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The priorities for energy frontier physics 
after July 4th 

•  The recently discovered new particle drives to a 
number of fundamental open points that are top priority 
for the physics programme for the LHC and future 
energy frontier accelerators: 
1.  Precision measurement of the mass and of the natural 

width of this new particle 
2.  Determination of the quantum numbers spin and parity, 

JP, and CP properties 
3.  Measurement of couplings to elementary fermions and 

bosons 
4.  Measurement of the self-coupling strength 
5.  Comparison of these physics properties with those 

predicted by Standard Model 
6.  Search for possible partners (neutral/charged) of this 

boson 
7.  Is this particle a fundamental object, or it is composite? 
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8.  Analyse the Vector Boson scattering cross section to 

study whether the cross-section regularization is 
operated by the Higgs boson (as predicted by SM) or 
(also) by other processes associated to physics 
beyond SM; 

9.  Continue the search for SUSY particles, in particular 
search for third generation squarks: to be effective, 
the mass of the stop quark cannot be too different 
from the on of the top quark; also continue the search 
for gauginos and for 1st and 2nd generation squarks; 

10. Continue the search for heavy resonances decaying 
to photon, lepton or quark pairs, and for deviations 
from SM of physics distributions highly sensitive to 
New Physcs (di-jet angular distribution,…) 
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The LHC Upgrade plan 
•  About 350 fb-1 are expected at 

the end of the LHC 
Programme 
–  300 fb-1 have been assumed as 

baseline in the studies made by 
ATLAS and CMS 

•  Experimental challenges 
•  The average number of proton-proton collisions per triggered events 

is about 140 
•  The trigger has to cope with the effects induced by the large pile-up 
•  The inner detector has to be fast and with high granularity and 

redundancy, to cope with the effects from large occupancy 
•  The detector has to be (even more) radiation hard 
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Event pileup at the LHC 
•  Present ATLAS and CMS detectors 

have been designed for <µ> ~ 23 pp 
interactions / bunch-crossing 
–  And continue to do an excellent job 

with 35 

•  But cannot handle (an average of) 140 events of pileup  

Zàμμ	
  decay	
  in	
  a	
  large	
  pileup	
  event	
  	
  

Missing	
  transverse	
  energy	
  resolu9on	
  as	
  a	
  func9on	
  
of	
  the	
  number	
  of	
  the	
  reconstructed	
  ver9ces	
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Approaches adopted for physics 
perspectives estimation 

•  ATLAS: perform physics simulation with a fast procedure 
based on simple functions applied to physics objects 
(electrons, photons, muons, tau, jets, b-jets, missing 
transverse energy) to mimic the effects from energy 
(momentum) resolution; acceptance, identification and 
reconstruction efficiencies, b-tagging efficiencies, fake rates 

•  CMS: the upgraded detector will compensate the effects 
from event pile-up; assume three different scenarios: 
–  Scenario 1: all systematic uncertainties are kept unchanged wrt 

those in current data analyses  
–  Scenario 2: the theoretical uncertainties are scaled by a factor of 

1/2, while other systematic uncertainties are scaled √L; 
–  Scenario 3: set theoretical uncertainties to zero, to demonstrate 

their interplay with the experimental uncertainties; 
–  è The truth will be most likely somewhere between Scenario 1 

and 2 
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Higgs Couplings at the LHC 
•  The LHC programme will be completed by about 2021 

with an integrated luminosity around 300 fb-1.   
•  Important progress can be made on the analysis of the 

physics properties of the Higgs-like boson recently 
discovered 

•  Estimated precision of the 
signal strength determination 
for a SM Higgs boson 

•  Projections for L=300 fb-1 
and √s = 14 TeV 

 
Current data 
Scenario 1 
Scenario 3 

Signal strengths consistency with SM predictions can be tested with 10-15% accuracy 
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Higgs Couplings at the HL-LHC 
•  ATLAS has performed projection studies to HL-LHC, 

assuming up to 3000 fb-1 of data 
•  focused on the main channels already under study with 

LHC data, plus a few rare decay channels sensitive to 
top and muon couplings 

•  ZH,Hàbb was studied, but S/B is bad and it it very 
difficult at present to estimate systematic uncertainties 
at L=5x1034 cm-2 s-1 è not included in the available ES 
ATLAS studies 

ggF VBF H WH ZH ttH 

Hγγ ✔ ✔ ✔ ✔ ✔ 
HZZ* ✔ 

HWW* ✔ ✔ ✔ 
Hττ extrap. ✔ 
Hµµ ✔ ✔ 
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ttH, Hàγγ and Hàµµ 

•  One of the best channels to study 
Higgs boson couplings to 
fermions 

•  Very rare: deviations from the 
expected rate would indicate new 
physics 
–  Large background from Zàµµ 

•  Analysis included background 
modeling uncertainties 

•  More than 6 sigma at L=3000 fb-1 

•  Important for H-top coupling 
measurement 

•  Require multi-jet high-pT jets 
•  Analyse 1-lepton and 2- lepton 

events 
•  Require very high luminosity 

–  S/√B ~ 6 
–  A factor 2 better than 300 fb-1 
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Higgs Couplings at the HL-LHC 

Left: Expected measurement 
precision on the signal strength 
µ = (σ×BR)=(σ×BR)SM in all 
considered channels.  
Right: Expected measurement 
precisions on ratios of Higgs 
boson partial widths without 
theory assumptions on the 
particle content in Higgs loops 
or the total width. 

Expected precision for the determination of the coupling 
scale factors kV and kF. No additional BSM contributions 
are allowed in either loops or in the total width (numbers in 
brackets include current theory systematic uncertainties).	
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Higgs Couplings at the HL-LHC 

•  Coupling CMS projection: In the first one (Scenario 1) all 
systematic uncertainties are kept unchanged. In the second 
one (Scenario 2) the theoretical uncertainties are scaled by a 
factor of 1/2, while other systematical uncertainties are 
scaled by the square root of the integrated luminosity. 

CMS	
  

Couplings can be measured at the level of  few % 
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Higgs boson Self-Coupling 
•  The only way to reconstruct the scalar potential of the 

Higgs doublet field , that is responsible for spontaneous 
electroweak symmetry breaking, it is necessary to 
measure the Higgs boson self–interactions 

gluon-­‐gluon	
  fusion	
  

Vector	
  Boson	
  Fusion	
  

Higgs-­‐strahlung	
  

A.	
  Djouadi,	
  et	
  al.,	
  Eur.	
  Phys.	
  J.	
  C10	
  (1999),	
  45	
  

σHH (14 TeV) = 33.89 +18%-15% (QCD) ±7% (PDF+αS) ±10% (EFT) fb  +37.2 -29.8 fb 
A.	
  Djouadi,	
  et	
  al.,	
  hAp://arxiv.org/abs/1212.5581	
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1 Introduction

A bosonic particle with a mass of about 125 GeV has been observed by the ATLAS and
CMS Collaborations at the LHC [1] and it has, grosso modo, the properties of the long
sought Higgs particle predicted in the Standard Model (SM) [2]. This closes the first
chapter of the probing of the mechanism that triggers the breaking of the electroweak
symmetry and generates the fundamental particle masses. Another, equally important
chapter is now opening: the precise determination of the properties of the produced
particle. This is of extreme importance in order to establish that this particle is indeed the
relic of the mechanism responsible for the electroweak symmetry breaking and, eventually,
to pin down effects of new physics if additional ingredients beyond those of the SM are
involved in the symmetry breaking mechanism. To do so, besides measuring the mass,
the total decay width and the spin–parity quantum numbers of the particle, a precise
determination of its couplings to fermions and gauge bosons is needed in order to verify
the fundamental prediction that they are indeed proportional to the particle masses.
Furthermore, it is necessary to measure the Higgs self–interactions. This is the only way
to reconstruct the scalar potential of the Higgs doublet field Φ, that is responsible for
spontaneous electroweak symmetry breaking,

VH = µ2Φ†Φ+
1

2
λ(Φ†Φ)2 ; λ =

M2
H

v2
and µ2 = −

1

2
M2

H , (1)

with v = 246 GeV. Rewriting the Higgs potential in terms of a physical Higgs boson leads
to the trilinear Higgs self–coupling λHHH , which in the SM is uniquely related to the mass
of the Higgs boson,

λHHH =
3M2

H

v
. (2)

This coupling is only accessible in double Higgs production [3–6]. One thus needs to
consider the usual channels in which the Higgs boson is produced singly [7], but allows
for the state to be off mass–shell and to split up into two real Higgs bosons. At hadron
colliders, four main classes of processes have been advocated for Higgs pair production:

a) the gluon fusion mechanism, gg → HH , which is mediated by loops of heavy quarks
(mainly top quarks) that couple strongly to the Higgs boson [8–11];

b) the WW/ZZ fusion processes (VBF), qq′ → V ∗V ∗qq′ → HHqq′ (V = W,Z), which
lead to two Higgs particles and two jets in the final state [8, 12, 13];

c) the double Higgs–strahlung process, qq̄′ → V ∗ → V HH (V = W,Z), in which the
Higgs bosons are radiated from either a W or a Z boson [14];

d) associated production of two Higgs bosons with a top quark pair, pp → tt̄HH [15].

As they are of higher order in the electroweak coupling and the phase space is small
due to the production of two heavy particles in the final state, these processes have much
lower production cross sections, at least two orders of magnitude smaller, compared to the
single Higgs production case. In addition, besides the diagrams with H∗ → HH splitting,
there are other topologies which do not involve the trilinear Higgs coupling, e.g. with
both Higgs bosons radiated from the gauge boson or fermion lines, and which lead to the
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Higgs Self-Coupling 

•  The “trouble” with a 125 GeV Higgs: it 
decays in many final states with similar 
“small” B.R. This is very good for couplings, 
but opens real challenges for HH final states, 
characterized by small production rates. 

•  The selection of HH processes has to 
account for: 
–  Final states experimentally clear and robust 
–  Final states with large enough production 

rates 

Expected SM HH yields for proton-proton collisions at √s = 14 TeV and L=3000 fb-1 

Two channels have been 
considered by ATLAS for 
the “European Strategy”: 

1.  HHbbWW 
2.  HHbbγγ 
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HHàbbWW 
•  BR ~ 25% à 2.6 × 104 events in 3000 fb-1 at 14 TeV; 
–  This includes all W decay modes 

•  The ttbar process represents a severe background for 
this final state; 

•  Study done considering one W decaying hadronically, 
the other leptonically (e,µ; treated separately) 

•  Select events with high lepton pT, large missing 
transverse energy, four high-pT jets, of which two b-
tagged; 

•  The result of the study shows how challenging is 
extract HH production from this channel 
–  We select <~ 1000 signal events on top of 107 ttbar events 
–  S/B in agreement with estimates performed by other 

authors (M.J. Dolan et al., arXiv:1206.5001v2 [hep-ph]) 
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HH à bbγγ 
•  BR ~ 0.27% , σ × BR ~ 0.09 fb à 260 HH 

events in 3000 fb-1 at 14 TeV; 
•  bbγγ, Zbb, Hbb, ttbar are important 

backgrounds 
•  Select events with high-pT photons, two jets b-

tagged; reconstruct the invariant mass of the b-
jets and of the photons and select events with 
mγγ and mbb = mZ within experimental mass 
resolution 

16	
  



HH à bbγγ 

•  Select 11 HH events with a total background yield of 19 events 
•  Assuming that we can add another channel with similar 

performances (HHàττbb ?) and two experiments, we can reach 
a measurement of the Higgs boson selfcoupling with an 
accuracy of ~30% 

ATLAS	
  Note:	
  ATL-­‐PHYS-­‐PUB-­‐2013-­‐001	
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Higgs Couplings Overview 
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Higgs boson CP 
•  Explore the ATLAS sensitivity to the CP-violating part of the HZZ 

scattering amplitude: 

•  ε: polarisation vectors of the gauge bosons, form factors a1 and a2 
refer to CP-even boson with mass MX, a3 to a CP-odd boson 
–  The presence of the two CP terms can lead to CP violation 
–  In SM a1=1; a2=a3=0 

•  In this study we have set a1=1; a2=0, and varied a3 

Expected significances in sigma to reject a CP-violating state in favour of 0+ hypothesis as 
a function of integrated luminosity for various strength of CP-violating contribution. 

Precise measurement of smaller form factors which are more likely to be 
realized will require  higher luminosities only accessible at HL-LHC. A similar 
conclusion can be drawn for the observation of anomalous form factor a2 
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Vector Boson Scattering 
•  In the Standard Model, the Higgs boson preserves 

the unitarity of scattering amplitudes in 
longitudinal Vector Boson Scattering (VBS) 

•  However new physics can contribute to the 
regularization of of the VBS cross-section or else 
enhancing it. 
– Example: in Technicolor models predict the 

appearance of resonances in the V-V invariant mass 
distribution 

•  è the study of VBS properties at the LHC is a 
mandatory step to test the effects of the SM Higgs 
boson (if the existence will be confirmed) or from 
New Physics BSM. 

21	
  



Vector Boson Scattering 
•  At LHC VBS are tagged with two forward high-pT jets on 

either side, the remnants of the quarks that have emitted the W/
Z bosons in the central rapidity region: WW+2jets, WZ+2jets, 
ZZ+2jets 

•  ATLAS has performed preliminary studies of the process ppà 
ZZjj à 4l+jj within the “Pade’” unitarization (IAM, Inverse 
Amplitude Method) and using the WHIZARD generator (it 
allows to generate weak boson scattering mediated by a new 
high-mass resonance in presence of a Higgs boson with 126 
GeV mass) 
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Summary of the expected sensitivity to anomalous 
VBS signal for a a few values of the mass of the 
resonance and of the coupling g. 

23	
  



Electroweak Physics 
•  The observation of a Higgs boson at 125 GeV is 

compatible with indirect constrains from Standard 
Model precision measurements of electroweak 
observables 

•  The SM can be challenged at LHC by precision 
measurements of Triple-Gauge Couplings (TGCs) 

•  In SM, EFT Lagrangian involving TGCs is 
described by 5 free parameters, assuming C and P 
invariance: 
–  g1

Z  λγ  λZ  κγ  κZ  
–  in SM we have g1

Z = 1;  λγ =  λZ  =  κγ =  κZ  = 0;  
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Electroweak Physics 
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•  Final states of interest are Wγ, Zγ, W+W− and W±Z 
•  The experimental sensitivity to anomalous TGCs arises 

from the increase of cross-section production, or the 
alteration of kinematic distributions  

•  a sensitivity at the 10-3 level is achievable  
–  At this level BSM physics in radiative corrections should 

become visible 
•  form factors as big as ΛFF = 10 TeV should be accessible 

CMS	
  



Top FCNC 
•  Absent at three level due to 

the GIM mechanism, the 
FCNC top quark decays, 
tàqγ, qZ, occurs in SM at 
loop level, BR ~ 10-12 

–  Best current 95% exclusion 
limits are 3.2% for tàqγ 
and 0.34% for tàqZ (q=u,c) 

•  Several SM extensions 
predict larger BRs, up to 
10-4 

•  Extrapolate current ATLAS 
searches to 14 TeV, 300 and 
3000 fb-1 
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Conclusions 
•  A data sample of 300 fb-1 at the LHC will allow to 

exclude strong deviations of the Higgs boson 
recently discovered from predictions by Standard 
Model 

•  A complete investigation on the physics properties 
of this new boson will require the search for rare 
decay final states, selfcoupling processes, CP 
violation effects, as well as the reduction of 
experimental (and theoretical) uncertainties è 
High-Luminosity LHC with L=3000 fb-1 can 
provide the required statistics with an accuracy on 
the Higgs couplings in the range of 1-4%; 

•  HL-LHC extends the searches of LHC of BSM 
physics, and offers the required data to study the 
properties of new particles if found at the LHC 
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Physics at the Large Hadron Collider 
•  The LHC operations at high-energy 

started in 2010 
•  Excellent performance of the 

machine and  of the four main 
experiments on the ring 

•  Collected in 2011 + 2012 about 5.5 
fb-1 (√s = 7 TeV) + 22 fb-1 (√s = 8 
TeV) by ATLAS and CMS 

•  A lot of solid outstanding experimental results are available: 
•  agreement between Standard Model (SM) and data in the EW and 

QCD sectors 
•  Discovery of a new particle, SM Higgs boson candidate, with 

mass around 125 GeV 
•  Exclusion of a wide range of parameters values in Supersymmetry 

(SUSY) models 
•  Exclusion of new heavy objects with mass up to 2-3 TeV 
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The successful Standard Model 

The Standard Model predictions are confirmed by experimental data within uncertainties 
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Low mass higgs overview 
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channel	
   signature	
   S/B	
   Mass	
  
res.	
  

ATLAS	
  
2011+2012	
  

(L-­‐1)	
  

CMS	
  
2011+201
2	
  (L-­‐1)	
  

Hγγ Two high-pT photons; 
Peak in inv. mass 

few 10-2 1-2% 5+20 5+20 

HZZ*4l Four high-pT leptons; 
Peak in inv. mass 

≥ 1 1-2% 5+20 5+20 

HWW* 
lνlν 

two high-pT leptons + 
MET; 

Transverse mass 

few 10-1 - 5+20 5+20 

Hττ 2 high-pT leptonts/
hadronic-τs + MET; inv. 

mass 

few 10-2 

 
~20% 5+13 5+20 

Hbb Two high-pT b-jets in 
assoc. with W or Z; 

Inv. mass  

few 10-2 

 
10-16% 5+13 5+12 

Combination Moriond
13 

HCP    
12 



Latest results from ATLAS and CMS 
CMS	
  PAS	
  HIG-­‐13-­‐002	
  

Invariant mass distribution of diphoton candidates 
for the combined √s= 7 TeV and √s= 8 TeV data 
samples. The fit to the data is the sum of a signal 
component fixed to mH = 126.8 GeV and a 
background component described by a fourth-
order Bernstein polynomial. Bottom inset: display 
of the residuals of the data with respect to the 
fitted background.  

Four-lepton reconstructed mass for the sum 
of the 4e, 4µ, and 2e2µ channels. Points 
represent the data, shaded histograms 
represent the background and unshaded 
histogram the signal expectations 

ATL-­‐CONF-­‐2013-­‐012	
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Latest results from ATLAS and CMS 

The observed local p-value for the five decay 
modes and the overall combination as a 
function of the SM Higgs boson mass in the 
range 110–1000 GeV (left) and 110–145 GeV 
(right). The dashed lines show the expected local 
p-values for a SM Higgs boson with a mass mH. 

Local significance: 6.9 σ (CMS – up to 5+12 fb-1) 
Local significance: ~10 σ (ATLAS – up to 5+21 fb-1) 
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CMS	
  PAS	
  HIG-­‐12-­‐045	
  

Measurements of the signal strength parameter 
mu for mh at 125.5 GeV for the individual 
channels and their combination.  
 
          µ = 1.30 ± 0.20 for mH = 125.5 GeV 
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Many	
  details	
  in	
  Higgs	
  talks	
  at	
  this	
  
Workshop	
  

ATL-­‐CONF-­‐2013-­‐034	
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Physics at HL-LHC 
•  On the basis of what discussed in the previous 

slides, ATLAS and CMS presented two 
documents for the Symposium in Cracow, 
subsequently updated in October 2012 for the 
Briefing Book 

•  These documents focused on: 
– Higgs couplings, self-couplings, CP 
– Vector Boson Scattering  
– SUSY 
– Exotics 
– SM: Vector Boson TGCs and top quark FCNC 
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The LHC à HL-LC Upgrade 
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The LHC à HL-LC Upgrade 
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The LHC à HL-LC Upgrade 
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The European Strategy Preparatory 
Group 
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Some proposals for future colliders 40	
  

LEP3	
  

TLEP/VHE-­‐LHC	
  
CLIC	
  

See	
  also:	
  arxiv:1302.3318	
  



From	
  ν-­‐factories	
  toward	
  the	
  “dream”	
  of	
  muon	
  collider	
  

Require	
  much	
  smaller	
  beam	
  size	
  (i.e.	
  lower	
  emiVance)	
  
Very	
  efficient	
  cooling	
  

!≈""#	
  

Some	
  ultra-­‐
challenging	
  
components:	
  	
  
Ø  Very	
  high	
  field	
  

solenoids	
  (>30T)	
  
Ø  High	
  gradient	
  

cavi\es	
  in	
  mul\-­‐
Tesla	
  field	
  	
  

Recommenda\ons	
  from	
  European	
  Strategy	
  Group	
  (cont’d)	
  

Recommenda\on	
  #4	
  

High-­‐priority	
  large-­‐scale	
  scien\fic	
  ac\vi\es	
  



•  Same conclusion when ΓH is a free parameter in the fit 

–  Plot shown only for ILC350 and TLEP, with an accurate 
width measurement  

 

Higgs couplings for Precision Higgs Factories 
42	
  

! HZ ! gHZZ
2 ,  and  ! HZ "BR(H# XX)! gHZZ

2 gHXX
2 /$H

±1%

[19]	
  
TLEP	
  :	
  sub-­‐percent	
  precision,	
  adequate	
  for	
  NP	
  sensi\vity	
  beyond	
  1	
  TeV	
  

by	
  Patrick	
  Janot	
  



SUSY Searches 
•  So far there has been no sign of Supersymmetry at 

LHC 
– However only < 10% of the LHC expected data have 

been studied (and at √s=7 TeV) 
–  3rd generation squarks have low cross-sections 

•  If we find it: 
– We have a large set of new particles to study 
– Thus a SUSY discovery will mandate more luminosity 

•  If will not find it by 2020: 
– HL-LHC offers a 25% increase in mass reach 
– HL-LHC will explore a phase space no other machine 

will probe for decades 
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Searches for stop 
•  Probably this will be 

one of the most 
important points in 
SUSY for the 
immediate future: 
naturalness requires 
stop mass not larger 
than ~ 1 TeV 

•  Rates will be modest 
è HL-LHC represents 
an ideal machine for 
this search 

The 95% CL exclusion limits for 3000 fb-1 (dashed) 
and 5 sigma discovery reach (solid) for 300 fb-1 and 
3000 fb-1 in the stop, neutralino_1 mass plane 
assuming: 
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Searches for squarks and gluinos 
•  HL-LHC gives tight 

limits: 
–  ~ 3 TeV for squarks 
–  ~ 2.5 TeV for gluinos 

•  This represents a 400 
GeV rise in 
sensitivity with 
respect to the L=300 
fb-1 case 
The 95% CL exclusion limits (solid lines) and 5 sigma 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 √s=14 TeV NLO production cross section 
calculated by Prospino 2.1.  
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Exotics Searches 
•  Searches for ttbar resonances or Z’ leptons can 

exploit the physics potential offered by HL-LHC 
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•  Main challenges: 
– Reconstruct highly boosted top decays 
– Ensure lepton measurement at very high pT 

•  Muon system alignment 
•  Leakage from calorimeter (?) 

Summary of the expected limits for gKKà ttbar and 
Z’

Topcoloràttbar searches in the lepton+jets 
(dilepton) channel and of Z’SSM à ee and Z’SSMà 
µµ searches in the Sequential Standard Model. All 
boson mass limits are quoted in TeV. 

46	
  

ATL-­‐PHYS-­‐PUB-­‐2013-­‐003	
  	
  	
  	
  	
  



Update of the European Strategy 
for Particle Physics 

17	
  recommenda\ons	
  have	
  been	
  issued:	
  
hVps://indico.cern.ch/getFile.py/access?resId=0&materialId=0&confId=217656	
  
They	
  have	
  s\ll	
  to	
  be	
  endorsed	
  	
  by	
  the	
  CERN	
  Council	
  (March	
  20).	
  

ERICE	
  (Sicily)	
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