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LHC luminosity forecast 

~30/fb at 3.5 & 4 TeV  

~400/fb at 6.5-7 TeV  

~3000/fb at 7 TeV 

question: how do we get 3000/fb by 2035? 

2012 DONE 

2021 goal (?) 

2035 goal (??) 

answer: with HL-LHC 



HL-LHC – modifications 

Booster energy upgrade 
1.4 → 2 GeV, ~2018 

Linac4,  
~2015 

SPS enhancements 
(anti e-cloud coating?,RF,  

impedance), 2012-2022 

IR upgrade 
(detectors, low-b 
quad’s, crab cavities, 
a few high-field 
dipoles, etc)  

~2022 
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(HL-)LHC Time Line 
Shut down for 
interconnects to 
overcome energy 
limitation (LHC 
incident of Sept. 
2008) and R2E Shut down 

to overcome 
beam 
intensity  
limitation 
(Injectors, 
collimation 
and more…) 

Full 
upgrade 

two reasons for HL-LHC: performance & consolidation 
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in LHC: 1.2 km of new equipment … 

6.5 kW@4.5K  
cryoplant 

2 x 18 kW @4.5K  
cryoplants for IRs 



100 events/crossing, 12.5 ns spacing 19 events/crossing, 25 ns spacing 

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

high luminosity → event pile up↑ 

I. Osborne pt > 1 GeV/c cut, i.e. all soft tracks removed 

historical simulation 



Z μμ event from 2012 data with 
25 reconstructed vertices (ATLAS) 

78 reconstructed 
vertices in event from 
high-pileup run (CMS) 

actual 
data 

HL-LHC requires leveling  
for ATLAS & CMS 



High-Luminosity LHC  (HL-LHC) 

luminosity goals: 

leveled peak luminosity:    L = 5x1034 cm-2 s-1 
 (upgraded detector pile up limit ~140) 

“virtual peak luminosity”:   L ≥ 20x1034 cm-2 s-1 

integrated luminosity: 200 - 300 fb-1 / yr 

total integrated luminosity:  ca. 3000 fb-1 by 
~2035  

 

 

 



luminosity formula with leveling 
F: geometric reduction  
from crossing angle, profile, 
hourglass effect, offset,… 

flev: time-dependent  
leveling factor, flev ≤ 1 
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b

define “virtual peak luminosity” 

maximum value  
pushed up 10-25 times  
by HL-LHC 
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HL-LHC Official Beam Parameters  

Parameter nominal   25ns 50ns 

N 1.15E+11 2.2E+11 3.5E+11 

nb 2808 2808 1404 

beam current [A] 0.58 1.12 0.89 

x-ing angle [mrad] 300 590 590 

beam separation 
[] 10 12.5 11.4 

b* [m] 0.55 0.15 0.15 

n [mm] 3.75 2.5 3.0 

L [eVs] 2.51 2.5 2.5 

energy spread 1.20E-04 1.20E-04 1.20E-04 

bunch length [m] 7.50E-02 7.50E-02 7.50E-02 

IBS horizontal [h] 106 20.0 20.7 

IBS longitudinal [h]  60 15.8 13.2 

Piwinski parameter 0.68 3.1 2.9 

geom. reduction 0.83 0.35 0.33 

beam-beam / IP 3.10E-03 3.9E-03 5.0E-03 

Peak Luminosity 1 1034 7.4 1034 8.5 1034 

Virtual Luminosity 1.2 1034 21 1034 26 1034 

(Leveled to 5 1034 cm-2 s-1 
            and 2.5 1034 cm-2 s-1) 
 

Events / crossing (peak & leveled L) 19 210 475 140 140 

6.2 1014 and 4.9 1014  

p/beam 

27 



luminosity leveling at the HL-LHC 
example: maximum pile up 140 

inel~85 mbarn) 



luminosity leveling at the HL-LHC 
example: maximum pile up 140 



luminosity & integrated luminosity 
during 30 h at the HL-LHC 

example: maximum pile up 140 

4 fb-1 per day, 
with 40% of 
efficiency 
~250 fb-1 /year 
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final goal : 3000 fb-1 by 2030’s… 

Full project 

Enhanced consolidation 



new triplet quadrupoles 
• LARP: HQ (1 m, 120 mm) and LQ3 (3.6 m, 90 mm), 

Nb3Sn quadrupoles, very positive test results 

• New goal: aperture 150 mm, 4.5+4.5 m long, W-
shielded, more limited by radiation damage than by 
heat deposition 

Target: 
200 T/m gradient at 1.9 K  

3.3 m coils 
90 mm aperture 

LQS03:  208 T/m at 4.6 K 
               210 T/m at 1.9 K 
1st quench: 86% s.s. limit 



HL-LHC optics 
Achromatic Telescopic Squeeze (ATS) is fully proven 
(b* = 15 cm «easy», room for 10-12 cm); optics layout 
(many magnets to change); field errors (also CC)…  
 

typical ATS collision optics with IR1 and IR5 squeezed down to b*=10 cm  

squeeze through  
the arcs to enhance 
effective sextupole 
strength; 
tested with beam 
in LHC MDs of 
2011 & 2012 
 

S. Fartoukh 
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11 T dipole for dispersion suppressors 
1st single-aperture 2 m long 11 T demonstrator dipole fabricated 
in record time (<18 months), tested in June 2012 

1 m dipole model with R&D strand tested in April 2014,     
Bnom=11 T  was achieved 
Next: one 2 m single bore and then 2-in-1 
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collimation 
collimators in dispersion suppressors installed from LS2  

cryo-collimators? 

new materials  

new concepts: crystals, electron lens 

Hollow 

e-lens 

Primary 
collimator 



SC link 

first prototype, 20 m – 20 kA, under test at CERN! 

 

 

tests of novel MgB2 and HTS (YBCO and BSCCO) cables 



luminosity reduction factor 

nominal  
LHC 

~1/b* 

HL-LHC 
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“Piwinski angle” 

luminosity reduction due to crossing angle  
more pronounced at smaller b*  

crab cavities 
c/2 

eff. beam size: 
 *

x,eff ≈ x
*/R 



schematic of crab crossing 
 

c 

• RF crab cavity deflects head and tail in opposite direction so that 
collision is effectively “head on” for luminosity and tune shift 
• bunch centroids still cross at an angle (easy separation) 
• 1st proposed in 1988, used in operation at KEKB since 2007 

until recently plan was to vary crab cavity voltage for leveling, but this would change 
size of luminous region & is disliked by experiments (instead leveling by b* or offset?)  



Final down-selected compact cavity designs for the LHC upgrade: 4-rod 

cavity design by Cockcroft I. & JLAB (left), l/4 TEM cavity by BNL (centre), 

and double-ridge l/2 TEM cavity by SLAC & ODU (right). 

Prototype compact Nb-Ti crab cavities for the LHC: 4-rod cavity (left) and 

double-ridge cavity (right). 

HL-LHC needs compact crab cavities 
only 19 cm beam separation, but long bunches 



breaking news – PoP double-ridge  cavity 
achieved 7 MV deflecting voltage cw 
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• Expected  

      Q0 = 6.7×109 

– At RS = 22 nΩ 

– And Rres = 20 nΩ 

• Achieved  

     Q0 = 4.0×109 

• Achieved fields 

– ET = 18.6 MV/m 

– VT = 7.0 MV 

– EP = 75 MV/m 

– BP = 131 mT 

Quench 
4.2 K 

2.0 K 

HL-LHC goal: 
3.3 MV in operation  

better than required! 

J. Delayen 
S. De Silva 
et al -  
ODU, 
SLAC, 
JLAB, 
Niowave 

J. Delayen, LARP CM20 



preliminary budget estimate 

  Improving 
Consolidation 

Full 
performance 

Total HL-LHC 

Mat. (MCHF) 476 360 836 

Pers. (MCHF) 182 31 213 

Pers. (FTE-y) 910 160 1070 

TOT (MCHF) 658 391 1,049 



RLIUP 2013 
“Review of LHC and injector upgrade plans” 
CERN, 8-10 October 2013 
 3 scenarios PICs 

Performance 
Improving 
Consolidations  

US1 
Upgrade Scenario 1 
 

US2 
Upgrade 
Scenario 2 
 

+HHRF?+DS 
collimators? 

+crab 
cavities, e-
lens,… 

integrated 
luminosity by 2035 

1000-
1200/fb 

2000/fb 3000/fb 

physics needs & motivation?; also, reasons to go >3000/fb? 
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HL-LHC project structure 
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HL-LHC Structure and Management 



High-Energy LHC 

2-GeV Booster 

Linac4 

S-SPS? 

HE-LHC 
20-T dipole magnets 

    

higher energy 
transfer lines 
    



E. Todesco, L. Rossi, P.. McIntyre 

20-T dipole magnet 

beam  
pipe 



VHE-LHC  

VHE-LHC 
    

VHE-LHC-LER 
     



«Pre-Feasibility Study for an 80-km tunnel at CERN» 
John Osborne and Caroline Waaijer,  
CERN, ARUP & GADZ,  submitted to ESPG 

80-km tunnel for VHE-LHC – “best” option 

even better 
100 km? 

the same tunnel could host an e+e- Higgs factory  
“TLEP” (Alain Blondel’s talk) and a highest-luminosity 
highest-energy e-p/A collider “TLHeC, VHE-TLHeC” 



HE-LHC & VHE-LHC parameters – 1 

O. Dominguez, L. Rossi, F.Z. 



HE-LHC &VHE-LHC luminosities could much improve for bunch spacings < 25 ns, e.g. 
by factor 5 for 5 ns, and make better use of strong radiation damping! 

are 5 ns spacing & 2.5x1035cm-2s-1 acceptable for detectors? 
O. Dominguez, L. Rossi, F.Z. 

HE-LHC & VHE-LHC parameters – 2 

longitudinal 

transverse 



Conclusions 
 
• Well defined programme for HL-LHC 
• Key prototypes successfully tested 
• Plan & goals for HL-LHC under review  
 - budget considerations & LHC results 
• HL-LHC develops the technology (Nb3Sn 

magnets, 20-kA HTS cables) for future 
higher energy pp collider: HE-LHC (33 TeV 
c.m.) and/or VHE-LHC (100 TeV c.m.)  



1980 1990 2000 2010 2020 2030 

LHC Constr. Physics Proto. 
Design,  
R&D 

HL-LHC Constr. Physics 
Design,  
R&D 

VHE-LHC Constr. Design,  
R&D 

possible long-term time line 

2040 

or TLEP Constr. Physics Design,  
R&D 

Physics 

HE-LHC Constr. Physics Design,  
R&D { ? 



“reality is always 
changing, and it is always 

unpredictable” 

Hideki Yukawa 



Appendix 
   
  

• example parameters for  
 TLHeC & VHE-TLHeC 



  
collider parameters TLHeC VHE-TLHeC 

species e± p e± p 

beam energy  [GeV] 120 7000 120 50000 

bunch spacing [ms] 3 3 3 3 

bunch intensity [1011] 5 3.5 5 3.5 

beam current [mA] 24.3 51.0 24.3 51.0 

rms bunch length [cm] 0.17 4 0.17 2 

rms emittance [nm] 10,2 0.40 10,2 0.06 

bx,y*[cm] 2,1 60,5 0.5,0.25 60,5 

x,y* [mm] 15, 4 6, 2 

beam-beam parameter x 0.05, 0.09 0.03,0.01 0.07,0.10 0.03,0.007 

hourglass reduction 0.63 0.42 

CM energy [TeV] 1.8 4.9 

luminosity [1034cm-2s-1] 0.5 1.6 

parameters for TLHeC & VHE-TLHeC (e- at 120 GeV)  



  
collider parameters TLHeC VHE-TLHeC 

species e± p e± p 

beam energy  [GeV] 60 7000 60 50000 

bunch spacing [ms] 0.2 0.2 0.2 0.2 

bunch intensity [1011] 5 3.5 5 3.5 

beam current [mA] 390 51.0 390 51.0 

rms bunch length [cm] 0.18 4 0.18 2 

rms emittance [nm] 10, 2 0.40 10, 2 0.06 

bx,y*[cm] 2, 1 60, 5 0.5, 0.25 60,5 

x,y* [mm] 15, 4 6, 2 

beam-beam parameter x 0.10, 0.18 0.03,0.01 0.14, 0.20 0.03,0.007 

hourglass reduction 0.63 0.42 

CM energy [TeV] 1.3 3.5 

luminosity [1034cm-2s-1] 8.0 25.6 

parameters for TLHeC & VHE-TLHeC (e- at 60 GeV)  


