60MeV/c2, leading to a total
of 72 search bins.
An exponential function is fitted, in each BDT bin,

to the invariant mass sidebands. Even though they
do not contribute to the signal search window, the
b-hadron backgrounds are added as components in the
fit to account for their e↵ect on the combinatorial back-
ground estimate. The uncertainty on the expected
number of combinatorial background events per bin
is determined by applying a Poissonian fluctuation to
the number of events observed in the sidebands and by
varying the exponential slopes according to their uncer-
tainties. In each bin, the expectations for B0

s ! µ+µ�

decays assuming the SM branching fraction and for
B0

(s) ! h+h0� background are accounted for. For each
branching fraction hypothesis, the expected number
of signal events is estimated from the normalisation
factor. Signal events are distributed in bins according
to the invariant mass and BDT calibrations.
In each bin, the expected numbers of signal and

background events are computed and compared to
the number of observed candidates using CL

s

. The
expected and observed upper limits for the B0 ! µ+µ�

Table 2: Expected limits for the background only (bkg)
and background plus SM signal (bkg+SM) hypotheses, and
observed limits on the B0 ! µ+µ� branching fraction.

90% CL 95% CL

Exp. bkg 3.5⇥ 10�10 4.4⇥ 10�10

Exp. bkg+SM 4.5⇥ 10�10 5.4⇥ 10�10

Observed 6.3⇥ 10�10 7.4⇥ 10�10

4

• Bs: BR=(2.9+1.1-1.0)*10-9   SM: (3.6±0.3)*10-9

• Bd: BR<7.4*10-10 @95% CL   SM: (1.1±0.1)*10-10

15

LHCb Bs,d→µµ with full Run1 data

BsBd
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Fluctuations..

Search for heavy neutrinos and W 
bosons with right-handed 
couplings in proton-proton 
collisions at sqrt(s) = 8 TeV,  
Eur. Phys. J. C 74 (2014) 3149 

(see also CMS ~2 sigma excess in 
eνbb shown yesterday in WH for 
m>1.8 TeV)
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..
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Explaining the CMS eejj and evjj excess and 
leptogenesis in superstring inspired E6 models 
Phys. Rev. D 91, 055010 (2015) 

Stop that ambulance! New physics at the 
LHC?  
JHEP12(2014)010 

… 

+ >=1 theory paper for ~any >~2 sigma effect 
seen so far

18

.. or anomalies?
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• Black dots: new analysis, 3fb-1

• Blue dots: old analysis, 1fb-1

• 2.9σ local deviation in 2 neighbouring bins (3.7σ naive combination) wrt SM 

(recent calculation, arXiv:1407.8526)
19

Not only the energy frontier: B0→K*0μμ@LHCb

Moriond EW 2015

https://indico.in2p3.fr/event/10819/session/10/contribution/84/material/slides/0.pdf
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• The Puzzle: the SM can not be the ultimate theory of particle physics:

• what is the nature of the dark part (96% !) of the universe ?

• what is the origin of the matter-antimatter asymmetry ?

• why is gravity so weak ?

• why is the Higgs boson so light (“naturalness” problem) ?


• O(.1%) fine-tuning for Λ=10 TeV

• If NP exists at the ~TeV scale, it may be discovered through direct searches


• higher energy to increase the production cross sections of NP signals

• If NP is at the TeV++ scale, its effects may be visible only in indirect measurements


• much higher luminosity to do precision studies and search for small signals

• HARD TO MAKE DEFINITE PREDICTIONS…

20

The current landscape and the needs for next run
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• a similar “naturalness” problem: the electron mass


• space-time symmetry (Lorentz invariance) ⇒ doubling of spectrum ⇒ reduced 
dependence on high-momentum physics: may history repeat itself with SUSY? 


• more nice features: LSP as a dark matter candidate, gauge coupling unification
21

SUSY: one way to avoid fine tuning

M.L.Mangano, 
after Murayama



Perspectives for Run2

22



Giovanni Marchiori Towards the LHC Run2

• Many consolidation activities to improve reliability at higher energy and rate

• New dipoles: 18 out 1232 replaced

• Stronger connections between dipoles: >10k electrical interconnections 

fitted with shunts to provide an alternative path for I=11kA in case of fault

• Improved quench protection system to dissipate stored energy in 

controlled manner when abnormal voltage starts to develop in a magnet 

• Improved cryogenics: consolidation, maintenance of compressors, 

upgrade of control systems, renovation of cooling plant

• More radiation-resistant electronics

• ”Better” vacuum: inside of beam pipe coated with non-evaporable getter 

(NEG) to capture electrons. In places, solenoids wrapped around the beam 
pipe to keep electrons from deviating from the sides.


• Huge test program (electrical QA, electrical resistance measurements, leak 
tightness tests..)

23

LHC activities during the shutdown
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• Higher energy: 6.5 TeV/beam vs 4 TeV/beam [possibly 7 TeV/beam after 2015]

• operate radio frequency cavities at higher voltages


• Higher peak luminosity: 1.5*1034 vs 7*1033 cm-2s-1

• Narrower beams: β* = .4m vs .6m


• transverse beam size decreases with increasing energy

• Closer (2x) proton packets (so 2x more bunches): 25 ns instead of 50 ns


• slightly less populated (1.2*1011 vs 1.7*1011 p/beam) to mitigate pile-up

• Performance to be achieved gradually through 1st year of operation (2015)


• start first with 50ns separation, β* = 0.8m and improve gradually

• commission beam with reduced emittance (1.65) for 2016 (~45 fb-1/year)


• Beams back to LHC last weekend (at SPS energy) !

24

LHC plans for Run2

Beam Np 
(1011)

ε*

(μm) Nb

β*

(m)

Lpeak

(cm-2s-1) μ Days Lint 

(fb-1)
50 ns 1.2 2.5 1368 0.8 4.8E+33 25 21 (Jun) 0.5
25 ns 1.1 2.5 2448 0.8 7.2E+33 21 30 (Aug) 3
25 ns 1.1 2.5 2448 0.4 1.2E+34 34 48 (Oct-Nov) 8

http://lhc-commissioning.web.cern.ch/lhc-commissioning/performance/2015-performance.htm

http://lhc-commissioning.web.cern.ch/lhc-commissioning/performance/2015-performance.htm
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Projected performance to LS3 

26 Total integrated luminosity:  300 – 400 fb-1  
LHC France 2013 -  Annecy 

• some uncertainty on length of end-of-year breaks. Usual caveats apply..
25

LHC Run2 (and beyond) schedule

~100fb-1
~300fb-1

injector upgrade

Run1 Run2 Run3
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Why higher energy?
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Why higher energy?

1 10 100 1000 10000 

QBH (6 TeV) 
QBH (5 TeV) 

Q* (4 Tev) 
Z' SSM (3 TeV) 

gluino pair (1.5 TeV) 
stop pair (0.7 TeV) 

A(0.5 TeV, ggF+bbA) 
ttH 
ttZ 
tt 

H (VBF) 
H (ggF) 

WH 
t (t-channel) 
t (s-channel) 

ZZ 
Z(ll) 

W(ln) 
Minimum bias 

9000 
370 

56 
10 

46 
8.4 

4.0 
3.9 

3.6 
3.3 

2.4 
2.3 

2.0 
2.5 

2.2 
2.0 

1.7 
1.6 

1.2 

13#TeV#/#8#TeV#inclusive#pp#cross3sec4on#ra4o#

• Run2 sensitivity > Run1 for 
• first 1fb-1: strongly produced very heavy 

states

• 3-5 fb-1: most of the searches

• 10 fb-1 or more: ~all other analyses 

(some exceptions: VHbb..)
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• new, smaller, 
thinner beam 
pipe


• 4th pixel layer at 
smaller radius


• installation of a 
final layer of 
muon chambers 
in one of 2 
endcaps

28

Detector activities during the shutdown
Detector upgrades 

•  Detectors will need to be improved to be 
able to maintain performance at Run 2 

High'staTsTcs''HI'
measurements''
using'rare''
probe'parTcles''
at'low'pT.'

10nbS1,'min'bias'

Single$phase$major$$
upgrade$to$detector$$
&$readout$
in$LS2$

Record'very'high'stats''
to'search'for'effect'of''
possible'new'physics''
on''flavour'structure.'
(complementary'to''
ATLAS'&'CMS''progr)'
50RS1','40Mz'readout'

Single$phase$major$$
upgrade$to$detector$$
&$readout$
in$LS2$

• 4th'Si'Pixel'layer'(IBL)'
• Complete'muon'
coverage'
• Repairs'(TRT,'LAr'and'
Tile)'
• New'beampipe'and'
Infrastructure'updates'

• Complete'muon'
coverage'
• Cooler'tracker'
• Photodetectors'in'HCAL'
• New'beampipe'and'
infrastructure'updates'

• improved tracker 
cooling system 
to go from +4C 
to -15/-20C


• new beam pipe

• upgraded HCAL 

photodiodes 
with better S/B


• completed muon 
system (4th RPC 
disk in endcap)

• upgrade to DAQ 
to double the 
rate


• better vacuum 
(NEG coating)


• new beam pipe

• magnetic field 

map 
measurement for 
improved track 
reconstruction


Retuning of the reconstruction and 
trigger algos for higher pile-up and bkg
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Commissioning the ATLAS IBL with cosmics
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• SM (non-Higgs)

• high-energy EW, QCD, top 

production

• rare processes: vector-boson 

scattering, triboson production ⇒ 
anomalous triple/quartic couplings, 
FCNC top decays, ..


• H(125) Higgs boson

• precise measurement (>5σ) of 

fermionic channels (bb,ττ)

• ttH ⇒ yt

• rare decays (μμ, Zγ)

• couplings and differential xsections


• BSM extended Higgs sector

• High mass 2HDM/MSSM neutral 

bosons: γγ, WW, ZZ, ττ, bb, μμ ..

• Cascade Higgs decays: 

A→Zh→llττ, llbb.. / H→hh→γγbb, 
4b, bbττ, γγVV, ..


• Charged Higgs: Wh, WZ, AW ..

• Invisible decays: ZH→ll+ETmiss, 

VH→jj+ETmiss, VBFH→jj+ETmiss ..

• LFV decays: τμ, τe, eμ


• Direct searches

• excited quarks, gravitons: dijet, 

photon+jet, diphoton resonances

• heavy bosons (Z’): ll resonances

• supersymmetric particles

30

The ATLAS and CMS physics programme in Run2
• Two main goals: 


• Extend the studies of the recently discovered 125 GeV Higgs boson

• Search for NP as deviations from SM in the Higgs sector or elsewhere


• A rich physics program, including:
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Selected perspectives
• Next slides based on prospect studies: 


• ATLAS (arXiv:1307.7292)

• parametric simulations

• similar analysis as Run1 (do not include improvements due to new 

techniques, improved understanding of bkg, reduced theory 
uncertainties)


• CMS (arXiv:1307.7135)

• extrapolation from Run1 current results with assumptions on errors


• scenario A = same as Run1

• scenario B = Δtheory/2, rest ∝ 1/√L


• ATLAS and CMS scenario A bay be somewhat pessimistic (no retuning..)


• Studies were done for both 300 fb-1 and for the long-term high-luminosity 
(and high pile-up!) phase (3000 fb-1, 2025-203x)

• many plots are for 3000 fb-1, but numbers are given also for 300 fb-1 and 

are then (roughly!) extrapolated to 100fb-1

http://arxiv.org/pdf/1307.7292v2.pdf
http://arxiv.org/pdf/1307.7135v2.pdf


Giovanni Marchiori Towards the LHC Run2

• ki = coupling normalised to SM value

• 100 fb-1 is a factor 1.5 larger

• expected sensitivity with 100 fb-1: 7-25%

• kμ: ~35-40%

32

Higgs boson precision measurements
Higgs (anomalous) Couplings 

300'RS1'

Scenario'1'(pessimisTc):'systemaTc''
uncertainTes'as'today'
Scenario'2'(opTmisTc):'experimental''
uncertainTes'as'1/√L,'theory'halved'

ki= measured coupling normalized to 
SM prediction 

    λij=ki/kj 

Expected sensitivity with 100 fb-1 

  7-25% 

Dashed:''
theoreTcal'
uncertainty'

signal strength couplings

Giovanni Marchiori
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• In SM with Higgs, ξ=0; ξ≠0, would be sign 
for new (resonant or non-resonant) physics


• Analysis:


• At least 2 high-pT jets (>50 GeV), forward, 
large invariant mass (> 1 TeV)


• leptonic final states for better S/B:       ZZ 
(4l), WZ (3l), WW (2l, same-sign)


• bkg from non-VBS diboson + jet

33

Precision EW measurements: VBS



Giovanni Marchiori Towards the LHC Run2

SBottom discovery potential 

•  Sbottom also supposedly light due to mixing with stop 
•  Discovery with 100 fb-1 for masses up to 500++ GeV 

–  Scenario A: syst. errors as today 
–  Scenario B: syst. errors scaled with 1/√L (but at least 10%) 

• direct stop production


• naturalness ⇒ light (<1 TeV)

• challenging due to top bkgs

• 5σ discovery up to ~800 GeV in 

direct production with 300 fb-1, 
~700 GeV with 100 fb-1


• direct sbottom production


• sbottom also supposedly light 
due to mixing with stop


• final state: same-sign lepton pair, 
jets, b-tags, MET


• discovery for m(sbottom) up to 
500+ GeV

34

SUSY searches
SBottom discovery potential 

•  Sbottom also supposedly light due to mixing with stop 
•  Discovery with 100 fb-1 for masses up to 500++ GeV 

–  Scenario A: syst. errors as today 
–  Scenario B: syst. errors scaled with 1/√L (but at least 10%) 

6.2 Direct Production of Top Squarks

Naturalness arguments lead to the conclusion that a Higgs boson mass of mH = 125 GeV favors
a light top squark mass, less than 1 TeV. A direct search for top squarks needs to cover this
allowed range of masses. The top squark pair production cross section at

p
s = 14 TeV is 10 fb

for mt̃ = 1 TeV. For the purpose of this study, the stops are assumed to decay either to a top
quark and the LSP (t̃ ! t + �̃0

1) or to a bottom quark and the lightest chargino (t̃ ! b + �̃±1 ).
The final state for the first decay is a top quark pair in associated with large missing transverse
momentum, while the final state for the second decay is 2 b-jets, 2 W bosons, and large missing
transverse momentum. In both cases, leptonic signatures are used to identify the top quarks or
the W bosons. The 1-lepton + jet channel is sensitive to t̃ ! t + �̃0

1, and the 2-lepton + jet
channel is sensitive to t̃ ! b + �̃±1 . For this study, the event selection requirements were not
reoptimized for a greater integrated luminosity.

An increase in the integrated luminosity from 300 to 3000 fb�1 results in an increase in a stop
mass discovery reach of approximately 150 GeV, up to 920 GeV (see Fig. 11). This increase
covers a significant part of the top squark range favored by naturalness arguments. In this study
the same selection cuts were used for the two luminosity values.
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Figure 11: Discovery reach (solid lines) and exclusion limits (dashed lines) for top squarks in the t̃ !
t + �̃0

1 (red) and the t̃ ! b + �̃±1 , �̃
±
1 ! W + �̃0

1 (green) decay modes.

6.3 Strong Production of Squarks and Gluinos

A high-luminosity dataset would allow the discovery reach for gluinos and squarks to be pushed
to the highest masses. Gluinos and light-flavor squarks can be produced with a large cross
section at 14 TeV, and the most striking signature is still large missing transverse momentum as
part of large total e↵ective mass. An optimized event selection for a benchmark point with
mq̃ = mg̃ = 3200 GeV requires the missing transverse momentum significance, defined as
Emiss

T /
p

HT , be greater than 15 GeV1/2. (The variable HT is defined to be the scalar sum of
the jet and lepton transverse energies and the missing transverse momentum in the event.) Both
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• Z’→ee, μμ


• \


• <~5 TeV excluded with 100 fb-1 

for both ee and μμ


• W’→eν, μν

• search for Jacobian peak in 

transverse mass, bkg from 
tails due to SM W


• <~5 TeV excluded with 100 
fb-1
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Heavy boson searches
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Figure 15: Left: The reconstructed resonance mass spectrum for the gKK ! tt̄ search in the lepton+jets
channel with 3000 fb�1 for pp collisions at

p
s = 14 TeV. The highest-mass bin includes the overflow.

Right: The 95% CL limit on the cross section times branching ratio. Also shown is the theoretical
expectation for the gKK cross section, for a ratio of the coupling to quarks to gs of -0.2, where gs =p

4⇡↵s.
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Figure 16: Left: The reconstructed dielectron mass spectrum for the Z0 search with 3000 fb�1 of pp
collisions at

p
s = 14 TeV. The highest-mass bin includes the overflow. Right: The 95% CL upper limit

on the cross section times branching ratio. Also shown is the theoretical expectation for the Z0S S M cross
section.

are quark-singlet (QS) models, two-Higgs doublet (2HDM) and flavor-conserving two-Higgs
doublet (FC 2HDM) models, the minimal supersymmetric model (MSSM), SUSY models with
R-parity violation (/R), the topcolor assisted technicolor model (TC2) [28], and models with
warped extra dimensions (RC) [29]. FCNC decay are sought through t ! q� and t ! qZ
channels where q is either an up or a charm quark. Table 8 shows the Standard Model and
BSM decay rates in the various channels. The best current direct search limits are 3.2% for t !
�q [30] and 0.21% for t ! Zq [31]. A model-independent approach to top quark FCNC decays
using an e↵ective Lagrangian [32, 33, 34] is used here to evaluate the sensitivity of ATLAS in
the HL-LHC era. Even if the LHC does not measure the top quark FCNC branching ratios, it
can test some of these models or constrain their parameter space, and improve significantly the
current experimental limits on the FCNC branching ratios.

Top quark FCNC decays are sought in top quark pair production in which one top (or anti-
top) decays to the SM Wb final state, while the other undergoes a FCNC decay to Zq or �q.
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warped extra dimensions (RC) [29]. FCNC decay are sought through t ! q� and t ! qZ
channels where q is either an up or a charm quark. Table 8 shows the Standard Model and
BSM decay rates in the various channels. The best current direct search limits are 3.2% for t !
�q [30] and 0.21% for t ! Zq [31]. A model-independent approach to top quark FCNC decays
using an e↵ective Lagrangian [32, 33, 34] is used here to evaluate the sensitivity of ATLAS in
the HL-LHC era. Even if the LHC does not measure the top quark FCNC branching ratios, it
can test some of these models or constrain their parameter space, and improve significantly the
current experimental limits on the FCNC branching ratios.

Top quark FCNC decays are sought in top quark pair production in which one top (or anti-
top) decays to the SM Wb final state, while the other undergoes a FCNC decay to Zq or �q.
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6.2 Searches for Monoleptons+MET 27
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Figure 23: The minimum cross section times branching ratio for discovery as function of dielec-
tron (left) and dimuon (right) mass for various luminosity scenarios. For the dielectron search,
various luminosity and detector scenarios are considered, where the “EB-EB only” lines repre-
sent the reduced acceptance scenario in which electrons are reconstructed in the ECAL barrel
only.

including 90% geometrical acceptance. The primary source of background is the off-peak, high
transverse mass tail of the Standard Model W ! `n decays. Other backgrounds are negligible
at high MT, which is the dominant region to set the upper limits on the model parameters.
The background predictions are based on simulations up to very high transverse masses. Both
signal and background are generated using MADGRAPH 4.5.1.

The signal parameter in case of a discovery is determined using the profile likelihood method
by generating toy experiments. To assume a discovery, the median likelihood is required to be
less than 5s. The electron and muon channel are treated separately and their likelihoods are
combined.

)-1Luminosity (fb
0 500 1000 1500 2000 2500 3000

W
' m

as
s 

(G
eV

)
5000

5200

5400

5600

5800

6000

6200  = 14TeVsCMS projection      
ν µ, ν e →W' 

 discovery thresholdσ5

assumed W' mass independent signal efficiency 

Figure 24: Projection of the 5s discovery reach for
p

s = 14 TeV for the sequential standard
model W0 .

The resulting discovery sensitivity on the W0 mass as a function of integrated luminosity is
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Conclusion
• A tremendous effort was produced during LHC Run1, leading to


• the discovery of a (the?) Higgs boson

• in excellent agreement with SM predictions

• completing the SM

• providing an explanation for EW symmetry breaking & mass generation


• no evidence for BSM physics despite the wide-range searches


• There are reasons for believing that the SM is not the ultimate theory and that 
whatever is behind it may be in the TeV range


• Increasing the LHC energy to 13-14 TeV and the luminosity by an order of 
magnitude will significantly extend the reach of the direct searches and the 
accuracy of the indirect ones


