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Rich physics perspectives for e+e- machines
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Figure 3. Instantaneous luminosity, in units of 1034 cm−2s−1, expected at TLEP (full red line),
in a configuration with four interaction points operating simultaneously, as a function of the centre-
of-mass energy. For illustration, the luminosities expected at linear colliders, ILC (blue line) and
CLIC (green line), are indicated in the same graph. As explained in the text, the TLEP luminosity
at each interaction point would increase significantly if fewer interaction points were considered.
The possible TLEP energy upgrade up to 500GeV, represented by a dashed line, is briefly discussed
in section 5.

These luminosity values are obtained in a configuration of the collider with four inter-

action points, for which the beam-beam parameters can be obtained directly from measure-

ments performed at LEP1 and LEP2 in the 1990’s. For this reason, the luminosity summed

over the four interaction points, the only relevant quantity when it comes to evaluating

the physics potential, is shown in figure 3. Should TLEP operate with fewer detectors, the

larger damping time between collisions would tend to push the beam-beam limit, with the

effect of increasing the luminosity at each interaction point by a factor (4/nIP)0.4 [15]. For

example, the use of two detectors instead of four would only reduce the total luminosity

by 35% (as opposed to a naive factor 2 reduction), hence would increase the statistical

uncertainties reported in this article by about 20%. The physics potential of either config-

uration is summarized in table 8 (section 3.3) and table 9 (section 4). Although there is

some debate as to the functional dependence of the beam-beam parameter on the damp-

ing decrement, any modifications to the formula of ref. [15] will have minor effects on the

conclusions of this analysis.

Also displayed in figure 3 are the luminosities expected for the two linear collider

projects, ILC [16, 17] and CLIC [18], as a function of the centre-of-mass energy. It is

remarkable that the luminosity expected 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 measurements 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. Similar upgrades are also contemplated for the ILC [19].

Possibilities for TLEP include beam charge compensation and the use of the “crab-waist”
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What are the luminosity/energy good for?
 Higgs boson physics
 indirect search for new physics
 top quark physics

http://inspirehep.net/record/1251418
http://inspirehep.net/record/1251418


Christophe Grojean FCC-ee phenomenology Paris, October 28, 2o143

Rich physics perspectives for FCC machines
-- Higgs physics:
 precision studies
 higher-dimensional operators, composite Higgs
 rare and exotic decays
 multiple Higgs production
 extra Higgs bosons

-- Interface with cosmology:
 dark matter
 baryogenesis
 right-handed/(almost) sterile neutrinos

-- New physics related to EWSB:
 WW scattering
 supersymmetry
 extra dimensions
 composite models

-- Rare flavour-changing processes:
 Rare H decays
 Rare Z decays
 Rare top decays
 lepton-flavour violation

-- Extensions of the SM:
 extra vector-like fermions
 SU(2)R models
 leptoquarks

-- QCD:
 Perturbation theory
 Modelling final states

-- EW/SM precision issues
 parameter measurements (mtop, mW)
 higher-order EW corrections
 triple and quadruple gauge boson (anomalous) couplings
 top (anomalous) couplings
 charm/bottom flavor studies

A good share 
between

FCC-ee & FCC-hh
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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 [38]. 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 [39] 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

with the scan of the tt̄ threshold, at
p
s around 350 GeV, where the background from the Higgs-strahlung

process is smallest and most separated from the WW fusion signal.

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. [35] to
ascertain the claim, with an integrated luminosity of 500 fb�1 (representing only one year of data taking

16

Higgs @ TLEP 
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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
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TLEP = the ultimate Higgs factory

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. [35], 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%

Finally, the `+`�H final state and the distribution of the mass recoiling against the lepton pair can
also be used to directly measure the invisible decay width of the Higgs boson, in events where the Higgs
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.
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TLEP (physics case) ’13
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Higgs couplings measurement projections
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Table 1-20. Expected precisions on the Higgs couplings and total width from a constrained 7-parameter fit assuming no non-SM
production or decay modes. The fit assumes generation universality (u ⌘ t = c, d ⌘ b = s, and ` ⌘ ⌧ = µ). The ranges
shown for LHC and HL-LHC represent the conservative and optimistic scenarios for systematic and theory uncertainties. ILC numbers
assume (e�, e+) polarizations of (�0.8, 0.3) at 250 and 500 GeV and (�0.8, 0.2) at 1000 GeV, plus a 0.5% theory uncertainty. CLIC numbers
assume polarizations of (�0.8, 0) for energies above 1 TeV. TLEP numbers assume unpolarized beams.

Facility LHC HL-LHC ILC500 ILC500-up ILC1000 ILC1000-up CLIC TLEP (4 IPs)p
s (GeV) 14,000 14,000 250/500 250/500 250/500/1000 250/500/1000 350/1400/3000 240/350

R Ldt (fb�1) 300/expt 3000/expt 250+500 1150+1600 250+500+1000 1150+1600+2500 500+1500+2000 10,000+2600

� 5� 7% 2� 5% 8.3% 4.4% 3.8% 2.3% �/5.5/<5.5% 1.45%

g 6� 8% 3� 5% 2.0% 1.1% 1.1% 0.67% 3.6/0.79/0.56% 0.79%

W 4� 6% 2� 5% 0.39% 0.21% 0.21% 0.2% 1.5/0.15/0.11% 0.10%

Z 4� 6% 2� 4% 0.49% 0.24% 0.50% 0.3% 0.49/0.33/0.24% 0.05%

` 6� 8% 2� 5% 1.9% 0.98% 1.3% 0.72% 3.5/1.4/<1.3% 0.51%

d = b 10� 13% 4� 7% 0.93% 0.60% 0.51% 0.4% 1.7/0.32/0.19% 0.39%

u = t 14� 15% 7� 10% 2.5% 1.3% 1.3% 0.9% 3.1/1.0/0.7% 0.69%
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Rich experimental program of (sub)percent precision

TLEP has a unique subpermil precision in hZZ 
(can be used to probe models of EW baryogenesis with a quantum induced first order phase transition!)
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H3 @ TLEPMeasuring the Self-Coupling
•  At LHC (Requires ECM > 2 mh):

•  At ILC (Requires ECM > 2 mh + mZ):

J.#Tian,#K.#Fujii#

Dolan,#Englert,##
Spannowsky#
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H3 @ TLEPMeasuring the Self-Coupling
•  At LHC (Requires ECM > 2 mh):

•  At ILC (Requires ECM > 2 mh + mZ):

J.#Tian,#K.#Fujii#

Dolan,#Englert,##
Spannowsky#

What if ECM < 2 mh + mZ?
•  Lepton colliders are precision 

machines.  Actually measure LO tree-
level and NLO, NNLO, etc:

•  Can probe new physics in loops as well!
– New physics = new state, modified coupling

What if ECM < 2 mh + mZ?
•  At 240 GeV:


•  But what if we have:

•  We would never know?

h

Ze

e

2

�Zh =

L = LSM � 1

3!
�hASMh3

•  At TLEP 240 GeV:

+

What if ECM < 2 mh + mZ?
•  Lepton colliders are precision 

machines.  Actually measure LO tree-
level and NLO, NNLO, etc:

•  Can probe new physics in loops as well!
– New physics = new state, modified coupling

Self-Coupling at NLO

•  At NLO modified coupling enters in the 
following loops:


•  And also:                         

+( )

Conclusions
•  In fact, the following two scenarios

                               or

are distinguishable due to NLO effects.

•  Indirect constraint has ambiguity

•  Measurements at multiple energies can 
lead to ellipse-plot constraints.



L = LSM

�240� = 100 (2�Z + 0.014�h)%

L = LSM � 1

3!
�hASMh3

tiny effect but visible thanks to the extraordinary TLEP sensitivity on Zh (0.05%)

M. McCullough ’14
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H3 @ TLEPMeasuring the Self-Coupling
•  At LHC (Requires ECM > 2 mh):

•  At ILC (Requires ECM > 2 mh + mZ):

J.#Tian,#K.#Fujii#

Dolan,#Englert,##
Spannowsky#

What if ECM < 2 mh + mZ?
•  Lepton colliders are precision 

machines.  Actually measure LO tree-
level and NLO, NNLO, etc:

•  Can probe new physics in loops as well!
– New physics = new state, modified coupling

What if ECM < 2 mh + mZ?
•  At 240 GeV:


•  But what if we have:

•  We would never know?

h

Ze

e

2

�Zh =

L = LSM � 1

3!
�hASMh3

•  At TLEP 240 GeV:

+

What if ECM < 2 mh + mZ?
•  Lepton colliders are precision 

machines.  Actually measure LO tree-
level and NLO, NNLO, etc:

•  Can probe new physics in loops as well!
– New physics = new state, modified coupling

Self-Coupling at NLO

•  At NLO modified coupling enters in the 
following loops:


•  And also:                         

+( )

Conclusions
•  In fact, the following two scenarios

                               or

are distinguishable due to NLO effects.

•  Indirect constraint has ambiguity

•  Measurements at multiple energies can 
lead to ellipse-plot constraints.



L = LSM

�240� = 100 (2�Z + 0.014�h)%

L = LSM � 1

3!
�hASMh3

tiny effect but visible thanks to the extraordinary TLEP sensitivity on Zh (0.05%)

M. McCullough ’14
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FIG. 3: Indirect 1� constraints possible in �Z � �h param-
eter space by combining associated production cross section
measurements of 0.4% (1%-estimated) precision at

p
s = 240

GeV, (350 GeV) in solid black. It should be kept in mind
that for large values of |�h| this ellipse can only be consid-
ered qualitatively as the calculation is only valid to lowest
order in �h. The di↵erent axes scales should also be noted.
Direct constraints possible at the high luminosity LHC and
1 TeV ILC (with LU denoting luminosity upgrade) are also
shown for comparison. Lines are drawn to emphasize that
direct constraints do not su↵er from uncertainty in the hZZ
coupling.

ios. Allowing for additional couplings, such as the hhZZ
coupling, to vary would expand the ellipse constraint to
a larger-dimensional parameter constraint.

CONCLUSIONS

A method for indirectly constraining deviations in
the Higgs self-coupling has been proposed and explored,
showing that if it is assumed that only the self-coupling
has been modified, an e+e� synchrotron such as TLEP
operating at 240 GeV can indirectly constrain deviations
in this coupling at the level of |�h| . 28%. In realistic
BSM scenarios the hZZ coupling would also be modified
introducing significant model-dependence. In this case it
has been shown that non-trivial indirect constraints on
the Higgs self-coupling may be determined by combining
precision associated production cross section measure-
ments at di↵erent energies, leading to ellipse-plot con-
straints in the space of hZZ and h3 couplings. This
constraint cannot be considered as equivalent to a direct
measurement at the LHC or ILC, as the indirect con-
straint requires di↵erent model-dependent assumptions.
Nonetheless, this method would give much desired indi-
rect experimental constraints and information on the as-

yet unconstrained Higgs scalar potential, complementary
to direct measurements possible at the LHC or ILC.

I am grateful for conversations with Nathaniel Craig,
Christoph Englert, Patrick Fox, Markus Klute, Yann
Mambrini, Matthew Reece, Jesse Thaler, and Michael
Trott, and also for conversations with Tilman Plehn re-
garding the interpretation of indirect constraints versus
direct measurements, and with Junping Tian regarding
ILC running.
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Open issues for Higgs @ TLEP

 Access to light quark couplings via rare decays, e.g. h→ J/Ψ+γ or h → Φ+γ?

 Access to electron coupling?

 Complementarity with EW precision data and Anomalous gauge couplings?

 Probing CP-odd couplings?

 Probing invisible Higgs decay, e.g. for Dark Matter Higgs portals?

 Estimating the sensitivity on flavor-violating Higgs decay, e.g. h → τ+µ?

See Y. Soreq’s talk
See D. d’Enterria’s talk

See A. Falkowski’s talk
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Physics with Large statistics

 1012 Z  (line-shape, mass & width, probe rare (FCNC) decays)
 108 W (mass)
 3x1010 tau/muon pairs
 2x1011 b/c quarks ⇒ >20’000 Bs→τ+τ-

 TLEP@340/500: 106 top pairs (pole mass, probe FCNC decays, top Yukawa)
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The benefit of being precise

Would be important to present a prospective full EW fit!
Can we improve the systematics uncertainties?

Measurements of EW observables improved by ~20÷30 @TLEP/now
➠ oblique parameters (S,T,W,Y) uncertainty better by same amount

(ILC/now≈2÷3)

JHEP01(2014)164

Quantity Physics Present Measured Statistical Systematic Key Challenge

precision from uncertainty uncertainty

mZ (keV) Input 91187500± 2100 Z Line shape scan 5 (6) < 100 Ebeam calibration QED corrections

ΓZ (keV) ∆ρ (not ∆αhad) 2495200± 2300 Z Line shape scan 8 (10) < 100 Ebeam calibration QED corrections

R! αs, δb 20.767± 0.025 Z Peak 0.00010 (12) < 0.001 Statistics QED corrections

Nν PMNS Unitarity, . . . 2.984± 0.008 Z Peak 0.00008 (10) < 0.004 Bhabha scat.

Nν . . . and sterile ν’s 2.92± 0.05 Zγ, 161GeV 0.0010 (12) < 0.001 Statistics

Rb δb 0.21629± 0.00066 Z Peak 0.000003 (4) < 0.000060 Statistics, small IP Hemisphere correlations

ALR ∆ρ, ε3, ∆αhad 0.1514± 0.0022 Z peak, polarized 0.000015 (18) < 0.000015 4 bunch scheme, 2exp Design experiment

mW (MeV) ∆ρ , ε3, ε2, ∆αhad 80385± 15 WW threshold scan 0.3 (0.4) < 0.5 Ebeam, Statistics QED corrections

mtop (MeV) Input 173200± 900 tt̄ threshold scan 10 (12) < 10 Statistics Theory interpretation

Table 9. Selected set of precision measurements at TLEP. The statistical errors have been determined with (i) a one-year scan of the Z resonance
with 50% data at the peak, leading to 7× 1011 Z visible decays, with resonant depolarization of single bunches for energy calibration at O(20min)
intervals; (ii) one year at the Z peak with 40% longitudinally-polarized beams and a luminosity reduced to 20% of the nominal luminosity; (iii) a
one-year scan of the WW threshold (around 161GeV), with resonant depolarization of single bunches for energy calibration at O(20min) intervals;
and (iv) a five-years scan of the tt̄ threshold (around 346GeV). The statistical errors expected with two detectors instead of four are indicated
between brackets. The systematic uncertainties indicated below are only a “first look” estimate and will be revisited in the course of the design study.

–
25

–

TLEP (physics case) ’13

20
20
25

10
100
3

100

Ratio TLEP/LEP

LEP: 106 Z’s ➠ TLEP: 1012 Z’s

http://inspirehep.net/record/1251418
http://inspirehep.net/record/1251418
http://inspirehep.net/record/1251418
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∆mH = 200 MeV shifts prediction for BR(H → VV) by 2%

The benefit of being precise

The measurements of today give the input parameters of tomorrow
e.g. a precise Higgs mass measurement needed for the Higgs couplings measurements

 (GeV)Hm
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2 χ
Δ
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TLEP, matching theory errors

TLEP, current theory errors

LEP, SLC,  and Tevatron

Fig. 17: The ��

2 of the Standard-Model Higgs boson mass fit to the projected TLEP precision measurements
(red curve) (with the exception of the direct Higgs boson mass measurement), compared to the ��

2 of the current
fit to the LEP, SLC and Tevatron measurements (blue curve). A precision of 1.4 GeV can be obtained on mH,
should the relevant theory uncertainties be reduced to match the TLEP experimental uncertainties. The dashed
curve shows the result of the fit with the current theory uncertainties, as implemented in Ref. [65].

where in each case the first error is the parametric uncertainty and the second is the estimated uncertainty
due to higher-order Electroweak corrections.

In both cases [67], the dominant parametric uncertainty is due to the experimental error in the
top mass, �mtop ⇠ 1 GeV, responsible for �mW ⇠ 6 MeV and � sin2 ✓e↵W ⇠ 3 ⇥ 10�5. A measure-
ment of mtop with a statistical precision of 10 to 20 MeV, as discussed above, could in principle reduce
these parametric uncertainties to �mW ⇠ 0.1 MeV and � sin2 ✓e↵W < 10�6, respectively. However,
there is currently a theoretical uncertainty in mtop associated with non-perturbative QCD, of the order
of ⇠ 100 MeV or more, which would need to be understood better. Other important parametric uncer-
tainties are those due to �mZ, responsible for �mW ⇠ 2.5 MeV and � sin2 ✓e↵W ⇠ 1.4 ⇥ 10�5. The
projected measurement of mZ with an error �MZ ⇠ 0.1 MeV would reduce these two parametric uncer-
tainties to �mW ⇠ 0.1 MeV and � sin2 ✓e↵W ⇠ 10�6 as well. Other important parametric uncertainties are
those associated with ↵em(mZ), which are currently �mW ⇠ 1 MeV and � sin2 ✓e↵W ⇠ 1.8⇥ 10�5. The
exploitation of the full power of TLEP would require reducing �↵em(mZ) by almost an order of magni-
tude, which will require significant improvements not only in lower-energy measurements of e+e� !
hadrons, but also in the theoretical understanding of radiative corrections [68–71].

These prospective reductions in the parametric errors of Eq. 9 will need to be accompanied by
order-of-magnitude reductions in the uncertainties associated with Electroweak corrections. This will
require a new generation of Electroweak calculations to higher order in Electroweak perturbation theory,
that are perhaps beyond the current state of the art, but within reach on the time scale required by TLEP.

4.6 QCD studies
As another example of the importance of precision measurements, the LEP determination of ↵s(mZ) was
already able, in association with sin2 ✓e↵W , to distinguish between supersymmetric and non-supersymmetric
models of grand unification [72–75]. The prospective TLEP accuracies on these quantities would take
this confrontation between theory and experiments to a completely new level.
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Fig. 14: Sensitivity of the W mass measurement to the mass mt̃1 of the lighter supersymmetric partner of the
top quark (horizontal axis) as a function of the difference �m between the masses of the two stop squarks (vertical
axis), from the analysis of Ref. [59]. The colours indicate that measurements of the W mass with a precision
smaller than 5 MeV (blue), 1 MeV (red) and 500 keV (green) would be sensitive to a stop mass of 850 GeV,
1.9 TeV and 2.6 TeV, respectively, independently of the stop decay modes.

4.2.2 The Z invisible width and the number of neutrinos
The measurement of the Z decay width into invisible states is of great interest as it constitutes a direct test
of the unitarity of the PMNS matrix – or of the existence of sterile neutrinos, as pointed out in Ref. [60].
It can be performed at the Z pole from the peak hadronic cross section or at larger centre-of-mass energies
with radiative return to the Z [61]. As explained below, at TLEP the latter is likely to be more accurate
than the former.

The measurement of the peak hadronic cross-section at the Z pole is indeed already dominated
by theoretical systematics today, related to the understanding of the low-angle Bhabha-scattering cross
section (used for the integrated luminosity determination). The present measurement, expressed in terms
of a number of active neutrinos,

N⌫ = 2.984± 0.008, (3)

is two standard deviations below the SM value of 3.00. The experimental conditions at TLEP will be
adequate to improve the experimental uncertainty considerably, but, to make this measurement worth-
while, a commensurate effort would have to be invested in the theoretical calculations of the small-angle
Bhabha-scattering cross section used for normalization. A desirable goal would be to reduce the uncer-
tainty on N⌫ down to 0.001, but it is not clear that it can be achieved from Z peak measurements.

Above the Z peak, the e+e� ! Z� process provides a very clean photon-tagged sample of on-
shell Z bosons, with which the Z properties can be measured. From the WW threshold scan alone, the
cross section of about 5 pb [62–65] ensures that 10 million Z� events will be produced in each TLEP
experiment with a Z ! ⌫⌫̄ decay and a high-energy photon in the detector acceptance. The three million
Z� events with leptonic Z decays will in turn provide a direct measurement of the ratio �inv

Z /�lept
Z , in

which uncertainties associated with absolute luminosity and photon detection efficiency cancel. The
40 million Z� events with either hadronic or leptonic Z decays will also provide a cross check of the
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Figure 9: The heavy dots display the shifts in the left- and right-handed top quark couplings
to the Z boson predicted in a variety of models with composite Higgs bosons, from Ref. [31].
The ellipses show the 68% confidence regions for these couplings expected from the LHC [26]
and the ILC [30].

the strong and electromagnetic interactions, and the feature that requires the inter-
vention of the Higgs field, is that the couplings depend on polarization. Making use
of the unique capability of the ILC for polarized electron and positron beams, we will
be able to measure the individual couplings of each polarization state of the top quark
to the weak interaction bosons W and Z. The measurement accuracies from the ILC
should improve by about an order of magnitude over what is projected for the LHC.
The discrimination of the left- and right-handed couplings to the Z boson is a unique
feature of the ILC measurements. With 500 fb�1 at 500GeV, the ILC experiments
should achieve a relative precision of 0.7% in the coupling of the left-handed top quark
and 1.8% in the coupling of right-handed top quark [29–31].

These polarization-dependent couplings receive corrections in most models of new
physics beyond the Standard Model. The e↵ects are particularly large in models in
which the Higgs boson is a composite built of some more fundamental constituents. In
such models, the shifts of the ttZ couplings can be 20% or larger and are expected to
be di↵erent between the couplings to the two top quark polarization states. Figure 9
shows a survey of theoretical predictions collected in Ref. [31]. The separate values of
these couplings provide a powerful diagnostic of the model. The measurement accu-
racies expected at the ILC and the LHC are also shown in the figure. Measurements
with the ILC accuracy will not only establish the shifts of the Z couplings with high
significance but also pin down properties of the model that gave rise to them. A 1%
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