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Mo#va#on	  for	  upgrade	  
Discovery of the X (125 GeV) Higgs 

Candidate 
•  Most likely the Higgs boson is 

found. What is the next? 
–  Is this the Standard Model Higgs?  
–  Is there anything else?  

•  Due to its nature the Higgs boson 
couples to all the (massive) 
particles and therefore we have 
the tool to search physics Beyond 
the Standard Model.  

The adventure in the TeV energy 
regime has just begun! 

•  Very few “BSM hints” at this 
point (G. Dissertori): 
–  Top AFB at Tevatron (2-3 sigma) 
–  W+b x-section slightly high 
–  Di-boson x-section slightly high 
–  Tension between bb and l+l- AFB’s in 

Z decay 
–  Does HZZ agree with Hγγ 
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Do	  we	  have	  a	  hint	  from	  Nature?	  
•  No! A Higgs mass of  125 GeV is a very 

special value 
•  From metastability considerations 

–  SM Higgs with Mh = 125 GeV 
does not imply a strict upper 
bound on the scale of new 
physics. 
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Introduction

SM effective potential

Stability of the EW vacuum

Results

Conclusions

A Higgs mass of ∼ 125 GeV is a very special value
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Figure 2: Plot in the mh – Λ plane showing the canonical constraints from Figure 1 as
well as the tuning contours. The darkly hatched region marked “1%” represents tunings of
greater than 1 part in 100; the “10%” region means greater than 1 part in 10. The empty
region is consistent with all constraints and has less than 1 part in 10 finetuning.

5 The Supersymmetric Case

After arguing that the scale of some general form of new physics could naturally sit at
several TeV, it is useful to consider a specific example, namely that of supersymmetry
(SUSY). Usually when one considers SUSY models, one is led to conclude that fine-
tunings of 1 part in 100 require the SUSY particle spectrum to lie below about
1 TeV [31, 32]. Kane and King [33] have even argued for gluinos lighter than about
500 GeV in some SUSY models in order to avoid tunings greater than 1 part in
10. Why is it, given the fact that SUSY is supposed to stabilize the weak scale
by eliminating quadratic divergences, that the cutoff associated with SUSY so much
smaller than those we have previously quoted?

The short answer is that the previous limits were for a general form of new physics;
specific types may require much lower scales to avoid tunings. The long answer is that
it is possible to arrange the parameters of SUSY so as to allow multi-TeV spectra
without tunings, however in most models this behavior is not realized.

In SUSY models, one usually defines fine-tuning starting from the same point

14

•  Fine-tuning may provide a 
weak hint to a scale  
 No need for new physics up 
to well beyond Λ = 10 TeV 

SM 

•  Precision measurements + Higgs 
particle may be our only window 
   Precision combined with energy  

1011	   1011	  

GeV	  



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	  
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The LHC Timeline	  

Discovery 2: 2 x Energy and 10 x Luminosity 

LS=Long Shutdown 

LS1 

LS3 

LS2 



Main Improvements to Physics Capabilities 
1.  New small Be pipe 

2.  New insertable pixel b-layer (IBL)  (drives shutdown schedule) 

3.  Finish the installation of the EE muon chambers staged in 
2003 +additional chambers in the feet (new electronics) and 
elevators region 

4.  Add topological processing in level 1 of trigger 

5.  Improve L1 trigger readout rate to 100kHz – NBI group 
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IBL preserves 
current physics 
performance at 
high pileup <μ>=46 

Phase-0 (installation 2013-14) 



Phase-I (installation in 2018) 
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Major Projects 
1.  New muon small wheels  with more trigger

 granularity and trigger track vector
 information – NBI  

2.  Higher-granularity calorimeter LVL1 trigger
 and associated front-end electronic 

3.  Fast track processor (FTK) using SCT and
 pixel hits (input to LVL2) expected
 installation before 2018 

4.  Forward physics detection station at 220m
 for new diffractive physics (full 3D
 edgeless and timing detectors, target
 2017) – NBI  

5.  Topological trigger processors combining
 LVL1 information from different regions of
 interest (improvements starting well
 before 2018 – NBI) 

New muon small 
wheel  

B and C background 



ATLAS Forward Physics detector 
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5. Forward Physics System1325

The proposal is to install an ATLAS Forward Proton (AFP) detector in order to detect protons at

206 and 214 meters on both side of the ATLAS experiment at a very small scattering angles. This

will open a new domain of physics accessible to ATLAS. Unique to this proposal, and different

from what has been done up to now, is the ability to operate at large luminosity, looking for rare

phenomena.1330

Figure 5.1. Sketch of the LHC beamline region where deployment of one arm of the AFP detector is

planned. Upper part:Layout of the straight section from the ATLAS IP to the quadrupole Q7. The position

of the ALFA detector and of the collimators discussed in the section on the detector acceptance is indicated.

Lower part: Expanded view of the region between 202.257 and 221.472 m where the AFP detector will be

located. The two stations AFP1 at 206 m and AFP2 at 214 m are shown.

Figure 5.1 is a sketch of the LHC beamline region where deployment of the AFP detector is

planned. This arm will consist of two sections (AFP1 and AFP2) of specialized beam pipe (see

Sec. 5.3), that allows the detectors to be in a retracted position during the injection of protons

into the LHC, and remotely positioned close to the beam after collisions are established. AFP1,

is a small section of beam pipe with a “pocket” containing a 6 layer Silicon tracking detector1335

as described in Sec. 5.4. The second station AFP, which is about 8m further from the ATLAS

interaction point will contain two pockets. The first (ordering with increasing distance from the IP)

with another tracking station identical to the first one, and the second containing a timing detector

named QUARTIC, described in Sec. 5.5. The aim of this setup, mirrored by an identical arm placed

on the opposite side of the ATLAS IP, will be to tag and measure the momentum, angle, and time-1340

of-flight of protons emerging intact from the pp interactions thus allowing ATLAS to expand its

physics capabilities both in Standard Model and exploratory physics as described in Sec. 5.1. This

program will be unique among the LHC experiments, thanks to the important capability added

to this project by the timing detectors which allow one to reconstruct with a few mm precision

– 52 –

No hardware involvement from NBI – but plentiful “invitations” 
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Physics Potential of LHC14 
•  Electroweak Physics 

•  Production of multiple gauge bosons (nV ≥ 3) 
•  triple and quartic gauge boson couplings 

•  Top quarks/rare decays 

•  Higgs physics 
•  Rare decay modes 
•  Higgs couplings to fermions and bosons 
•  Higgs self-couplings 
•  Heavy Higgs bosons of the MSSM 

•  Supersymmetry 
•  Extra Dimensions 

•  Direct graviton production in ADD models 
•  Resonance production in Randall-Sundrum models TeV-1 scale models 
•  Black Hole production 

•  Quark substructure 
•  Strongly-coupled vector boson system 

•  WLZL g WLZL , ZLZL scalar resonance, W+
LW + L 

•  New Gauge Bosons 

Examples	  studied	  
in	  some	  detail	  

hep-‐ph/0204087	  



Physics Potential of LHC14	  
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Higgs	  

One	  Ring	  to	  study	  it…	  



Higgs Properties 
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Checklist: 
•  Mass 
•  Spin and parity ( JP ) 
•  Couplings to vector bosons: is this boson 

related to EWSB, and how much does it 
contribute to restoring unitarity in 
WLWL scattering 

•  Couplings to fermions (>3σ) 
–  is Yukawa interaction at work 
–  contribution to restoring unitarity? 

•  Couplings proportional to mass as in SM? 
•  Is there only one unique state, or more? 
•  Elementary or composite? 
•  Self-interaction 
•  CP (even, odd, or admixture?) 

	  With	  300/L	  at	  14	  TeV	  the	  full	  CP	  quantum	  
numbers	  of	  non-‐mixed	  states	  can	  finally	  be	  
established	   

Expectation: ΔMh~100 MeV 

Discovery 1 



Higgs properties 
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•  Current	  results	  show	  intriguing	  features	  
(weak!)	  

Krakow
Sep 12 G. Dissertori : Experimental Status, HEF

Signal strength per channel

20

combined

arXiv:1207.7235v1 [hep-ex]arXiv:1207.7214v1 [hep-ex]

overall, consistency with SM

however, most striking/interesting: high !! rate, in both exps and both c.o.m. energies

ATLAS: 1.8 ± 0.5

CMS:    1.6 ± 0.4

  further data highly awaited, also to see development on the fermionic side

  interpretation in terms of couplings: see talk by Ch. Grojean

Hγγ	  slightly	  too	  high!	  



Higgs properties 

13/11-‐2012	   Discovery	  strategy	  mee#ng	   13	  

•  Projec#on	  (very	  preliminary)	  for	  branching	  ra#os	  

•  Expect	  5-‐10%	  precision	  achievable	  with	  300/L	  at	  
14	  TeV	  

√
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Figure 2: (a): Expected measurement precision on the signal strength in all considered channels for
luminosities of 300 fb−1 and 3000 fb−1. (b): Expected measurement precisions on ratios of Higgs boson
partial widths without theory assumptions on the particle content in Higgs loops or the total width.The
bars give the expected uncertainty on the signal cross sections (the dashed areas include current theory
uncertainties from scale and PDF variations).

best cases. The ratios Γγ/ΓZ and Γt/Γg provide constraints on new physics contributions to the H → γγ
and gg → H loops at the ∼5–20% level. For the derived ratio Γτ/Γµ, that gives insight into the coupling
relation between the 2nd and 3rd fermion generation, a precision of ∼30% is reachable.

In a minimal coupling fit, where only two independent scale factors CV and CF for the vector and
fermion couplings and no additional BSM contributions are allowed in loops or in the total width (σV,F ∼
ΓC,F ∼ C

2
V,F), experimental precisions of ∼5% on C

2
V

and ∼7% on C
2
F

are expected with 3000 fb−1 (∼10%
and ∼15% with current theory cross section uncertainties), a reduction of about a factor of two compared
to 300 fb−1.

2.3 Observation of the Higgs self coupling

In order to completely determine the parameters of the Standard Model and establish the Higgs mech-
anism as being responsible for the electroweak symmetry breaking, the measurement of the Higgs self-
couplings and subsequent reconstruction of the Higgs potential is important. A direct analysis of the
Higgs boson trilinear self-coupling λHHH can be done via the detection of Higgs boson pair production.
At hadron colliders, the dominant production mechanism is gluon-gluon fusion, and for centre-of-mass
energies of 14 TeV, the production cross section of two 125 GeV Higgs bosons is estimated2 to be 34 fb.
Due to the destructive interference of diagrams involving gg → HH, the cross section is enhanced at
lower values of λHHH; cross sections for λHHH/λS M

HHH
= 0 and λHHH/λS M

HHH
= 2 are σλ=0 = 71 and

σλ=2 = 16 fb respectively.
A Higgs boson mass mH ≈ 125 GeV implies a number of potential channels to investigate, due to a

2Cross sections at NLO calculated using the HPAIR package [6].

4



Anomalous	  Higgs	  couplings	  

•  Compare	  fermionic	  operators	  versus	  bosonic	  

•  Again	  5-‐10%	  is	  expected	  with	  300/L	  at	  14	  TeV	  
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SM	  One	  Ring	  to	  study	  it…	  



Diboson	  Studies	  
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17

Triple/Quartic Gauge Couplings

Broadly	  speaking,	  the	  sensi#vity	  to	  new	  physics	  through	  TGCs	  extends	  beyond	  10	  	  
TeV.	  



Unitarity	  restora#on	  
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Table 2: Summary of sensitivity to various resonance hypotheses in the semi-leptonic WW channel.

model baseline 500 GeV scalar 800 GeV vector 1150 GeVvector

(a4, a5) (0, 0) (0.01, 0.009) (0.009,−0.007) (0.004,−0.004)

S/B (3.3 ± 0.3)% (0.7 ± 0.1)% (4.9 ± 0.3)% (5.8 ± 0.3)%

S/
√

B (L = 300fb
−1

) 2.3 ± 0.3 0.6 ± 0.1 3.3 ± 0.4 3.9 ± 0.4

S/
√

B (L = 3000 fb
−1

) 7.2 ± 0.1 1.6 ± 0.1 10.4 ± 0.7 12.4 ± 0.7

Quoted in Table 2 is the significance of the resonant excess over background for integrated luminosity

of 300 fb
−1

and 3000fb
−1

. These numbers illustrate the discovery potential for a new vector resonance

of mass ∼1 TeV, which is an interesting mass range to probe in the context of electroweak symmetry-

breaking. The increase by a factor of ten in integrated luminosity enables these searches to cross the

discovery threshold.

Figure 4: The reconstructed invariant mass spectrum of the WW system in the semi-leptonic channel

with 3000fb
−1

, for tt̄ and diboson SM backgrounds as well as signals with various resonant masses; the

choice of parameters in the chiral Lagrangian model is given in the text.

4 Supersymmetry searches and measurements

The discovery (or exclusion) of weak scale supersymmetry (SUSY) remains among the highest priorities

for the LHC experiments. By introducing supersymmetric partners to all SM particles, SUSY removes

the quadratic divergences that accompany a fundamental scalar Higgs boson. In the framework of generic

R-parity conserving supersymmetric extensions of the SM, SUSY particles are produced in pairs and the

lightest supersymmetric particle (LSP) is stable. The LSP provides the massive thermal relic required to

explain the cosmological dark matter. The lightest neutralino is often assumed as LSP, where neutralinos

(χ̃
0

j , j = 1, 2, 3, 4) and charginos (χ̃
±
i , i = 1, 2) are the mass eigenstates originating from the mixture of the

SUSY partners of Higgs and electroweak gauge bosons (higgsinos and gauginos). The scalar partners of

right-handed and left-handed fermions can mix to form two mass eigenstates, nearly degenerate in case

of first and second generation squarks and sleptons (q̃ and l̃), whilst possibly split in case of bottom and

top squarks (sbottom, b̃ and stop, t̃) and tau sleptons (stau, τ̃). The lighter stop mass eigenstate can thus

be significantly lighter than the other squarks and the gluinos (g̃, supersymmetric partners of the gluons).

The world-leading constraints on the masses of many supersymmetric particles arise from the ATLAS

and CMS experiments at
√

s = 7 TeV and 8 TeV. Assuming a light LSP, the 1st and 2nd generation squark

and gluino masses are currently excluded below about 1.4 TeV and 1.0 TeV, respectively [14]. Less

stringent limits are placed on third generation squarks [15], gauginos [16] and sleptons (superpartners

8



Diboson	  Studies	  –VBS	  	  
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channel places the most stringent requirements on the single-lepton triggers, but we assume that triggers

combining high-pT leptons, jets and missing transverse energy will not be pre-scaled.
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Figure 3: The reconstructed 4-body mass spectrum using the two leading leptons and jets for WW
scattering in the pp → WW + 2 j → eνµν + 2 j channel, showing backgrounds and signal for a value of

a4 = 0.01 (left), and the limit that can be set on the a4 parameter (right) using the experimental σB limit

(band) and the predicted cross section as a function of a4 (solid line) for this channel.

Table 1: Summary of expected upper limits for a4 at the 95% confidence level using the pp → WW +
2 j→ eνµν + 2 j search at

√
s = 14 TeV in the absence of a signal.

model 300 fb
−1

1000 fb
−1

3000 fb
−1

a4 0.066 0.025 0.016

Figure 3 shows the 4-body (�� j j) mass spectrum reconstructed in the fully-leptonic decay mode

using the two leading leptons and jets for an integrated luminosity of 3000 fb
−1

, as well as the expected

limits on the cross section times branching ratio (σB) as a function of the a4 parameter. Comparing

to the predicted σB (theory curve shown), the expected limit on a4 from the dileptonic decay mode is

summarised in Table 1. The theoretical σB is taken as the difference between the prediction at a given

value of a4 and the prediction at a4 = 0. The increase of a factor of ten in integrated luminosity makes

ATLAS sensitive to a4 values smaller by a factor of four, allowing ATLAS to probe a4 ∼ 1%. The

effective Lagrangian parameters in the range 10
−3 − 10

−2
are compatible with precision electroweak

constraints. Thus, the high-luminosity LHC allows us to probe this interesting range of parameter space.

In the semi-leptonic channel, the forward jets are required to have pT > 40 GeV, pseudo-rapidity

|η| > 1.5 and to be in opposite hemispheres. The central jet in the event, identified as the hadronically-

decaying boosted W boson, is reconstructed using the same algorithm as the forward jets. It is required

to have pT > 300 GeV and have jet mass between 60 and 110 GeV. The lepton is required to have

pT > 60 GeV and large missing transverse momentum is also required. The leptonically-decaying W
boson is required to have pW

T > 200 GeV. Finally, a top quark veto is applied which consists of combining

all jets with the central jet and extracting the invariant mass for each combination. Events are discarded

if one dijet combination gives a mass close to the top quark mass (lies within the range [140, 240] GeV).

Figure 4 shows the reconstructed WW invariant mass in the semi-leptonic channel. The dominant

backgrounds are compared to resonance hypotheses obtained from the generalised chiral Lagrangian

model; the resonance pole masses are listed in Table 2 and have a predicted width of O(100 GeV), as

determined by the (a4, a5) values given in the table.

As shown in this figure, the background is dominated by tt and diboson events. The W + 3 jets and

W + 4 jets backgrounds are not significant.
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|η| > 1.5 and to be in opposite hemispheres. The central jet in the event, identified as the hadronically-
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to have pT > 300 GeV and have jet mass between 60 and 110 GeV. The lepton is required to have

pT > 60 GeV and large missing transverse momentum is also required. The leptonically-decaying W
boson is required to have pW

T > 200 GeV. Finally, a top quark veto is applied which consists of combining

all jets with the central jet and extracting the invariant mass for each combination. Events are discarded

if one dijet combination gives a mass close to the top quark mass (lies within the range [140, 240] GeV).

Figure 4 shows the reconstructed WW invariant mass in the semi-leptonic channel. The dominant

backgrounds are compared to resonance hypotheses obtained from the generalised chiral Lagrangian

model; the resonance pole masses are listed in Table 2 and have a predicted width of O(100 GeV), as

determined by the (a4, a5) values given in the table.

As shown in this figure, the background is dominated by tt and diboson events. The W + 3 jets and

W + 4 jets backgrounds are not significant.
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The fully leptonic ZZ j j → ���� j j channel has a small cross section but provides a clean,4113

fully-reconstructible ZZ resonance peak. A forward jet-jet mass requirement of 1 TeV reduces

the contribution from jets accompanying non-VBS diboson production. Figure 7.86 shows the

jet-jet invariant mass distribution and the reconstructed 4-lepton invariant mass distribution. The4116

high-mass resonance is easily visible in this simulated dataset normalised to 3000fb
−1

.
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Figure 7.86: The leading jet-jet invariant mass (m j j) distribution for simulated events in the pp → ZZ +
2 j → ����+ 2 j channel (left), and the reconstructed 4-lepton mass (m4�) spectrum for this channel after

requiring m j j > 1 TeV (right). The VBS events are generated using WHIZARD without and with a ZZ
resonance mass of 1 TeV and coupling g = 1.75, and the non-VBS diboson background is generated using

MADGRAPH [102].

Table 7.20 shows the statistical significance of potential resonant signals given the background-

only hypothesis, for a number of resonance masses and couplings in the ZZ → 4� channel. The4119

comparison of the two scenarios with integrated luminosities of 300fb
−1

and 3000fb
−1

respec-

tively showcases the discovery potential of the high-luminosity upgrade. The increased luminosity

is needed to push the statistical significance beyond the discovery threshold.4122

In terms of measuring the integrated cross section for the purely-electroweak SM process

pp → ZZ + 2 j → 4�+ 2 j, a statistical precision of 10% is achievable with 3000fb
−1

, compared

to 30% with 300fb
−1

in the signal-enhanced kinematic region of m j j > 1 TeV and the 4-lepton4125

invariant mass m4� > 200 GeV.

Table 7.20: Summary of the expected sensitivity to anomalous VBS signal, quoted in terms of the

background-only p0-value expected for signal+background. The p0-value has been converted to the cor-

responding number of Gaussian σ in significance. These results are given for the pp → ZZ+2 j → ����+2 j
channel at

√
s = 14 TeV. The increase in significance with integrated luminosity is shown for different res-

onance masses and couplings g.

model 300fb
−1

3000fb
−1

mresonance = 500 GeV, g = 1.0 2.4σ 7.5σ
mresonance = 1 TeV, g = 1.75 1.7σ 5.5σ
mresonance = 1 TeV, g = 2.5 3.0σ 9.4σ
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of leptons), where the mass constraints strongly depends on the assumed SUSY mass spectrum [16,
17]. The sensitivity to heavy SUSY particles will be increased significantly when the full LHC energy
of
√

s = 14 TeV is reached. In the following, the improvement in mass reach comparing 300 fb−1

to 3000 fb−1 is discussed for three types of SUSY searches, inspired by simplified standard analyses
developed for 7 and 8 TeV data. Coarse systematic uncertainties of 30% on the background estimates
are assumed to determine the reach. The sensitivity is expressed in terms of expected 5σ discovery reach
and exclusion limits at 95% CL.

Squark and gluino searches Generic searches for the production of squarks of the first two generations
and gluinos are carried out in events with final states characterised by the presence of multiple jets and
large missing transverse momentum. Figure 5(a) shows the discovery potential and exclusion reach
achievable for q̃ and g̃ in an illustrative simplified model with a massless LSP. An increase of integrated
luminosity from 300 fb−1 to 3000 fb−1 improves the sensitivity to both particles by approximately 400-
500 GeV, a result confirmed in independent studies [19]. These results remain essentially unchanged
for LSP masses up to about 1/3 of the mass of the strongly produced particle. If large deviations are
observed with respect to the SM background estimates, dominated by Z → νν+jets and tt̄ production,
the kinematic properties of the events can be studied and decay products in the decay chain of the SUSY
particles can be identified. Figure 5(b) shows the mbb invariant mass distribution for a benchmark SUSY
model with squarks and gluinos decaying in complex final states including Higgs bosons, for which with
3000 fb−1 the SUSY Higgs signal yield could be determined to ≈10%.

Third generation searches Naturalness arguments [20, 21] require the top squark to be light, typically
below 1 TeV. At

√
s = 14 TeV the direct stop pair production cross section for 600 GeV (1 TeV) stops

is 240 (10) fb. An increase in luminosity from 300 fb−1 to 3000 fb−1 increases the sensitivity to heavy
stop or, if stop candidates are found, will allow to measure their properties. Stops can decay in a variety
of modes which typically includes top or b-quarks, W/Z or Higgs bosons, and an LSP. Pair production
signatures are thus characterised by the presence of several jets, including b-jets, large missing transverse
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Figure 5: (a) The 95% CL exclusion limits (solid lines) and 5σ discovery reach (dashed lines) in a
simplified squark–gluino model with massless neutralino with 300 fb−1 (blue lines) and 3000 fb−1 (red
lines). The colour scale shows the

√
s = 14 TeV NLO production cross section calculated by Prospino

2.1 [18]. (b) The mbb invariant mass distribution for a benchmark SUSY model compared to the SM
background processes for 3000 fb−1 of integrated luminosity.
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Figure 7: (a) The 95% CL exclusion limits (dashed lines) and 5σ discovery reach (solid lines) for
charginos and neutralinos undergoing χ̃±1 χ̃

0
2 → W (∗) χ̃0

1Z(∗) χ̃0
1 decays with BR=100%. The case of

300 fb−1 and 3000 fb−1 are reported. (b) The missing transverse momentum distribution in three-lepton
events surviving the BDT-based selection.

SM background and two benchmark SUSY points for three lepton events surviving the final selection.
Independent studies [19] show that for processes like pp → χ̃0

2+χ̃
±
1 → (hχ̃0

1) + (W±χ̃0
1), the ten-fold

luminosity increase more than doubles the sensitivity to W-ino masses, from 450 GeV to 950 GeV.

SUSY summary The sensitivity to heavy SUSY particles will be increased significantly when the
full LHC energy of

√
s = 14 TeV is reached. An increase of integrated luminosity from 300 fb−1 to

3000 fb−1 improves the sensitivity to first and second generation squarks and gluinos by approximately
400-500 GeV, and to stops by about 200 GeV. The discovery potential for associated production of
charginos and neutralinos extends to scenarios with chargino masses of ∼800 GeV for χ̃0

1 masses below
∼300 GeV. With the data from the high luminosity phase, ATLAS will either find signals for SUSY or
it will show that weak-scale SUSY has a poor claim to being the solution to the fine tuning and other
problems of the SM. If evidence for new particles is found with 300 fb−1 of

√
s = 14 TeV data, dedicated

analyses with a 3000 fb−1 dataset will provide complementary information about the mass, spin and
couplings of the SUSY particles.

5 Exotics

The luminosity upgrade of the LHC substantially increases its potential for discovery and study of exotic
new phenomena [3]. While the range of models and their respective parameters is quite large, their
salient feature is the production of high-pT leptons, photons, jets and missing ET . Our goal is to ensure
that the detector design maintains the sensitivity to any signature containing these characteristics. In
this section we discuss two benchmark models of new physics and the expected gain in sensitivity if the
ATLAS dataset were increased from 300 fb−1 to 1000 fb−1 and 3000 fb−1 at

√
s = 14 TeV.

In order to characterise the high-mass reach we consider resonances with different production and
decay mechanisms. As an example of strongly-produced, wide resonances we consider the Kaluza-
Klein (KK) gluons gKK in extra-dimensional models [24]. Many signatures of new physics contain
cascade decays. To capture these scenarios, we consider the gKK decay to a pair of top-antitop quarks.
Cascade decays can also occur from weakly-produced particles with narrow width. As an example of
this scenario we consider Z� bosons decaying to top-antitop pairs in the topcolour model [24]. Finally,
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Figure 6: (a) The 95% CL exclusion limits for 3000 fb
−1

(dashed) and 5σ discovery reach (solid) for

300 fb
−1

and 3000 fb
−1

in the t̃, χ̃0

1 mass plane assuming the t̃ → t + χ̃0

1 (red) or the t̃ → b + χ̃±1 , χ̃
±
1 →

W + χ̃0

1 (green) decay mode. (b) The mT2 distribution for two-lepton channel for SM background and 2

benchmark SUSY scenarios.

momentum and possibly leptons. Two studies are carried out targeting different decay modes and based

on standard counting analyses. A one-lepton-based selection (� ∈ {e, µ}) with stringent requirements

on missing transverse momentum is employed to search for t̃ → t + χ̃0

1; in this case, the main SM

background arises from tt̄ production. A two-lepton-based selection (eµ only) is used for scenarios with

t̃ → b + χ̃±1 , χ̃
±
1 → W± + χ̃0

1, where the dilepton mT2 [22, 23] variable is taken as the main discriminant

against SM background processes dominated by top and W pair production. Figure 6(a) shows the

discovery and exclusion potential versus the t̃ and χ̃
0

1 masses in the two studies. The mT2 distribution for

the two-lepton channel, useful to distinguish the SUSY signal from SM background processes, is shown

in Fig. 6(b). A ten-fold increase in integrated luminosity increases the sensitive stop mass range by up

to 200 GeV. Further improvements in analyses techniques exploiting specific features that differentiate

signal from SM background (i.e. missing transverse momentum shape, angular correlations, boosted

objects) and taking into account additional final states can considerably extend the mass reach especially

in case of heavy χ̃
0

1.

Electroweak Gaugino searches Based also on naturalness arguments the χ̃
±
1 and χ̃

0

j ( j = 1, 2) are

expected to have masses in the hundreds of GeV range [20, 21] and potentially be within the reach of

the LHC. In scenarios with heavy squarks and gluinos, direct pair production of weak gauginos (and/or

sleptons) dominates the SUSY production at the LHC. The cross-section of χ̃
±
1 -χ̃

0

2 associated production

ranges from 10 to 10
−2

pb for masses between 50 and 600 GeV. The χ̃
±
1 can decay as χ̃

±
1 → W±(∗)χ̃0

1

whereas the χ̃
0

2 as χ̃
0

2 → Z(∗) χ̃0

1, leading to final states with three leptons and missing transverse momen-

tum where a pair of same-flavour and opposite-sign leptons has a mass consistent with that of a Z boson.

In the analysis, a BR(χ̃
±
1
χ̃0

2 → W (∗) χ̃0

1Z(∗) χ̃0

1) of 100% is assumed. The search is optimised using sev-

eral kinematic variables to discriminate the signal from the two dominant background processes, namely

top-pair and WZ production. With an integrated luminosity of 300 fb
−1

, scenarios with chargino masses

up to 250 GeV can be probed for χ̃
0

1 mass values below 100 GeV. With a ten-fold increase in luminos-

ity, the discovery potential is extended to scenarios with chargino masses values of ∼800 GeV and χ̃
0

1

masses below ∼300 GeV (see Figure 7(a)). Figure 7(b) shows the missing transverse momentum for the
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Fig. 1: SUSY production cross sections at the LHC with
√

s = 8 TeV (left) and 14 TeV (right). The model

parameters correspond to the CMSSM line 10.4, defined in ref. [1].

(LCs)). We shall not dwell on the discovery/precision potential of individual facilities, something which

is done in greater detail in the reports of the various proposals, but rather illustrate their opportunities and

challenges. Section 4 focuses on the implications of LHC results for DM searches. Section 5 summarizes

our main conclusions.

2 Searches at ATLAS and CMS
2.1 Strategy of the experimental searches
The 2010-2012 LHC runs have seen a rapid growth of accumulated luminosity, happening in parallel

with the work of understanding very complex and new detectors. A broad palette of SUSY-like signatures

were proposed during the preparation of the LHC experimental program. The strategy of the experiments

has been to prioritize among these in order to optimize the short term discovery potential. The initial

searches have therefore concentrated on signatures with the following characteristics:

– Production cross-sections accessible with the progressively available luminosities.

– Reliance on robust signatures that were expected to be under good experimental control from the

start of data-taking, such as electrons, muons, jets, and Emiss
T .

– SM backgrounds easily reducible with simple experimental cuts and reliably predicted, either

through accurate theoretical calculations or availability of well-defined control regions in data.

– Coverage of the broadest possible range of SUSY(-like) models.

While this strategy was adhered to in the course of 2010 and 2011, its detailed content has evolved,

with lower and lower cross-section processes being addressed, and with more complex experimental

signatures such as b-tagging becoming the staple of LHC searches.

The generic SUSY cross-sections presented in Fig. 1 show that the signature to address first must

be the strong production of squarks and gluinos. Already with 1 fb
−1

, squarks and gluinos are accessible

to searches up to masses of ∼1 TeV. In the framework of R-parity conserving SUSY, the cascade decays

of heavy squarks and gluinos typically have a high Emiss
T from the undetected LSP and high-pT jets,

the latter being abundant since the produced sparticles have color charge. In addition, the decays may

typically include isolated electrons, muons or photons. The presence of these additional particles implies

a strong reduction of the multi-jet backgrounds, and may increase the sensitivity to more specific SUSY

scenarios.

The first results have therefore been from inclusive searches for events with Emiss
T and two or more

jets, or Emiss
T plus jets plus leptons or photons. None of these searches has shown a signal of new physics

so far, and the experiments are now working on increasing their generality. Generic low-mass signatures

which may have been overlooked in the first round of searches are now being addressed. This is done

2

Approximately a factor 2-3 improvement – depending on production mode g<->q 
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One	  Ring	  to	  Find	  Them	  ???	  

One	  Ring	  to	  Rule	  Them	  Out	  ???	  
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Higgs	   Forward	  
Physics	  

SM	  

BSM	  

One	  Ring	  to	  study	  them…	  

Let	  the	  search	  begin!	  


