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The  FCC  project:  CERN  long  term  vision  for  HEP
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• TLEP:  An  e+e-‐  collider  in  a  new  
80/100  km  tunnel  with  center  of  
mass  energy  from  90  to  350  GeV  
and  beyond  and  several  interaction  
points

• VHE-‐LHC:  an  hadron  collider  in  the  
same  tunnel,  at  a  center  of  mass  
energy  up  to  100  TeV

•The  FCC  (Future  Circular  Colliders)  is  now  an  official  project  at  CERN  
with  the  highest  priority  after  LHC

•“First  look  at  the  physics  case  of  TLEP”  just  out    [arXiv:1308.6176]
• numbers  and  plots  in  this  talk  taken  from  this  paper
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Scientific  motivation
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• Driven  by  today’s  experimental  situation
• a  very  Standard  Model  Higgs  boson
• no  indication  of  new  physics  BSM  up  to  several  hundred  GeV

•With  the  results  of  the  high-‐energy  run  of  LHC  (sensitivity  for  new  
physics  extended  up  to  1  TeV  or  more)  we  might  want  to

• Focus  on  probing  the  scale  of  new  physics  via  indirect  measurements:
• Measure  with  precision  all  the  SM  parameters  including  Higgs  

boson  properties

ATLAS  and  CMS  data,  J.  
Ellis  and  T.  You  (2013)  
ArXiv  e-‐print  1303.3879 GFitter  2013
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Precision  needed
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• Higgs  couplings:  directly  sensitive  to  New  Physics
• Expected  deviations  from  SM  in  the  couplings  depend  on  the  NP  scale

• Need  at  least  a  per-‐cent  accuracy  for  a  5σ  observation  if  ΛNP  =  1  TeV
• and  a  sub-‐per-‐cent  accuracy  for  multi-‐TeV  NP  scale

• Need  millions  of  Higgs  bosons

• EWSB  parameters:  Stringent  SM  closure  test
• Z  pole  measurements

• improve  by  at  least  two  orders  of  magnitude
• Need  >  104  times  LEP1  statistic  (1011  Z  decays)

• Direct  mW  and  mtop  measurements
• improve  by  at  least  one  order  of  magnitude

• δmw  <  1  MeV  and  δmtop  <  50  Mev
From  GFitter,  under  the  
assumption  that  theory  
uncertainties  can  be  reduced  to  
match  the  experimental  ones

Patrick Janot 
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Seattle, 30 June -3 July 2013 
Snowmass Energy Frontier Workshop 
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The  TLEP+VHE-‐LHC  solution
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• TLEP  e+e-‐  collider  with  four  interaction  points
• Baseline  preliminary  physics  program  

• Tera-‐Z:  √s  ~  mZ    (1-‐2  years  -‐  5.6  ab-‐1  per  year  and  IP)  
• Oku-‐W:  √s  ~  2mW  (1-‐2  years  -‐  1.6  ab-‐1  per  year  and  IP)
• Mega-‐Higgs:  √s  ~  m240  GeV  (5  years  -‐  5oo  Q-‐1  per  year  and  IP)
• Mega-‐top:  √s  ~  2mtop  (5  years  -‐  130  Q-‐1  per  year  and  IP)

• VHE-‐LHC  pp  collisions  at  √s  ~  100  TeV  with  16T  magnets
• To  follow  the  successful  historical  path  for  high-‐energy  physics
• TLEP  physics  case

• precision  measurements  sensitive  to  multi-‐TeV  NP
• VHE-‐LHC  physics  case:  

• direct  search  for  NP  in  the  10-‐100  TeV  range
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Luminosity  and  Energy
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Patrick Janot 

Why&only&1032&cmE2sE1&at&LEP2&?&
!  Beam&lifetime&due&to&Bhabha&scattering&~&15&minutes&

◆  Will&be&~&5&minutes&at&SuperKEKB&
●  Need&to&design&an&efficient&topEup&injector&&

!  Lifetime&further&reduced&by&beamstrahlung&
◆  Radiating&e±&pushed&outside&the&acceptance&

◆  Need&to&design&an&achromatic&optics&at&the&IPs&&

●  with&2E3%&momentum&acceptance&

Seattle, 30 June -3 July 2013 
Snowmass Energy Frontier Workshop 
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A. Blondel F. Zimmermann 

M. Zanetti 

Table 1: Preliminary values of the luminosity for TLEP in each of the four planned configurations [8]. Other
parameters relevant for the physics potential of TLEP (beam size, RF cavity gradient, number of bunches, total
power consumption and integrated luminosity per year at each IP) are also listed.

TLEP-Z TLEP-W TLEP-H TLEP-t
p
s (GeV) 90 160 240 350

L (1034 cm�2s�1) 56 16 5 1.3
# bunches 4400 600 80 12

RF Gradient (MV/m) 3 3 10 20
Vertical beam size (nm) 270 140 140 100
Total AC Power (MW) 250 250 260 284

Lint (ab�1/year/IP) 5.6 1.6 0.5 0.13
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Fig. 3: Instantaneous luminosity, in units of 1034 cm�2s�1, expected at TLEP (purple line) at each interaction
point, as a function of the centre-of-mass energies. For illustration, the luminosities expected at linear colliders,
ILC (blue line) and CLIC (green line), are indicated in the same graph. For TLEP, the luminosity at each interaction
point is determined in the configuration with four interaction points operating simultaneously. As explained in the
text, it would increase significantly if fewer interaction points were considered. The red line indicates the TLEP
luminosity summed over the four interaction points.

pendence of the beam-beam parameter on the damping decrement, any modifications to the formula of
Ref. [13] will have minor effects on the conclusions of this analysis.

Also displayed in Fig. 3 are the luminosities expected for the two linear collider projects, ILC [14,
15] and CLIC [16], as a function of the centre-of-mass energy. It is remarkable that the luminosity ex-
pected at TLEP is between a factor 5 and three orders of magnitude larger than that expected for a linear
collider, at all centre-of-mass energies from the Z pole to the tt̄ threshold, where precision measure-
ments are to be made, hence where the accumulated statistics will be a key feature. Upgrades aimed at
delivering luminosities well beyond the values given above are also being investigated – although they
cannot be guaranteed today. Possibilities include beam charge compensation and the use of the “crab-
waist” collision scheme [17, 18], allowing beamstrahlung effects to be mitigated. Upgrades to higher
centre-of-mass energies are discussed in Section 5.
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Preliminary  Parameters  for  4  IP  configuration

• TLEP  collider  complex:  accelerator  
and  storage  rings,  the  former  
delivering  continuous  top-‐up  
injection  (once  per  min  @  240  GeV)
• beam  lifetime  due  to  bhabha  

scattering  ~15  min
• lifetime  further  reduced  by  

beamstrahlung  (harmless  effect  for  
physics,  because  of  the  rather  large  
beam  size)

• 12  GV  RF  system  is  designed  to  
compensate  for  the  energy  loss  by  
synchrotron  radiation  @  350  GeV  
• the  RF  power  is  used  at  low  √s  to  

collide  more  bunches
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Luminosity  and  Energy
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•Much  higher  repetition  rate  +  multiple  interaction  points
• significantly  larger  luminosity  up  to  the  ttbar  threshold  with  respect  to  ILC

• TLEP  luminosity  values  obtained  in  a  configuration  with  4  IP
• parameters  of  beam-‐beam  effect  taken  from  LEP  measurements

• two  detectors  instead  of  4  would  only  reduce  the  total  lumi  by  35%
• Note:  luminosity  upgrade  scenarios  envisioned  for  ILC,  energy  upgrade  for  TLEP
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Higgs  production
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• Higgs-‐strahlung  process:  for  the  choice  of  √s  interplay  between  the  luminosity  
profile  and  the  cross  section:  240  GeV  (max  Nhiggs)

• WW/ZZ  fusion  process:  broad  maximum  between  √s  280  and  360  GeV:  350  GeV  
(coupled  with  the  tt  threshold  program)

Patrick Janot 
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Fig. 7: The Higgs boson production cross section as a function of the centre-of-mass energy in unpolarized e+e�

collisions, as predicted by the HZHA program [35]. The thick red curve shows the cross section expected from the
Higgs-strahlung process e+e� ! HZ, and the thin red curve shows the fraction corresponding to the Z ! ⌫⌫̄

decays. The blue and pink curves stand for the WW and ZZ fusion processes (hence leading to the H⌫e⌫̄e and
He+e� final states), including their interference with the Higgs-strahlung process. The green curve displays the
total production cross section. The dashed vertical lines indicate the centre-of-mass energies at which TLEP is
expected to run for five years each,

p
s = 240 GeV and

p
s ⇠ 2mtop.

Table 3: Integrated luminosity and number of Higgs bosons produced with TLEP at
p
s = 240 GeV (summed

over four IPs), for the Higgs-strahlung process and the WW fusion. For illustration, the corresponding numbers
are also shown for the baseline ILC programme [36] at

p
s = 250 GeV, with beams polarized at a level of 80% for

electrons and 30% for positrons.

TLEP 240 ILC 250
Total Integrated Luminosity (ab�1) 10 0.25

Number of Higgs bosons from e+e� ! HZ 2,000,000 70,000
Number of Higgs bosons from boson fusion 50,000 3,000

3.1 Measurements at
p
s = 240 GeV

At
p
s = 240 GeV, the TLEP luminosity is expected to be 5 ⇥ 1034 cm�2s�1 at each interaction point,

in a configuration with four IPs. The total integrated luminosity accumulated in five years, assuming
running for 107 seconds per year, is shown in Table 3, together with the corresponding numbers of Higgs
bosons produced.

From the sole reading of this table, it becomes clear that TLEP is in a position to produce enough
Higgs bosons in a reasonable amount of time to aim at the desired sub-per-cent precision for Higgs boson
coupling measurements. Detailed simulations and simple analyses have been carried out in Ref. [32] to
ascertain the claim, with an integrated luminosity of 500 fb�1 (representing only one year of data taking
at

p
s = 240 GeV in one of the TLEP detectors), fully simulated in the CMS detector. For example,

the distribution of the mass recoiling against the lepton pair in the e+e�H and µ

+
µ

�H final states,
independently of the Higgs boson decay, is shown in Fig. 9, taken from Ref. [32], for one year of data

16

Table 5: Integrated luminosity and numbers of Higgs bosons produced with TLEP (summed over four IPs) atp
s = 350 GeV, in the Higgs-strahlung process and in WW fusion. For illustration, the corresponding numbers are

also shown for the baseline ILC programme at the same centre-of-mass energy, with beams polarized at a level of
80% for electrons and 30% for positrons.

TLEP 350 ILC 350
Total Integrated Luminosity (ab�1) 2.6 0.35

Number of Higgs bosons from e+e� ! HZ 340,000 65,000
Number of Higgs bosons from boson fusion 70,000 22,000
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Fig. 10: Distribution of the mass recoiling against the bb̄ system in the bb̄⌫⌫̄ final state, from Higgs-strahlung
(blue) and WW-fusion (red) production for 500 fb�1 at

p
s = 350 GeV, taken from Ref. [38].

numbers of Higgs bosons produced.
The additional events from the Higgs-strahlung process at 350 GeV allow the statistical precision

for all the aforementioned measurements to be improved by typically 5% for TLEP with respect to the
sole 240 GeV data. The large number of Higgs bosons produced by boson fusion allows a measurement
of the total width in the bb̄⌫⌫̄ final state. At

p
s = 350 GeV, both the Higgs-strahlung process (when the

Z decays to a neutrino pair) and the WW fusion contribute to this final state with a similar cross section
(Fig. 7). The mass recoiling against the bb̄ system (also called missing mass), however, peaks at mZ

for the Higgs-strahlung and clusters around
p
s � mH for the WW fusion. A fit of the HZ and WW

fusion contributions to the distribution of this missing mass, shown in Fig. 10 from Ref. [38], allows
�WW!H ⇥ BR(H ! bb̄) to be obtained with a relative precision of 0.6% at TLEP.

This measurement can be performed in a very similar manner with the data at
p
s = 240 GeV,

albeit with a reduced discrimination between the HZ and the WW fusion contributions. The statisti-
cal precision with which �WW!H ⇥ BR(H ! bb̄) can be measured at both centre-of-mass energies is
displayed in Table 6.

19

Higgs  production  cross  section  in  un-‐polarized  
e+e-‐  collisions  (from  the  HZHA  generator)

N  Higgs  boson  produced  in  5-‐year  
running  program
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Higgs  measurements  @  240  GeV
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• Detailed  simulation  and  simple  analyses  have  been  carried  out  
• to  prove  the  sub-‐per-‐cent  precision  for  Higgs  boson  coupling  measurement
• full  simulation  with  the  CMS  detector
• 1  year  of  data  taking  at  240  GeV  (500  Q-‐1)

ArXiv  e-‐prints  1208.1662

• One  example:  distribution  of  the  mass  
recoiling  against  the  lepton  pair    in  the            
e+e-‐H,  μ+μ-‐H  final  states
• from  the  fit  to  this  distribution  the  total          

e+e-‐  -‐>  HZ  cross  section  with  0.4%  precision  
(4  IP,  5  years  running)  
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Higgs  measurements  @  240  GeV  (2)
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Patrick Janot 
CMG Summer Meeting 

21 June 2013 
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TLEP-240  
1 year, 1 detector 

Recoil Mass (GeV) 

e+e� → HZ with Z → e+e� or µ+µ� !

Fig. 9: Distribution of the mass recoiling against the lepton pair in the e+e� ! HZ channel, in the Z ! `

+
`

�

final state (` = e, µ), taken from Ref. [32], for an integrated luminosity equivalent to one year of data taking with
one TLEP detector (assumed to be the CMS detector). The number of Higgs boson events (the red histogram)
obtained from a fit of this distribution is proportional to the inclusive HZ cross section, �HZ.

Table 4: Statistical precision for Higgs measurements obtained from the proposed TLEP programme at
p
s = 240

GeV only (shown in Table 3). For illustration, the baseline ILC figures at
p
s = 250 GeV, taken from Ref. [6], are

also given. The order-of-magnitude smaller accuracy expected at TLEP in the H ! �� channel is the threefold
consequence of the larger luminosity, the superior resolution of the CMS electromagnetic calorimeter, and the
absence of background from Beamstrahlung photons.

TLEP 240 ILC 250
�HZ 0.4% 2.5%

�HZ ⇥ BR(H ! bb̄) 0.2% 1.1%
�HZ ⇥ BR(H ! cc̄) 1.2% 7.4%
�HZ ⇥ BR(H ! gg) 1.4% 9.1%

�HZ ⇥ BR(H ! WW) 0.9% 6.4%
�HZ ⇥ BR(H ! ⌧⌧) 0.7% 4.2%
�HZ ⇥ BR(H ! ZZ) 3.1% 19%
�HZ ⇥ BR(H ! ��) 3.0% 35%
�HZ ⇥ BR(H ! µµ) 13% 100%

boson decay products escape undetected. With the TLEP data at 240 GeV, the Higgs boson invisible
branching fraction can be measured with an absolute precision of 0.25%. If not observed, a 95% C.L.
upper limit of 0.5% can be set on this branching fraction.

3.2 Measurements at
p
s = 350 GeV

At
p
s = 350 GeV, the TLEP luminosity is expected to amount to 1.3 ⇥ 1034 cm�2s�1 at each IP. The

total integrated luminosity accumulated in five years is shown in Table 5, together with the corresponding

18

• Summary  of  statistical  precision  
of  all  the  measurements  
• for  the  cc  and  gg  decays  the  
precision  is  extrapolated  from  
ILC  prediction  (need  better  
vertex  capability  wrt  the  CMS  
detector)

• Total  width  determination:
• Γtot=Γ(H-‐>ZZ)/BR(H-‐>ZZ)
• Γ(H-‐>ZZ)  proportional  to  σHZ  measured  from  the  recoil  mass  distribution
• BR(H-‐>ZZ)  proportional  to  the  σHZ  x  BR(H-‐>ZZ)  measurement  obtained  from  ZZZ  

final  state  events  with  4  leptons  (bkg-‐free)
• ~3%  precision  on  Γtot  from  this  channel  only



15/10/13 C.  Botta  (CERN)

Higgs  measurements  @  350  GeV
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• Additional  events  from  the  Higgs-‐strahlung  process  allow  5%  improvement  in  
the  statistical  precision  of  previous  measurements

• Large  number  of  Higgs  bosons  produced  in  WW  fusion  allows  a  measurement  
of  the  total  width  from  the  bbυυ  final  state.

ILC  350

• HZ  with  Z-‐>vv  and  WW  fusion  (with  H-‐>bb)  
contribute  with  similar  cross  section

• A  fit  of  the  HZ  and  WW  contributions  to  the  
mass  recoiling  against  the  bb  system  allows  
σWW-‐>H  x  BR(H-‐>bb)  measurement  with  0.6%  
precision

• assuming  for  TLEP  same  performances  in  
separation  as  those  expected  for  ILC  (quick  
test  with  CMS  detector  simulation  shows  
similar  performances)

Table 6: Statistical precision of the TLEP measurement of �WW!H ⇥ BR(H ! bb̄). For illustration, the ILC
potential at the same centre-of-mass energies is also indicated.

p
s (GeV) TLEP ILC

240 - 250 2.2% 10.5%
350 0.6% 1.0%

Table 7: Statistical precision of the total Higgs boson width measurements with TLEP at
p
s = 240 and 350 GeV.

For illustration, the ILC potential at the same centre-of-mass energies is also indicated.

Process and final state TLEP ILC
e+e� ! HZ with H ! ZZ 3.1% 20%

WW ! H with H ! bb̄ at 240 GeV 2.4% 12%
WW ! H with H ! bb̄ at 350 GeV 1.2% 7%

Combined 1.0% 6.0%

These measurements can also be used to determine the total Higgs decay width in a way simi-
lar to that described in the previous section. Indeed, the total Higgs boson width is given by �tot =
�(H ! WW)/BR(H ! WW). The partial decay width �(H ! WW) is directly proportional to the
inclusive cross section �WW!H. The Higgs boson branching ratios to WW and to bb̄ are in turn ob-
tained from the measurements performed at

p
s = 240 GeV, the precision of which can be inferred from

Table 4. With the 350 (240) GeV data, TLEP is therefore able to determine the Higgs boson decay width
with a precision of the order of 1.2% (2.4%) with WW fusion. When combined with the ZZZ final state,
the precision on the total Higgs boson width from TLEP is estimated to be 1.0%. These numbers are
summarized in Table 7.

3.3 Global fit for Higgs boson couplings
The accuracies on the Higgs boson couplings are obtained here from a fit to all observables reported
in Tables 4 and 6 for TLEP at

p
s = 240 and 350 GeV. The fit closely follows the logic presented

in Ref. [39], and indeed reproduces the results presented therein for the combination of the ILC and
LHC projections. Here, the results of standalone fits, i.e., without combination with LHC sensitivities,
are given so as to compare the LHC, ILC and TLEP relative performance in terms of Higgs boson
coupling and width measurements. The other two assumptions made in Ref. [39] consist in (i) bounding
from above the couplings to the Z and the W to the Standard Model couplings; and (ii) saturating the
exotic decay width by the sole invisible Higgs boson decays. These assumptions introduce some model
dependency which are not called for when it comes to measure the Higgs boson properties in a truly
model-independent manner. These two assumptions were therefore removed from the fit, the results of
which are presented in the first three columns of Table 8 and in Fig. 11. For completeness, and for direct
comparison with Ref. [39], the results of the fit with these two assumptions are also given in the last two
columns of the same table.

As is clearly visible from Table 8 and Fig. 11, a model-independent precision systematically better
than 1% (and at times approaching the per-mil level), required for the coupling measurements to become
sensitive to (multi-)TeV new physics, can be obtained with the TLEP high-statistics data samples. The
luminosity expected to be produced at linear colliders is insufficient for this purpose.

It is also important to compare the projections of TLEP to those from the HL-LHC, as to eval-
uate the added value of a circular e+e� Higgs factory after 3 ab�1 of proton-proton collision data. A
truly model-independent fit cannot be performed from proton-proton collision data: the total decay width
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Table 6: Statistical precision of the TLEP measurement of �WW!H ⇥ BR(H ! bb̄). For illustration, the ILC
potential at the same centre-of-mass energies is also indicated.

p
s (GeV) TLEP ILC

240 - 250 2.2% 10.5%
350 0.6% 1.0%

Table 7: Statistical precision of the total Higgs boson width measurements with TLEP at
p
s = 240 and 350 GeV.

For illustration, the ILC potential at the same centre-of-mass energies is also indicated.

Process and final state TLEP ILC
e+e� ! HZ with H ! ZZ 3.1% 20%

WW ! H with H ! bb̄ at 240 GeV 2.4% 12%
WW ! H with H ! bb̄ at 350 GeV 1.2% 7%

Combined 1.0% 6.0%

These measurements can also be used to determine the total Higgs decay width in a way simi-
lar to that described in the previous section. Indeed, the total Higgs boson width is given by �tot =
�(H ! WW)/BR(H ! WW). The partial decay width �(H ! WW) is directly proportional to the
inclusive cross section �WW!H. The Higgs boson branching ratios to WW and to bb̄ are in turn ob-
tained from the measurements performed at

p
s = 240 GeV, the precision of which can be inferred from

Table 4. With the 350 (240) GeV data, TLEP is therefore able to determine the Higgs boson decay width
with a precision of the order of 1.2% (2.4%) with WW fusion. When combined with the ZZZ final state,
the precision on the total Higgs boson width from TLEP is estimated to be 1.0%. These numbers are
summarized in Table 7.

3.3 Global fit for Higgs boson couplings
The accuracies on the Higgs boson couplings are obtained here from a fit to all observables reported
in Tables 4 and 6 for TLEP at

p
s = 240 and 350 GeV. The fit closely follows the logic presented

in Ref. [39], and indeed reproduces the results presented therein for the combination of the ILC and
LHC projections. Here, the results of standalone fits, i.e., without combination with LHC sensitivities,
are given so as to compare the LHC, ILC and TLEP relative performance in terms of Higgs boson
coupling and width measurements. The other two assumptions made in Ref. [39] consist in (i) bounding
from above the couplings to the Z and the W to the Standard Model couplings; and (ii) saturating the
exotic decay width by the sole invisible Higgs boson decays. These assumptions introduce some model
dependency which are not called for when it comes to measure the Higgs boson properties in a truly
model-independent manner. These two assumptions were therefore removed from the fit, the results of
which are presented in the first three columns of Table 8 and in Fig. 11. For completeness, and for direct
comparison with Ref. [39], the results of the fit with these two assumptions are also given in the last two
columns of the same table.

As is clearly visible from Table 8 and Fig. 11, a model-independent precision systematically better
than 1% (and at times approaching the per-mil level), required for the coupling measurements to become
sensitive to (multi-)TeV new physics, can be obtained with the TLEP high-statistics data samples. The
luminosity expected to be produced at linear colliders is insufficient for this purpose.

It is also important to compare the projections of TLEP to those from the HL-LHC, as to eval-
uate the added value of a circular e+e� Higgs factory after 3 ab�1 of proton-proton collision data. A
truly model-independent fit cannot be performed from proton-proton collision data: the total decay width
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• Total  width  determination:
• Γtot=Γ(H-‐>WW)/BR(H-‐>WW)
• Γ(H-‐>WW)  proportional  to  σww-‐>H

• BR(H-‐>WW)  and  BR(H-‐>bb)  obtained  from  the  measurements  @  √s=240  GeV  

240+350  
programs
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•Accuracies  on  Higgs  couplings  are  obtained  from  a  fit  to  all  
observables  
•@  240  and  350  GeV

•Following  baseline  fit  procedure  by  M.  Peskin  [arXiv:1207.2516v3]
• for  each  coupling  H-‐>XX  assume  a  deviation  dx  on  the  value  gx/gx(SM)
• each  inclusive  cross  section  measurement  (XH)  will  be  scaled  wrt  to  SM  
one  by  a  factor  equal  to:  (1+dx)2

• each  σXZ  x  BR  (H-‐>YY)  will  be  scaled  by  a  factor:  [(1+dx)2  (1+dy)2]/DΓ
•where  DΓ=  [  ∑x  BRSM(H-‐>XX)  (1+dx)2  ]/  (1-‐d2exo)  

• dexo  is  the  deviation  of  the  coupling  to  exotic  particles
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• The  fit  is  performed  in  two  ways:
• Constrained  fit  (as  in  Peskin’s  paper.  Fit  validated:  it  gives  consistent  results  

with  the  same  imputs)
• bounding  from  above  the  coupling  to  the  Z  and  the  W  to  the  standard  model  

couplings
• saturating  the  exotic  decay  width  by  the  sole  invisible  Higgs  boson  decays

• with  the  l+l-‐H  final  state  and  the  distribution  of  the  recoiling  mass  the  
invisible  decay  width  of  the  Higgs  boson  can  be  measured  with  0.25%  
precision  (TLEP  240)

• Model-‐Independent  fit  
• allow  for  the  generic  case  of  additional  exotic  decays  not  just  invisible

• the  measurement  of  BR  to  invisible  is  not  used  in  the  fit  to  allow  for  model  
independent  measurement  of  the  exotic  BR  and  hence  the  total  width
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Table 8: Relative statistical uncertainty on the Higgs boson couplings, as expected from the physics programme
at
p
s = 240 and 350 GeV at TLEP. The numbers between brackets indicates the uncertainties expected with two

detectors instead of four. For illustration, the uncertainties expected from the ILC baseline programme at 250 and
350 GeV are also given. The first three columns give the results of a truly model-independent fit, while the last two
include the two assumptions made in Ref. [39] on the W/Z couplings and on the exotic decays, for completeness
and easier comparison. The column labelled "TLEP-240" holds for the sole period at 240 GeV for TLEP. The last
line gives the absolute uncertainty on the Higgs boson branching fraction to exotic particles (invisible or not).

Model-independent fit Constrained fit
Coupling TLEP-240 TLEP ILC TLEP ILC

gHZZ 0.16% 0.15% (0.18%) 0.9% 0.05% (0.06%) 0.31%
gHWW 0.85% 0.19% (0.23%) 0.5% 0.09% (0.11%) 0.25%
gHbb 0.88% 0.42% (0.52%) 2.4% 0.19% (0.23%) 0.85%
gHcc 1.0% 0.71% (0.87%) 3.8% 0.68% (0.84%) 3.5%
gHgg 1.1% 0.80% (0.98%) 4.4% 0.79% (0.97%) 4.4%
gH⌧⌧ 0.94% 0.54% (0.66%) 2.9% 0.49% (0.60%) 2.6%
gHµµ 6.4% 6.2% (7.6%) 45% 6.2% (7.6%) 45%
gH�� 1.7% 1.5% (1.8%) 14.5% 1.4% (1.7%) 14.5%

BRexo 0.48% 0.45% (0.55%) 2.9% 0.16% (0.20%) 0.9%

cannot be easily determined with the sole LHC measurements and the H ! cc̄ decay likely cannot be
isolated by the LHC detectors – although new ideas are emerging on these two fronts [40–42]. Additional
assumptions thus need to be made for a meaningful comparison with e+e� Higgs factories. Here, con-
straints similar to those used in Ref. [43] are applied: it is assumed that no Higgs boson exotic decays take
place, and that deviations of the charm and top couplings are correlated. The CMS report [44] submit-
ted to the recent Snowmass process contains estimates of the CMS projected performance with 3 ab�1,
with similar hypotheses, in two scenarios: Scenario 1 with all systematic uncertainties unchanged, and
Scenario 2, with experimental systematic uncertainties scaling like 1/

p
L and theoretical errors halved.

These estimates are displayed in Fig. 12 and compared to a fit of the TLEP projections made under the
same hypotheses.

Within the mildly model-dependent assumptions used in the fit – no exotic decays, and correlated
up-type-quark couplings – the projections for HL-LHC in Scenario 2 are truly impressive, and will further
improve by including the other detector (ATLAS projections are available in Ref. [45]) and additional
dedicated analyses in the combination. In this challenging context, TLEP data collected at 250 and 350
GeV would enable very significant improvements on these coupling measurements well beyond the HL-
LHC projected precision, and with an accuracy adequate to become sensitive to multi-TeV new physics.

It should be mentioned that energy upgrades to
p
s = 500 GeV, and possibly to

p
s = 1 TeV, with

integrated luminosities of 500 fb�1 and 1 ab�1, respectively, are contemplated for the ILC. An energy
upgrade for TLEP up to

p
s = 500 GeV with similar luminosity is also possible. The interest of e+e�

collision data at centre-of-mass energies above 350 GeV for Higgs boson physics is briefly discussed in
Section 5.

3.4 Sensitivity to new physics and theory uncertainties
As examples of new physics models that would be probed with precision Higgs measurements at TLEP,
supersymmetric models that are compatible with current measurements, including the non-observation
of supersymmetric particles at the LHC, are considered. These models are simplified, in that they assume
universal supersymmetry-breaking masses for squarks and sleptons, and for gauginos, at a high scale. In

21

Relative  statistical  uncertainty  on  the  Higgs  couplings  
from  the  physics  program  at  240+350  GeV  at  TLEP

If  running  with  only  two  detectors

Absolute  uncertainty  on  the  Higgs    BR  to  exotic  (invisible  or  not)

Same  results  for  the  sole  240  GeV  program

ILC  baseline  program  at  
250+350  GeV  (inputs  from  TDR)
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• Only  TLEP  can  reach  the  required  sub-‐percent  accuracy  on  fermion  and  
boson  couplings  with  the  240+350  GeV  program

• Theoretical  work  is  required  to  achieve  comparable  systematic  errors

Output  of  the  model  independent-‐fit From  direct  measurement
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• Important  to  compare  the  TLEP  projection  with  those  from  HL-‐HLC
• to  evaluate  the  added  value  of  e+e-‐  Higgs  factory  after  3  ab-‐1  pp  collisions

• A  model-‐indepdendent  fit  cannot  be  performed  from  pp  collision  data:
• make  assumptions  similar  to  those  currently  made  at  LHC

• no  Higgs  boson  exotic  decays
• deviation  of  the  charm  and  top  couplings  are  correlated  

• For  HL-‐HLC  projections  results  come  from  CMS  projections  of  current  
analyses  for  3  ab-‐1  in  two  scenarios

• CMS  scenario  I  :  all  systematic  uncertainties  unchanged
• CMS  scenario  II  :  with  experimental  systematic  uncertainties  scaling  like  

1/√L  and  theoretical  ones  halved
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• Only  TLEP  improves  significantly  LHC  measurements  in  all  couplings
• The  projections  for  HL-‐LHC  in  scenario  2  are  truly  impressive,  and  will  
further  improve  by  including  ATLAS  and  additional  dedicated  analyses
• new  channels  to  measure  directly  the  λt  coupling  just  been  explored  at  CMS

CMS  Scenario  I

CMS  Scenario  II

For  Higgs  factories  data  up  to  
√s=350  GeV  are  combined

(Htt  at  LHC)
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• Additional  comparisons  including  Energy  and  Luminosity  upgrades  
• from  last  Higgs  Snowmass  report  

(Htt  at  LHC)
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Figure 1-3. Measurement precision on W at di↵erent facilities.
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Figure 1-4. Measurement precision on Z at di↵erent facilities.

Community Planning Study: Snowmass 2013

Relative  statistical  uncertainty  on  the  Higgs  couplings  from  different  facilities
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Figure 1-3. Measurement precision on W at di↵erent facilities.

Figure 1-4. Measurement precision on Z at di↵erent facilities.

Community Planning Study: Snowmass 2013
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Figure 1-5. Measurement precision on ⌧ at di↵erent facilities.
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Figure 1-6. Measurement precision on b at di↵erent facilities.

Community Planning Study: Snowmass 2013

LHC  Scenario  I
LHC  Scenario  II

Baseline  program  
ILC  250+500

Baseline  program  
TLEP  250+350
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• TLEP  has  an  energy  upgrade  option  at  √s  =  500  GeV  under  study    (ILC  500  
program  is  in  TDR)
• at  this  energy  the  luminosity  of  TLEP  and  ILC  will  be  comparable
• from  ILC  TDR:  additional  500  Q-‐1  at  √s  =  500  GeV  would  improve  the  

precision  on  Higgs  couplings  obtained  with  (240+350  GeV)  program  of  
only  a  factor  √2.  

• but  the  opening  of  e+e-‐-‐>ttH  process  allows  the  ttH  coupling  to  be  
measured  directly  with  a  precision  of  10%  at  TLEP  (with  1  ab-‐1)
• marginal  improvement  wrt  what  can  be  done  at  the  tt  threshold:  13%
• precision  not  competitive  with  HL-‐LHC  projections  

• ex.  CMS  projection  including  all  channels  -‐  ttH,H-‐>γγ,  ttH,H-‐>τhτh,  
ttH,H-‐>bb,  ttH,H-‐>WW/ZZ/τlτh(l) - give  for  scenario  II  4%  precision  
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• TLEP  has  an  energy  upgrade  option  at  √s  =  500  GeV  under  study    (ILC  500  
program  is  in  TDR)
• opening  of  the  double-‐Higgs-‐boson  production,  which  allows  the  measurement  of  

the  trilinear  Higgs  self-‐coupling  λH

• but  -‐  from  available  studies  -‐  a  measurement  of  λH  with  a  significance  of  at  least  5σ  
can  only  be  done  at  HE-‐LHC  (33  TeV),  CLIC  (3  TeV)  or  the  VHE-‐LHC  (100  TeV)

• deviations  in  λH  from  NP  expected  to  be  smaller  than  ±20%  [ArXiv  e-‐prints  1305.6397]  
wrt  SM  prediction
• therefore  only  VHE-‐LHC  could  probe  these  NP  effects

Expected  relative  statistical  
accuracy  in  %  on  the  Higgs  self  
coupling  for  e+e-‐  and  pp  colliders  
at  the  high-‐energy  frontier
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• Sufficiently  precise  measurements  of  the  Higgs  properties  and  the  
EWSB  parameters  are  ideal  probes  for  the  new  physics  scale

• In  this  respect  TLEP  is  the  best  complementary  machine  to  LHC
• a  large  e+e-‐  circular  collider  in  a  new  80-‐100  Km  tunnel  at  CERN
• per-‐mil  precision  on  Higgs  couplings,  unequalled  precision  on  EWSB  
parameters

• first  step  towards  a  100  TeV  pp  collider  and  a  long-‐term  vision  for  HEP
• together  with  VHE-‐LHC  it  offers  the  best  precision  and  search  reach  
on  the  market


