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Contents 

• Introduction 

• Luminosity upgrade scenario for the LHC machine 

– High Luminosity:   HL-LHC 

– Higher Energy:     HE-LHC 

– Electron–proton    LHeC   

• Summary 

Note: Very little specific physics studies for the first two options since 2002. 

Recently: some specific performance studies for the detector upgrades 

   

Maybe time to think of a special effort? Many new ideas have not been 

explored for higher energy/luminosity. 
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LHC History/Schedule 

10-20 fb-1   

10-20 fb-1   

PHASE 0      

PHASE I 

PHASE II 

M. Nessi 



Detector Upgrades: Examples 

4  Phase-0 & I upgrades. Phase-II upgrades (high lumi) still in design 

Phase 0 & I 

 Pixel detectors  

 Hadron calorimeters  

 Muon detectors  

 Trigger, DAQ 

 

Phase II 

 New trackers 

 Trigger, DAQ… 



HL-LHC – LHC modifications 

Booster energy upgrade 
1.4 → 2 GeV, ~2014 
 or RCS 

Linac4,  
~2014 

SPS enhancements 
(anti e-cloud coating,RF,  

impedance), 2012-2022 

IR upgrade 
(detectors, 
low-b quad’s, 
crab cavities, etc)  

~2022 

F. Zimmerman 



HL-LHC Targets 
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Example Parameters 
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Luminosity Leveling 
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Luminosity leveling with beam-beam 

offset for LHCb 

The luminosity can be successfully leveled using transverse 

offsets between 0 and a few s (here at IP8) without significant 

effects on the beam or the performance of the other experiments 

(IP1&5) 



100 events/crossing, Luminosity leveling 20 events/crossing, 25 ns spacing 

0.2 events/crossing, 25 ns spacing 2 events/crossing, 25 ns spacing 

pT > 1 GeV/c cut, i.e. all soft tracks removed 

Event Pile-up!! 

     HZZ  ee event with MH= 300 GeV for different luminosities  



HE-LHC – LHC modifications 

2-GeV Booster 

Linac4 

SPS+, 
1.3 TeV, 2030-33 

HE-LHC 
   2030-33 



HE-LHC 
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Higher Energies  
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Thanks to James Stirling 
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 Physics Studies for the LHC upgrade 

• 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 

Include pile up, detector… 

hep-ph/0204087 



SUSY Reach: LHC, HL-LHC & HE-LHC  

CMS 

tanb=10 

5 contours        Impact of the HL-LHC 

 

Extend the discovery region 

for squarks and gluinos by  

roughly 0.5 TeV, i.e. from  

       ~2.5 TeV  3 TeV  

 

This extension involved high ET  

jets/leptons and large missing ET 

 Not much compromised by  

increased pile-up at SLHC 

m1/2 universal gaugino mass at GUT scale 

m0:    universal scalar mass at GUT scale 



HL-LHC: tackle difficult SUSY scenarios 

Squarks:  2.0-2.4 TeV         Gluino:    2.5 TeV 

Can discover the squarks at the LHC but cannot really study them 

signal 

Inclusive: Meff > 4000 GeV 
S/B = 500/100 (3000 fb-1) 

Exclusive channel 
qq 1

0 1
0 qq 

S/B =120/30 (3000fb-1) 

Measurements of some difficult scenarios become possible at the HL-LHC 

PT
1
 >700 GeV & ET

miss > 600 GeV 

~~ 

eg. Benchmark Point K in hep-ph/0306219  m1/2=1300 GeV, m0=1000 GeV, tanβ=35  

Higgs in 2 decay 
21h  becomes  
visible at 3000 fb-1 
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Channel                    mH                        S/B  LHC               S/B  SLHC 

                                                            (600 fb-1)                 (6000 fb-1)  

H  Z         ~ 140 GeV                 ~ 3.5                          ~ 11 

H                      130 GeV               ~ 3.5 (gg+VBF)           ~ 9.5 (gg) 

Branching ratio ~ 10-4 for these channels! 

Cross section ~ few fb 

Higgs Decays Modes 

Channels studied: 

    H  Z   
    H   

Rare Higgs Decays 

Higgs Couplings (ratios) 

Can be improved with a factor of 2:   20%10% at HL-LHC 

gH/gH? 
gHff 
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Higgs Self Coupling Measurements 

~ v 
 mH

2 = 2  v2  

 LHC: = 0 can be  

   excluded at 95% CL.  

HL-LHC:  can be determined  

  to 20-30%  (95% CL) 
Baur, Plehn, Rainwater 

Note: Different conclusion from 
ATLAS study Jury is still out 

HH  W+ W- W+ W-   jj  jj 
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 SUSY Higgs Particles: h,H,A,H 

In the green region only SM-like h 

observable with 300 fb-1/exp 

Red line: extension with 3000 fb-1/exp 

Blue line: 95% excl. with 3000 fb-1/exp 

Heavy Higgs reach increased by ~100 GeV at the HL-LHC.  

Dominated in the 

green wedge by 

signal/background. 

 Increase in 

statistics helps!! 
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HL-LHC: KK Gravitons 
         Randall Sundrum  model 

 Predicts KK graviton resonances 

 k= curvature of the 5-dim. Space 

 m1 = mass of the first KK state 

SLHC 

1001000 fb-1: Increase in reach by 25% 

        TeV scale ED’s 

 KK excitations of the ,Z 

Direct: LHC/600 fb-1       6  TeV 

      HL-LHC/6000 fb-1  7.7 TeV 

T.Rizzo 

95% excl. 
limits 
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Spin Analysis (Z’Randall Sundrum gravitons) 

Luminosity required to discriminate a spin-1 

from spin-2 hypothesis at the 2 level 

 May well be a case for the HL-LHC 

 Also: SUSY particle spin analysis (Barr, Webber, Smiley) need > 100 fb-1 

Needs 
statistics! 
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Z’ Studies and Searches  

Eg Z’ detailed studies will likely require very high luminosities 

T. Rizzo 
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Strongly Coupled Vector Boson System 

If no Higgs,  expect  strong VLVL scattering (resonant or  non-resonant) at ~ 1TeV  

q 

q 

q 

q 

VL 

VL 

VL 

VL 
Could well be difficult at LHC. What about HL-LHC? 

• degradation of fwd jet tag and central jet veto due to huge pile-up 

• BUT : factor ~ 10 in statistics  5-8 excess in W+
L W

+
L scattering  

  other low-rate channels accessible 
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Indicative Physics Reach 

          Approximate mass reach machines: 

 s = 14 TeV,   L=1034 (LHC)     :   up to    6.5 TeV 

 s = 14 TeV,   L=1035 (SLHC)   :   up to     8 TeV 

 s = 28 TeV,   L=1034               :   up to    10 TeV  

Units are TeV (except WLWL reach)  

Ldt  correspond to 1 year of running at nominal luminosity for 1 experiment 

† indirect reach  
(from precision measurements) 

PROCESS               LHC         LH-LHC       HE-LHC    VLHC       VLHC          ILC         CLIC 

                                 14 TeV       14 TeV       28 TeV      40 TeV    200 TeV     0.8 TeV     5 TeV 

                                 100 fb-1     1000 fb-1    100 fb-1     100 fb-1     100 fb-1      500 fb-1    1000 fb-1 

 

Squarks                   2.5             3                4                 5             20             0.4               2.5  

WLWL                       2             4              4.5             7           18            6              90 

Z’                              5               6                8                11            35                       8†               30†  

Extra-dim (=2)        9              12                     15               25            65                  5-8.5†             30-55† 

q*                             6.5            7.5             9.5               13            75             0.8               5 

compositeness      30             40              40               50           100            100             400 

TGC ()                 0.0014       0.0006        0.0008                       0.0003      0.0004       0.00008 

Ellis, Gianotti, ADR 

hep-ex/0112004+ few updates  

Should be redone… 



RR LHeC: 
2020-21,  
new ring  
in LHC tunnel, 
with bypasses 
around  
experiments 

 
RR LHeC 
e-/e+ injector 
2020-21,  
10 GeV, 
10 min. filling time 

 

LR LHeC: 
2020-21,  
recirculating 
linac with 
energy  
recovery 

 
 

Large Hadron electron Collider 



LHeC Parameters 
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M Klein  

et al. 



Physics Program 
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CDR  530 pages 

Leptoquarks & leptogluons, excited electrons, contact interactions, 4th lepton  

family, Z’, quark substructure, extra dimensions, diquarks, Higgs CP studies… 

Very little (so far) on SUSY; only RPV SUSY   



Leptoquark Studies 
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U. Klein 



Contact Interaction Studies 
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Possible Schedule 

30  



The Future? 
F. Moortgat, ADR 

Based on conservative estimates from the machine 



Summary 

• Detector upgrade preparations in the experiments are 

well under way, making use of 3 foreseen long 

technical stops. 

• HL-LHC: High Luminosity operation expected to start 

around 2022. Expect ~ 3 ab-1/exp or more by 2030.  

• HE-LHC: CM Energy discussed now 33 TeV, but 

magnets still in R&D. Not starting before well into the 

2030’s, according to present planning... 

• LHeC: Technically feasible. CDR in review 

• Physics case for the HL-LHC and HE-LHC have not 

been revisited since quite some time. Maybe 

something to think about for 2013-14…      
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Leptoquark Studies 
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