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Structure of the talk 

• Do we need a Higgs factory? 

• At what level do we expect to see deviations 
from the standard model? 

• Which machines can deliver such accuracies? 

• LEP3: main concepts 

• LEP3: main issues (highlights) 

• The bigger picture – other options 



The discovery 
Reminder : A new state was discovered by CMS and ATLAS 

 

 

 

 

 
 

Decaying in ZZ, gg, WW, ττ and bb with properties very much like an SM Higgs 

CMS CMS 



The aftermath 

• This discovery strongly influences the strategy for future collider 
projects 

• We are now entering the precision measurement era 
– Need to characterize the new state: measure Higgs branching ratios and 

related couplings, Higgs coupling to the top quark, Higgs quantum 
numbers, Higgs mass, Higgs boson self couplings, Total Higgs decay width 

– Need to determine the (tree-level) structure of the theory: are there 
Invisible Higgs decays, Exotic Higgs decays, any deviations from SM 
through higher-order operators? 

– Need to evaluate (new physics) loop-induced effects  

– We might need to measure even more precisely EW parameters to  over-
constrain the theory 

• LHC discoveries at 13 TeV (2015-2022) will lead to a broader 
horizon and will strongly influence the strategy for future collider 
projects as well 

 



Question #1 : Precision Needed  
• Couplings: a Higgs with a mass of 125GeV decays in the most diverse fashion 
• Many channels are open – most couplings can be measured from decays 
• Large theoretical uncertainties (2 - 6%, mostly QCD) that need to be improved 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
 

 

• Are the effects of new physics measurable ? 

Decay BR [%] Unc. [%] 

bb 57.9 3. 

ττ 6.4 6. 

cc 2.8 12. 

μμ 0.022 6. 

WW 21.6 4. 

gg 8.2 10. 

ZZ 2.6 4. 

γγ 0.27 5. 

Zγ 0.16 9. 

ΓH [MeV] 4.0 4. 

mH = 125 GeV 



Question #1 : Precision Needed  
• What are the typical deviations from the SM on the couplings? 

–  typical tree-level coupling modifications from SUSY - Pseudo-scalar A for moderate tanβ 
and mA > 200 GeV 

 

 

 

 

 

 

 

– Typical coupling modifications from composite Higgs models - All couplings reduce 
together according to the compositeness scale f 
 

 

 

– Typical loop-induced effects from top partners (e.g., stops) 

 

 

Essentially decoupled from EW precision measurements 

Large effect on Hbb and Htt coupling – sensitive to mA up to 1TeV 

Sensitive to compositeness 



Precision needed 

• Expected deviations from SM predictions are 
at the percent level 

• Any Higgs factory needs to aim to measure to 
precision better than this, to be sensitive 

• What is the precision of the LHC? Do we need 
a different Higgs factory? 



LHC accuracies 
• LHC is a Higgs factory! 
• The LHC cannot extract couplings without assumptions on the total 

width (either measure ratios of couplings, or make assumptions). 
• CMS projections on couplings accuracy (under certain assumptions: 

no exotic decays, no pileup deterioration, stable 
trigger/detector/analysis performance): 

Scenario 1: Constant systematic uncertainties 
Scenario 2: Scaling systematic uncertainties 

• LHC Approved 
programme: 300 fb-1  

• HL-LHC: 3000 fb-1  



Higgs factories 

• …so we need another, complementary, machine 

• This could be a 
– Muon collider 

– γγ collider 

– e+e- collider 

• If it is an e+e- collider, it can be a linear or circular one 

• If it is a circular e+e- collider,it can fit in the LHC 
tunnel (LEP3) or be installed in a new, larger tunnel 
(TLEP – 80 km) 
 

See prof. Valery Telnov’s talk 



e+e- beam energy 

• Energy chosen to maximize the HZ cross section / physics potential 

• Maximum cross section is at 260 GeV : 212 fb 

• Only 6% smaller at 240 GeV : 200 fb but reduces SR energy losses 
by  40%  

LEP2 

LEP3 

[If one maximizes physics analysis 
efficiency (kinematics), luminosity, 
etc. the most efficient beam energy 
will be smaller than the maximum 
cross section energy] 

Other running modes: 
• ECM=350GeV (above the H→tt 

threshold – TLEP only) 
• ECM=160GeV (WW threshold) 
• ECM=90GeV (Z threshold) 

 



The LEP3 option : Where ? 
• The obvious choice: in the LHC tunnel, too 

– LEP2 parameters were not that far from what we want 

– The cost would be minimized, by re-using 

• The tunnel                                                                        Save 1 G$ 

• The cooling infrastructure                                       Save 1 G$ 

• Two multi-purpose detectors (CMS/ATLAS)    Save 1 G$ 

– Also saves significant amount of time for construction 

– Integration in the tunnel : less difficult than LHeC (no concurrent operation needed) 

LEP
3 

…alternatively 

After the 13 TeV programme 
(with or without HL-LHC run,  
 choice depends on physics in 2022) 
  

Before the 33 TeV programme 
(Should HE-LHC be chosen as our  
  LHC upgrade, cannot start before  
  2035 to have magnets ready) 



The design brief 

• A Higgs factory needs to be able to create o(100,000) 
clean Higgs events in a reasonable amount of time. 

• A luminosity of 1034cm−2s−1 would lead to 20,000 Higgs 
events per experiment per year 

• A Higgs factory should not have an unreasonable 
power consumption (or cost, if possible) 

• LEP2 reached to within 15% of the energy needed. 
What improvements would need to be done to the 
LEP2 design to reach “Higgs factory grade” 
performance? The LEP2 luminosity reached was 
1.25×1032cm−2s−1 – two orders of magnitude are 
needed 



Major design considerations   

 Decide on an acceptable level of SR power; in our case, 100MW 
for both beams 

 Diameter of tunnel is given, use a high dipole fill factor if possible 
(in our case, we have adopted the LHeC optics with a low filling 

factor). Loss per turn is 7GeV 
 Above define the total current (7mA) 

 LHeC optics give a 2.5-fold improvement in horizontal emittance, 
assume same εx/εy ratio as LEP2 

 Chose a 1.3GHz (or 700MHz) RF system, a small momentum 
compaction factor giving shorter bunches than LEP2 

 Chose β*
y (=1mm) to be close to the bunch length (3mm) close to 

the value giving max. geometric luminosity 
 Chose β*

x (=20cm) as small as possible compatible with 
beamstrahlung limits  

 Use as few bunches as possible while keeping within the beam-
beam limit (tune shift of 0.09) – in our case 4 
 End up with a luminosity of 1034cm−2s−1  

Improvement 
compared to LEP2 

×2 worse 

×4 higher 

×2 higher 

×2.5 better 

×5 better 

×50 better 

same 

×7 better 



Consequences 

• Due to the high luminosity, the beams will be 
“burning up” (bhabha scattering) very fast – 
beam lifetimes of around 16 mins (for 2 IPs) 

• Efficient running calls for a “topup” scheme: a 
second ring fills the main ring every minute or so 
 
 
 
 

• High squeezing causes beamstrahlung (see later) 



Beamstrahlung 
• Due to the high focusing of beams at the interaction point, 

electrons of the one beam see the collective electromagnetic 
field of the opposite beam and emit photons. This has two 
effects: 

– It alters the Ecm of the collision; this is not a problem at 
LEP3 

– It reduces the beam lifetime (electrons that lose too 
much energy cannot be kept in the ring). This 
necessitates very large momentum acceptance 

• Effect of beamstrahlung is inversely proportional to the 
horizontal size of the beam at the IP, σ*

x , but is independent 
of σ*

y  

• Effect firstly pointed out by V. Telnov, see earlier talk! 

• Effort to understand and mitigate the effects of 
beamstrahlung at LEP3: simulation has been set up 

 

 
Ng

 z( x   y )



Beamstrahlung simulation 

Momentum acceptance 

Particles 
are lost 

Following is simulation for a 
momentum acceptance of 3%. 
Colour: lifetime (in seconds) 
Black square: LEP3 working 
point. Simulation result: 
lifetime of 300s (lower than we 
aim for!) 

Momentum acceptance needed for LEP3: 
4%. Achieved by having 12GV RF 
acceleration (electrons lose 7GeV per turn, 
remaining 5GV is for headroom) 

This is an active field of work 



RF considerations 

• 7GV needed for replenishing SR losses but 
• 12GV (10GV) are necessary to sustain the large 

momentum acceptance needed to account for 
beamstrahlung effects for a 1.3GHz (700MHz) 
system 

• The top-up ring needs an additional ~7GV, but 
with low power requirements 

• Total length of RF system similar to LEP2 
(accelerating gradient 4 times bigger; SR losses 4 
times higher) 

• Technology choice: 1.3GHz or 700MHz? 
 



RF - technology choice 

1.3GHz 700MHz 

type TESLA/ILC eRHIC/SPL 

Accelerating gradient obtained 
(needed: 20MV/m) 

31.5 MV/m @ Q0> 1 x 1010  20 MV/m @ Q0= 2 x 1010  
 

σz 3.1cm 2.3cm 

Cryogenic power (LHC installed: 
18kW) 

16kW 25 kW 

Total voltage needed for 4% mom. 
acceptance 

12GV 10GV 

Higher Order Mode power per 
cavity needed / existing 

19kW (world record: KEKB 
15kW@500MHz) 

6kW / 7.5kW 

Power coupler power achieved 
(needed: 176 kW) 

8kW (60kW under study) 1000kW 

Total cryomodule length 927 m 907 m 

notes Fruit of 10 years R&D, 
mature technology, used in 
XFEL 

Mature technology, power 
couplers exist, lose in σz 

and cryogenic  power 



Beam pipe design 

• SR issues dominate the design. LEP3 is not as 
demanding as PEPII or SPEAR3 

  PEPII SPEAR3 LEP3 

E (GeV) 9 3 120 

I (A) 3 0.5 0.0072 

Bending radius (m) 165 7.86 2625 

Linear Power (W/cm) 101.8 92.3 50 

Courtesy Nadine Kurita (SLAC), Higgs Factory 
Workshop November 15, 2012 

PEPII 

• Thermal stresses from the SR striking the vacuum 
chamber should be manageable (lower than PEP-II 
and SPEAR3) 

• Critical photon energy = 1.4 - 2 MeV  

•  Radiological risk, activation  

• Use discrete masks to minimize the radiation 
shielding and materials activated. 

 

This will be the topic of a detailed 
(and complex) study 



circular e+e- Higgs factories are becoming 
popular around the world 

LEP3 2011 

SuperTristan 2012 
LEP3 on LI, 2012 

LEP3 in Texas, 2012 

FNAL site filler, 2012 
West Coast  
design, 2012 

Chinese Higgs  
Factory, 2012 

UNK Higgs  
Factory, 2012 



Alternative locations – UNK-L 
• One obvious alternative location for a LEP3-like 

accelerator is the UNK tunnel. Smaller than the LEP 
tunnel – but what is the loss in performance? 

LEP3 UNK-L 

Circumference (m) 26659 20772 

Straight sections (m) 4360  3560 

Bending radius (physical) 3549m 2739m  

Dipole fill factor 73% 80% (LEP2: 87%) 

Bending radius (km) 2.6  2.19 

Eloss/turn (GeV) 6.99 8.3 

SR power lost (MW) 100 100 

Number of e- per beam 4x1012  3.4x1012 

Total beam current 7.2mA 7.9mA per beam 

#bunches 4 4 

Lumi (units of 1034cm−2s−1 ) 1.0 0.9 

A bit more RF power 
will be needed, but 
otherwise 
performance is 
similar 



Comparison with the ILC 

Δg/g 
(%) 

 Z    b    c    g   W  τ    γ    μ  ΓH   Γinv  

Also favourable 
for LEP3/TLEP 
across the 
board! (see V. 
Telnov’s talk) 

Precision on couplings and width (if advertised luminosities are met) 

Janot cost per Higgs 

ILC 250GeV 200,000$ 

LEP3 5,000$ 

TLEP 3,000$ 



The bigger picture 

• Does it make sense to invest in a machine like 
LEP3? 
– Depends primarily on the physics outcome of the LHC 

running at 13TeV (so we will not know before 2017) 

– If at 2017 the priority would be to measure the Higgs 
properties, then: 
• LEP3 can do it more economically than the ILC 

• LEP3 can do it better than HL-LHC 

• LEP3 remains a good idea that should be 
investigated further 



LEP3 or LHC? 

• LEP3 does not compete or interfere with the current LHC 
programme for the next 10 years. 

• Since it shares the LHC tunnel, it clashes with the HL-LHC 
programme 

• It does not clash with the HE-LHC programme, since the current 
LHC magnets would have to be replaced with new ones. 

• CERN needs to ensure the maximum physics output not for the 
LHC, but for Europe. 

• the input from the LHC high energy run would be the decisive factor 
to decide if LEP3 or HL-LHC is the best option for CERN.  

• If no major discovery is seen at the LHC: 
–  Both the HL-LHC and LEP3 would be precision machines (and not 

discovery machines) 
– LEP3 is more accurate than HL-LHC in the scenario (and has a similar 

cost) 



L
S
3 

Timescales 

• Currently, the LHC programme up to LS3 has been approved. The 
hypothesis is that by that time LHC would have collected 300fb-1. 

• (LS3 is bound to slip a few years – to 2022-2025) 
• There is room for LEP3 to be installed and run during the period 

2025-2035, instead HL-LHC and before HE-LHC  

LEP2 LHC 
7-8TeV 

L
S
1 

LHC 
13TeV 

L
S
5 

HE-LHC 
30TeV 

HL-LHC 
14TeV 

LEP3 

2000 2010 2020 2030 2040 



Summary 

• LEP3 is a Higgs factory which is cheap (due to 
re-use of existing infrastructure, not least the 
LHC experiments ATLAS and CMS). 

• However, although it is a machine based on 
proven technology, it pushes the accelerator 
design frontiers in many areas. 

• TLEP is an even better (but more expensive) 
Higgs factory which is upgradable 

 



Conclusions 

• The fact that the Higgs is light opens up possibilities for its 
study that were thought not to be viable – namely circular 
Higgs factories 

• LEP3 is the new kid in town! Only 6 months old (therefore 
not in a mature state like the ILC) but promising to be 
better than the ILC-250 (2-5 times the produced Higgs 
events) plus a lot cheaper (3-4 times cheaper) 

• LEP3 is not extendable to higher energies, so input from 
LHC-14TeV would be crucial to decide if this is a handicap 
or not. 

• TLEP is extendable to 350GeV, plus can house a 100TeV 
proton collider in the future (but is as expensive as the ILC) 

• LEP3 (and TLEP) merit further studies! 



Thank you 

www.cern.ch/LEP3 



Backup slides 



  LEP2  LHeC LEP3 TLEP-Z TLEP-H TLEP-t 
beam energy Eb [GeV]  
circumference [km]  
beam current [mA]  
#bunches/beam  
#e−/beam [1012]  
horizontal emittance [nm]  
vertical emittance [nm]  
bending radius [km]  
partition number Jε  
momentum comp. αc [10−5]  
SR power/beam [MW]  
β∗x [m]  
β∗y [cm]  
σ∗x [μm]  
σ∗y [μm]  
hourglass Fhg  
ΔESR

loss/turn [GeV]  

104.5 
26.7 
4 
4 
2.3 
48 
0.25 
3.1 
1.1 
18.5 
11 
1.5 
5 
270 
3.5 
0.98 
3.41 

60 
26.7 
100 
2808 
56 
5 
2.5 
2.6 
1.5 
8.1 
44 
0.18 
10 
30 
16 
0.99 
0.44 

120 
26.7 
7.2 
4 
4.0 
25 
0.10 
2.6 
1.5 
8.1 
50 
0.2 
0.1 
71 
0.32 
0.59 
6.99 

45.5 
80 
1180 
2625 
2000 
30.8 
0.15 
9.0 
1.0 
9.0 
50 
0.2 
0.1 
78 
0.39 
0.71 
0.04 

120 
80 
24.3 
80 
40.5 
9.4 
0.05 
9.0 
1.0 
1.0 
50 
0.2 
0.1 
43 
0.22 
0.75 
2.1 

175 
80 
5.4 
12 
9.0 
20  
0.1 
9.0 
1.0 
1.0 
50 
0.2 
0.1 
63 
0.32 
0.65 
9.3 

LEP3/TLEP parameters -1 



  LEP2  LHeC LEP3 TLEP-Z TLEP-H TLEP-t 
VRF,tot [GV]  
dmax,RF [%] 
ξx/IP  
ξy/IP 
fs [kHz]  
Eacc [MV/m]  
eff. RF length [m]  
fRF [MHz]  
δSR

rms [%]  
σSR

z,rms [cm]  
L/IP[1032cm−2s−1]  
number of IPs  
Rad.Bhabha b.lifetime [min]  
ϒBS [10−4]  
nγ/collision  
DdBS/collision [MeV]  
DdBS

rms/collision [MeV]  

3.64 
0.77 
0.025 
0.065  
1.6 
7.5 
485 
352 
0.22 
1.61 
1.25 
4 
360 
0.2 
0.08 
0.1 
0.3 

0.5 
0.66 
N/A 
N/A 
0.65 
11.9 
42 
721 
0.12 
0.69 
N/A 
1 
N/A 
0.05 
0.16 
0.02 
0.07 

12.0 
5.7 
0.09 
0.08 
2.19 
20 
600 
700 
0.23 
0.31 
94 
2 
18 
9 
0.60 
31 
44 

2.0 
4.0 
0.12 
0.12 
1.29 
20 
100 
700 
0.06 
0.19 
10335 
2  
74 
4 
0.41 
3.6 
6.2 

6.0 
9.4 
0.10 
0.10 
0.44 
20 
300 
700 
0.15 
0.17 
490 
2  
32 
15 
0.50 
42 
65 

12.0 
4.9 
0.05 
0.05 
0.43 
20 
600 
700 
0.22 
0.25 
65 
2  
54 
15 
0.51 
61 
95 

LEP3/TLEP parameters -2 LEP2 was not beam-
beam limited 

LEP data for 94.5 - 101 GeV consistently suggest a beam-beam limit of ~0.115 (R.Assmann, K. C.) 



Luminosity limits 

𝐿 =
𝑓𝑟𝑒𝑣𝑛𝑏𝑁𝑏

2

4𝜋𝜎𝑥𝜎𝑦
= 𝑓𝑟𝑒𝑣𝑛𝑏𝑁𝑏

𝑁𝑏
휀𝑥

1

4𝜋

1

𝛽𝑥𝛽𝑦

1

𝜅𝜀
 

𝑁𝑏
휀𝑥

=
𝜉𝑥2𝜋𝛾 1 + 𝜅𝜎

𝑟𝑒
 

𝑓𝑟𝑒𝑣𝑛𝑏𝑁𝑏 =
𝑃𝑆𝑅 𝜌

8.8575 × 10−5
m

GeV−3
𝐸4

 

𝑁𝑏
𝜎𝑥𝜎𝑧

30 𝛾𝑟𝑒
2

 𝛿𝑎𝑐𝑐  𝛼
< 1 

SR radiation  
power limit 

beam-beam limit 

>30 min beamstrahlung 
lifetime (Telnov) → Nb,bx 



How to boost LEP3 luminosity 

minimizing   
 ke=ey/ex 

 by~bx(ey/ex) 
  

…increases the luminosity  
independently of previous limits 
 
however by≥z (hourglass effect) 
Therefore, minimizing ey is the key (but 
effect on luminosity is not linear) 



key parameters 

LEP3, TLEP 
(e+e- -> ZH, e+e- → W+W-, e+e- → Z,[e+e-→ t𝑡 ] ) 

LEP3 TLEP 

circumference 26.7 km 80 km 

max beam energy 120 GeV 175 GeV 

max no. of IPs 4 4  

luminosity at 350 GeV c.m. - 0.7x1034 cm-2s-1  

luminosity at 240 GeV c.m. 1034 cm-2s-1  5x1034 cm-2s-1  

luminosity at 160 GeV c.m. 5x1034 cm-2s-1  2.5x1035 cm-2s-1  

luminosity at 90 GeV c.m. 2x1035 cm-2s-1  1036 cm-2s-1  

at the  Z pole repeating LEP physics programme in a few minutes… 



QUADS insertions in the CMS detector 

 Azzi, et al..  

integrating LEP3 IR in CMS detector? 

A. Blondel, ATLAS Meeting 4 Oct. 2012 



Cohabitation (with the LHC) 

• Concurrent operation (LHeC 
style)  

• Alternating operation (Y-to-Y 
or LS-to-LS) 

• Single operation – only one 
accelerator in tunnel 

Unnecessary 

Currently the baseline 

Best performance 


