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The Science Drivers 

• P5 distilled the 11 groups of physics questions formulated at Snowmass into 5 
compelling lines of inquiry that show great promise for discovery over the next 10 
to 20 years.   
 

• The Science Drivers: 

• Use the Higgs boson as a new tool for discovery. 

• Pursue the physics associated with neutrino mass. 

• Identify the new physics of dark matter. 

• Understand cosmic acceleration: dark energy and inflation. 

• Explore the unknown: new particles, interactions, & physical principles.  
 

• Recommendation 2:  Pursue a program to address the 5 science drivers. 
 

• The drivers are deliberately not prioritized because they are intertwined, probably more deeply than currently understood. 
• A selected set of different experimental approaches that reinforce each other is required.  Projects are prioritized. 
• The vision for addressing each of the drivers using a selected set of experiments is given in the report, along with their approximate 

timescales and how they fit together.  
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-  Explored at Energy Frontier with colliders 

FCC Week 2015 - Lankford: US HEP community perspective 

A. Lankford @ Washington ’15

The physics questions are at the root of the science drivers for politics... 

http://indico.cern.ch/event/340703/session/54/contribution/241/material/slides/1.pdf
http://indico.cern.ch/event/340703/session/54/contribution/241/material/slides/1.pdf
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Alain Blondel  FCC-- ee summary 3/27/2015 

Input from Physics to the accelerator design  
0. Nobody complains that the luminosity is too high (the more you get, the more you want) 
 
1. Do we need polarized beams?  
     -1- transverse polarization:  
            continuous beam Energy calibration with resonant depolarization  
            central  to the precision measurements of mZ , mW , Z   
            requires ‘single  bunches’   
            a priori doable up to W energies  -- workarounds exist  above (e.g. Z events) 
            large ring with small emittance offers a priori excellent prospects   
            need wigglers; simulations ongoing (E. Gianfelice, M. Koratzinos) 
    
     -2- longitudinal polarization requires spin rotators and is very difficult at high energies 
          -- We recently found that it is not necessary to extract top couplings (Janot, Azzi) 
          -- improves Z peak measurements if loss in luminosity is not too strong 
                               but brings no information that is not otherwise accessible  
 
2. What energies are necessary?  
          -- in addition to Z, W, H and  top listed the following are being considered 
               -- e+e-  H(125.2)  (requires monochromatization A. Faus) (under study) 
               -- e+e- at ~70 GeV (Z- interference)  
               -- e+e- at top threshold + <~20 GeV  for top couplings  (E_max up to 180 -185 GeV) 
               -- no obvious case for going to 500 GeV 

A. Blondel @ Washington

The handles that FCC-ee can play with to achieve its physics 
goals: luminosity, beam polarization, energy

http://indico.cern.ch/event/340703/session/60/contribution/251/material/slides/5.pdf
http://indico.cern.ch/event/340703/session/60/contribution/251/material/slides/5.pdf
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Phenomenology @ FCC-ee

1. Discovery via EW/Higgs physics
• potential of Higgs precision measurements
• EW precision measurements

2. EWSB and flavor probes of BSM
• sensitivity to new physics of precision EW/H observables
• direct searches
• rare phenomena: rare Higgs/Z decays, flavor violating decays

3. Probes of high-mass frontier
• search for sterile neutrinos
• fit of deformations of SM by higher-dimensional operators 

4. DM @ FCC-ee

FCC-ee/eh/hh complementarity/interplay?
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The FCC-ee phenomenology reference
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Vivid activities

https://indico.cern.ch/event/387296/
https://indico.cern.ch/event/387296/
https://indico.cern.ch/event/387296/
https://indico.cern.ch/event/401590/
https://indico.cern.ch/event/401590/
https://indico.cern.ch/event/401590/
https://indico.cern.ch/event/392530/
https://indico.cern.ch/event/392530/
https://indico.cern.ch/event/392530/
https://indico.cern.ch/event/469561/
https://indico.cern.ch/event/469561/
https://indico.cern.ch/event/469561/
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Higgs measurements and BSM indirect searches

1
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Identify the experimental opportunities 
Overview of current FCC-ee Higgs results 

- Higgs precision measurements 

Discussion of new ideas / results 
- 1st generation fermion couplings, rare decays etc.  

Complementarity and synergy with other collider projects 
- Complementarity between lepton and hadron colliders 

- Synergies between different lepton collider studies 

Which precision to aim for in Higgs measurements 
- Which models can we constrain, which precision is needed 

- Interplay with other EW precision measurements 

- What precision is needed for the direct top-Yukawa coupling 

5

Higgs @ FCC-ee
K. Peters  @ CERN ’15

➡FCC-ee offers fantastic opportunities to gain understanding of the Higgs boson and 
EWSB
๏ Sub-precent level Higgs coupling measurements
๏ Access to first and second generation Higgs couplings
๏ Precision mass measurement
๏ Higgs CP studies
๏ BSM and exotic Higgs 

➡First look at FCC-ee physics case 
๏ Focused on Higgs couplings
๏ A lot of progress since

➡Substantial program of work ahead in FCC-ee Higgs study 
๏ Novel ideas appeared in recent workshops
๏ Many opportunities to contribute
๏ Program needs to be extended and repeated in the FCC-ee context
๏ Qualify detector requirements
๏ Goal: CDR and cost review by 2018

17

Conclusion 
M. Klute @ CERN ’15

and Higgs width (model-independent)

(absolute measurement, not ratios like at LHC)

(s-channel prod. & exclusive decays)

https://indico.cern.ch/event/401590/session/0/contribution/1/attachments/1159274/1668280/FCCHiggsWS_intro.pdf
https://indico.cern.ch/event/401590/session/0/contribution/1/attachments/1159274/1668280/FCCHiggsWS_intro.pdf
https://indico.cern.ch/event/401590/session/0/contribution/2/attachments/1159343/1668411/2015-09-24-mk-fcc.pdf
https://indico.cern.ch/event/401590/session/0/contribution/2/attachments/1159343/1668411/2015-09-24-mk-fcc.pdf
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11

Precision Coupling Measurements

FCC-eeFCC-ee (240) FCC-ee

➡ Detailed comparisons with other facilities in the following talks by Lorenzo, Heather, 
Tim, and Patrick

Higgs @ FCC-ee

14

Exclusive Higgs boson decays 
➡ First and second generation 

couplings accessible

๏ Sensitivity to u/d quark Yukawa 
coupling

๏ Sensitivity due to interference

➡ Also interesting to FCC-hh program

➡ Alternative H→MV decays should 
be studied (V= γ, W, and Z)

➡ Discussion by Rick tomorrow

H → J/Ψ γ
H → ɸ γ

H → ! γ
H → ω γ

yc

ys

ydyu,

➡s-channel Higgs production  
๏ Unique opportunity for 

measurement close to SM 
sensitivity 

๏ Highly challenging; σ(ee→H) = 
1.6fb; various Higgs decay 
channels studied 

➡Update tomorrow by David

13

First generation couplings 

Preliminary 
Results

L = 10 ab-1

!e < 2.2 at 3σ

d'Enterria-Wojcik-Aleksan

➡s-channel Higgs production  
๏ Unique opportunity for 

measurement close to SM 
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First generation couplings 
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Results

L = 10 ab-1

!e < 2.2 at 3σ

d'Enterria-Wojcik-Aleksan
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Color naturalness & FCC-ee

Physical stop masses

Fan, Reece, Wang 1412.3107
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Fan, Reece, Wang ’14
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Figure 7. Projected constraints in the stop mass plane from a one-parameter fit to the Higgs data from future

experiments. The purple shaded region along the diagonal is excluded because the smallest |Xt| consistent
with the data at 2� is larger than the maximum |Xt| compatible with the mass eigenvalues, as explained in

detail in ref. [32]. The blue shaded region requires tuning Xt to a part in 10 to fit the data. The dot-dashed

red contours quantify fine-tuning in the Higgs mass from the quadratic sensitivity to stop soft terms.

a one-parameter fit to all projected � and � ⇥ Br measurements, which slightly improves the reach.
Specifically, the approach taken in Ref. [32] was based on bounds that allowed other parameters to
float, whereas here we extract stronger bounds by assuming that stops are the only contribution to
the new physics. We also provide, for the first time, an estimate of the reach of CEPC. The combined
ILC 250, 500, and 1000 GeV runs would have a very similar reach to CEPC.

From this plot we see that any future Higgs factory would mostly or entirely rule out regions of
10% fine tuning, but will leave gaps with 5% fine tuning. These gaps occur due to the blind spot
discussed above. As we have noted above, measurements of b ! s� can help to constrain the blind
spot region. However, bounds from b ! s� depend not only on the stop mass matrix but also on µ

and tan�. To provide a perspective on the implications of these bounds for fine-tuning, we should
assess the tree-level tuning arising from µ and from mA.

The precise measurement of Higgs couplings to fermions is sensitive to the mass scale of the heavy
Higgs bosons A0, H0, H± that are present in the MSSM and its extensions. Mixing among the Higgs
bosons will always modify the coupling of the light Higgs to fermions at order m2

h/m
2

A. (We will
collectively denote the masses of all of these particles as mA, although there may be some splitting
between H0 and A0.) The coe�cient is somewhat model dependent. We can estimate the bound on
these couplings by focusing on b, which is well-measured and approximately equal to

b ⌘ ySUSY

hbb

ySMhbb
⇡ 1 + 2

m2

h

m2

A

(7.3)

at large tan� in models where the dominant new quartic coupling beyond the MSSM arises from
nondecoupling D-terms [58, 71, 83]. Models with new quartics arising from F -terms have a somewhat
di↵erent structure, but would yield a similar bound on mA up to order-one factors (especially since
tan� in theories like the NMSSM cannot be very large). Doing a one-parameter fit with only b

– 17 –

Can exclude the 10% fine-tuned region 
and significantly constrain the 5% 

fine-tuned region

EW precision and Higgs data 
probe TeV-stops

Higgs coupling fitHiggs mass fine-tuning

http://arxiv.org/abs/1412.3107
http://arxiv.org/abs/1412.3107
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Neutral naturalness

Where we’ll be @ Higgs factory: ~1% level (global)!
~50% level (SUSY)

23

Figure 3.3: Comparison of direct and indirect searches in the (m⇢, ⇠) plane. Left panel: region up to
m⇢ = 10TeV showing the relevance of LHC direct searches at 8TeV with 20 fb�1 (LHC8), 14TeV with
300 fb�1 (LHC) and 3 ab�1 (HL-LHC); right plot: region up to m⇢ = 40TeV showing the comparison
between the LHC and FCC reach with 1 and 10 ab�1. Indirect measurements at the LHC, HL-LHC,
ILC at 500GeV with 500 fb�1 and TLEP at 350GeV with 2.6 ab�1 are shown.

Note that CLIC with 2 ab�1 is expected to have a sensitivity comparable to TLEP.

We can now appreciate the complementarity of direct and indirect searches in exploring the

parameter space of the CH scenario: direct searches are more e↵ective for small g⇢ while indirect

measurements win in the large coupling region. At the LHC with 300 fb�1 direct searches

will completely cover the region accessible by indirect measurements at the same collider for

g⇢ . 4.5 and it is only for g⇢ > g⇢
max = 4.5 that the latter will explore novel territory.

Since direct and indirect constraints benefit similarly from the luminosity improvement, the

gmax

⇢ threshold remains unchanged at the HL–LHC. As far as future machines are concerned,

gmax

⇢ ' 4.5 in the comparison between the 10 ab�1 FCC and TLEP and gmax

⇢ ' 6 for FCC versus

ILC. On the other hand direct searches become ine↵ective at large coupling, not only because

of the reduction of the production cross–section as explained above but also for the following

reason. An e↵ect, which is not taken into account in our analysis, is that the resonances

become broad for large g⇢ because their coupling to longitudinal vector bosons and Higgs

grows, increasing the intrinsic width as g2⇢. Broad resonances are harder to see and since a

narrow resonance has been assumed in our analysis we expect the actual limits to be even

weaker than ours in the large coupling regime. One can get an idea of where finite width

e↵ects should start to become relevant and our estimates might fail by looking at the fine

red dotted curves which are shown in all plots. Above this bound the total resonance width

exceeds 20% of the mass and our bounds are not reliable anymore (see ref. [31] for a more

quantitative assessment of the width e↵ects).

10

[Thamm, Torre, Wulzer]

Look for O(loop*v/m) oblique [SUSY] or O(v/f) [global] 
Higgs coupling deviations.

Probing at a Higgs factory:

[NC, Englert, McCullough]

11

Neutral naturalness & FCC-ee

Fermionic top partners without any SM charge always lead to tree-level Higgs 
coupling shifts. ➾ Detectable at lepton colliders for partner masses ≲ 1-2 TeV!

What about SM singlet scalar top partners? No theory yet, but can probably 
write one down....

Singlet Naturalness

However, the 100 TeV collider can probably access the UV 
completion of these models directly.

[in preparation] Cohen, Craig, DC[in preparation] DC, Saraswat, Sundrum

In that case, would have to rely on Higgs Portal Observables at future colliders:
h*→SS production (100 TeV)
σ(Zh) shift by partner loops (ILC/TLEP)
triple higgs coupling shift by partner loops (100 TeV)

Sensitive to singlet scalar top partners at ~ 300 GeV

If there is a mirror QCD, h→invisible decays at lepton colliders
might be sensitive to ~ 400 GeV

25

D. Curtin @ Washington

surprisingly low sensitivity
Craig, Englert, McCullough ’13

BSM constraints from Zh precision

http://indico.cern.ch/event/340703/session/98/contribution/119/material/slides/0.pdf
http://indico.cern.ch/event/340703/session/98/contribution/119/material/slides/0.pdf
http://arxiv.org/abs/1305.5251
http://arxiv.org/abs/1305.5251
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EW precision measuments and flavor probes
(In)direct probes of high-mass frontier

32 +
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The Twin Frontiers of FCC-ee Physics 

Precision Measurements  
• Springboard for 

sensitivity to new 
physics 

• Experimental issues: 
– Systematics 

• Theoretical issues: 
– Higher-order QCD 
– Higher-order EW 
– Mixed QCD + EW 

Rare Decays 
• Direct searches for new 

physics 
• Many opportunities 
• Z: 1013 

• b, c, τ: 1012 

• W: 108 

• H: 106 

• t: 106 
 Heinemeyer, Freitas, Degrassi, Salvarezza, 

Soreq, Matsedonskyi, Riemann, Schwinn, De 
Curtis 

Soreq, Nemevsek, Azzi, Strumia, Fischer 

J. Ellis, summary of TLEP Pisa meeting

https://indico.cern.ch/event/375193/contribution/1/material/slides/1.pdf
https://indico.cern.ch/event/375193/contribution/1/material/slides/1.pdf
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16/2817th Lomonosov Conf., Moscow, Aug'15                                                      David d'Enterria (CERN)

High-precision W,Z,top: FCC-ee programmeHigh-precision W,Z,top: FCC-ee programme

   ■

➧EWK couplings to 1–10%

16/2817th Lomonosov Conf., Moscow, Aug'15                                                      David d'Enterria (CERN)

High-precision W,Z,top: FCC-ee programmeHigh-precision W,Z,top: FCC-ee programme

   ■

➧EWK couplings to 1–10%
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SM parameters and quantum structure

16/2817th Lomonosov Conf., Moscow, Aug'15                                                      David d'Enterria (CERN)
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   ■
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16/2817th Lomonosov Conf., Moscow, Aug'15                                                      David d'Enterria (CERN)

High-precision W,Z,top: FCC-ee programmeHigh-precision W,Z,top: FCC-ee programme

   ■

➧EWK couplings to 1–10%

18/2817th Lomonosov Conf., Moscow, Aug'15                                                      David d'Enterria (CERN)

High-precision W,Z,top: BSM constraintsHigh-precision W,Z,top: BSM constraints

■  Indirect constraints on new weakly-coupled physics: 

     Precision ~ 1/L2   , i.e. L2 ~ O(30 TeV)

   ■

NPNP

best test of QM beyond QED (and indirect probe of new physics up to ~40TeV)

➾ ➾➾

d’Enterria Lomonosov ’15

1012 Z 108 W

http://arXiv.org/abs/1002.1011
http://arXiv.org/abs/1002.1011
http://dde.web.cern.ch/dde/presentations/lomonosov_fcc_ee_aug15/dde_fcc_ee_phys_lomonosov15.pdf
http://dde.web.cern.ch/dde/presentations/lomonosov_fcc_ee_aug15/dde_fcc_ee_phys_lomonosov15.pdf
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Accessing SM input parameters
   QED(mZ)𝜶    QCD(mZ)𝜶

Patrick Janot 

The*FCC4ee*potential*for*αQED(mZ)**
!  Is*the*large*luminosity*of*FCC4ee*sufficient*to*improve*?**

*
◆  Could*use*the*FCC4ee*to*measure*σ(e+e-→*µ+µ-)*and*AFB

µµ at*(a)*judicious*√s*

●  The*γ*exchange*term*is*proportional*to*α2
QED(√s)****

●  The*Z*exchange*term*is*proportional*to*G2
F,*hence*independent*of*αQED**

●  The*γZ*interference*is*proportional*to*αQED(√s)*×*GF*
➨  The*run*at*the*Z*pole*is*of*course*not*well*suited*to*the*αQED(mZ)*measurement*

*
◆  If*the*chosen*√s*is*close*to*mZ*(say,*between*50*and*150*GeV)*

●  The*extrapolation*to*mZ*is*not*affected*by*e+e-*resonances*at*small*energies*
➨  The*theoretical*uncertainty*from*the*limited*running*becomes*negligible*

29 June 2015 
FCC-ee physics meeting 
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γ, Ζ See for example: 
•  Leike, Riemann, hep-ph/9508390 
•  L. Berthier, M. Trott, arXiV:1502.0257 
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Combination

!  Combination*of*cross*section*(µµ)*and*AFB*(µµ*and*ττ),*in*a*year*(CW,*4IPs)*

◆  Get*to*2×1045at*√s*≤*70*GeV*(cross*section)*and*88*/*95*GeV*(forward4backward*asym.)*
●  Also*with*cross*section*at*125*GeV*(5×1045),*160*GeV*(8×1045)*or*240*GeV*(1.2×1044)*

Summary*(1)*

29 June 2015 
FCC-ee physics meeting 
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One%crabbed:waist%year%
Four%IP’s%

Janot ’15

LEP measurements with 
(1) new N3LO results
(2) improved mtop

(3) mHiggs

stat. limited

TLEP statistics

Dam @ EPS’15

http://arXiv.org/abs/1002.1011
http://arXiv.org/abs/1002.1011
https://indico.cern.ch/event/401698/contribution/4/attachments/804695/1102847/alphaQEDFCCee.pdf
https://indico.cern.ch/event/401698/contribution/4/attachments/804695/1102847/alphaQEDFCCee.pdf
http://arXiv.org/abs/1002.1011
http://arXiv.org/abs/1002.1011
https://indico.cern.ch/event/356420/session/6/contribution/673
https://indico.cern.ch/event/356420/session/6/contribution/673
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The benefit of being precise

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.
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Our goal in this paper is to assess the physics potential of these di↵erent colliders, including a
first look at CEPC’s potential accuracy in measurements of Higgs boson couplings and in fits of the
oblique parameters S and T [3, 4] (see also [5–7]). These correspond, in an e↵ective operator language
(reviewed in ref. [8, 9]), to adding to the Lagrangian the following dimension-six operators from the
minimal basis of operators [10]:

L
oblique

= S

✓
↵

4 sin ✓W cos ✓W v2

◆
h†W iµ⌫�ihBµ⌫ � T

✓
2↵

v2

◆ ��h†Dµh
��2 , (1.1)

where h is the Standard Model Higgs doublet, and we follow the convention hhi ⇡ vp
2

so that v ⇡ 246
GeV. Integrating out any SU(2)L multiplet containing states that are split by electroweak symmetry
breaking—for instance, the left-handed doublet of stops and sbottoms in a supersymmetric theory—
will produce a contribution to S. The masses must additionally be split by custodial symmetry-
violating e↵ects to contribute to T . For example, in the case of the stop and sbottom sector we have
both, and T is numerically dominant [11].

In this paper we estimate the size of the region in the (S, T ) plane that will be allowed after
several suites of high-precision measurements: a “GigaZ” program at the ILC, a “TeraZ” program
at FCC-ee, extended runs of FCC-ee combining Z pole data with data at the W+W� threshold
and the tt threshold, and the Z pole program of CEPC. We present a self-contained discussion of
many of the relative advantages and disadvantages of the di↵erent machines; for example, the Z

mass measurement will be improved only at circular colliders, which can follow LEP in exploiting
resonant spin depolarization. We also emphasize the basic physics of the fits and their potential
bottlenecks, specifying the goals of the electroweak program in future colliders in order to achieve the
best sensitivity. For example, given current data the highest priorities are reducing the uncertainties
on mW for determination of T and of sin2 ✓

e↵

for determination of S, while improved measurements of
the top quark mass or the hadronic contribution to the running of ↵ become important only once other
error bars have been significantly reduced. We hope that a clear discussion of the physics underlying
electroweak fits will help in the planning of future machines, especially for CEPC which is still at a
very early stage. In a companion paper, we will apply the results of this paper to assessing the reach
of future e+e� colliders for natural SUSY scenarios [12].

Current work on future e+e� colliders draws on an extensive older literature; see, for instance,
refs. [13–17]. For the most part, in determining the expected accuracy achieved by future colliders
we will refer to recent review articles, working group reports, and studies for the ILC and TLEP,
to which we refer the reader for a more extensive bibliography of the years of studies that have led
to the current estimates [1, 2, 18–20]. Results in our plots labeled “ILC” or “TLEP” should always
be understood to mean the new physics reach assuming the tabulated measurement precisions we
have extracted from ILC and TLEP literature (displayed in Tables 1 and 2 below). In particular,
we are reserving judgment about the relative measurement precision of the machines or about how
conservative or optimistic various numbers in the published tables might be. Our results have some
overlap with recent work presented by Satoshi Mishima [21] and Henning, Lu, and Murayama [22].

The paper is organized as follows. In Sec. 2, we describe the general procedure of the electroweak
fit and show the sensitivities of current and future experiments such as ILC and TLEP to new physics
that could be encoded in the S and T parameters. In Sec. 3, we present the first estimate of the reach
for new physics of the electroweak program at CEPC and discuss possible improvements for that
program. In Sec. 4, we explain the details of the uncertainties used in our fits. In Sec. 5, we explain
how improving each observable helps with the fit and o↵er guidelines for the most important steps to
take in future electroweak programs. In Sec. 6, we estimate the reach of the Higgs measurements at
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Figure 1. Left: 68% C.L. contours of S and T for di↵erent experiments using the simplified fit as described

in Tables 1 and 2. Right: a magnified view of 68% C.L. contours of S and T for ILC and TLEP. We set the

best fit point to be S = T = 0, which corresponds to the current SM values. Our results are in approximate

agreement with the current fit from ref. [33, 40], current/LHC14/ILC results by the Gfitter group [23], the

TLEP result from a talk by Satoshi Mishima [21]. The contours of TLEP-Z and TLEP-W almost overlap on

top of each other.

are estimated for an energy scan on and around the Z pole with (100� 1000) fb�1 luminosity on the
Z pole and 10 fb�1 for 6 energy points close to the Z pole. The weak mixing angle is derived from
the forward-backward asymmetry AFB of the b quark, which is determined from fits to the di↵erential
cross-section distribution d�/d cos ✓ / 1 + cos 2✓ + 8/3AFB cos ✓. We will also present estimates of
Higgs couplings precisions in Table 6 of Section 6.

CEPC

↵s(M2

Z) ±1.0⇥ 10�4 [35]

�↵
(5)

had

(M2

Z) ±4.7⇥ 10�5

mZ [GeV] ±(0.0005� 0.001) [41]

mt [GeV] (pole) ±0.6
exp

± 0.25
th

[23]

mh [GeV] < ±0.1

mW [GeV] (±(3� 5)
exp

± 1
th

)⇥ 10�3 [24, 38, 41]

sin2 ✓`
e↵

(±(4.6� 5.1)
exp

± 1.5
th

)⇥ 10�5 [25, 38, 41]

�Z [GeV] (±(5� 10)
exp

± 0.8
th

)⇥ 10�4 [26, 41]

Table 3. The precisions of electroweak observables in the simplified electroweak fit at CEPC. The experimental

uncertainties are mostly taken from [41]. Entries that do not display a theory uncertainty either incorporate it

into the experimental error bar or have a small enough theoretical uncertainty that it can be neglected. Similar

to ILC and TLEP, the non-negligible theory uncertainties of the derived observables mW , sin2 ✓`
eft

and �Z come

from unknown four-loop contributions assuming that in the future, the electroweak three-loop correction will

be computed. For �Z , we assumed that it has the same experimental uncertainty as mZ .

– 6 –

Fan, Reece and Wang 1411.1054

Global Fit of Electroweak Observables with Oblique Corrections

Improving EW fit

Fan, Reece, Wang ’14

Landmarks for precision studies
oblique parameters not most suited for EW constraints at that level of sensitivity

http://arxiv.org/abs/1411.1054
http://arxiv.org/abs/1411.1054
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M. Reece @ HKUST ’16

Alain Blondel  FCC-ee next steps -- pheno  session Washington  2015 

Next plans for FCC-ee  
      -- quality of FCC-ee experiments is intimately related to accelerator performance 
           -- available energy points  
           -- Luminosities  
           -- beam polarization and energy calibration  
           -- knowledge of other beam parameters (e.g. energy spread vs Z width) 
                 
      -- we can (mostly out of LEP experience) project fairly well the experimental precisions 
          -- sometimes they are vertiginously small  
           sin2W

eff  =  5 10-6 , mZ= 0.1 MeV Z= 0.1 MeV mW = 0.5 MeV ZH  /ZH ~10-3  etc...  
          careful revisiting will be necessary.   
 
      -- full use of precision measurements requires a considerable improvement  
          in the theory calculations 
          -- for the measurements themselves  (e.g. Full two loops exponentiated for the QED ISR) 
          -- for the interpretation; full three loop calculations for EWRCs 
                    and on inputs (_QED(mZ)   Was, Gluza, Heynemeyer, Kuhn, Frietas, Jadach, Ward... 
 
           
       
             
                

reinforce work hand-in-hand 

A. Blondel @ Washington

A Wish List

• Measure mW to better than 5 MeV (now 15 MeV) 
and sin2!W to better than 2×10-5 (now 16×10-5)

• Measure mZ to 500 keV precision (now 2 MeV)

• Measure mt to 100 MeV precision (now ~0.8 GeV*) 

• Have precise enough theory to make use of these 
results: at least 3-loop calculations.

Of course, we want the best measurements possible of 
many quantities. But here are reasonable goals to probe 
loops of ~TeV particles. CEPC will deliver what’s in bold.

importance of tt threshold -> 

http://ias.ust.hk/program/shared_doc/2016/201601hep/20160118_Reece_LT.pdf
http://ias.ust.hk/program/shared_doc/2016/201601hep/20160118_Reece_LT.pdf
http://indico.cern.ch/event/340703/session/60/contribution/251/material/slides/5.pdf
http://indico.cern.ch/event/340703/session/60/contribution/251/material/slides/5.pdf
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Top EW couplings
important to access the EW top couplings

chiral gauge symmetries are the only one to be spontaneously broken?
probe various scenarios of physics beyond the SM

1
2

FCC sensitivity down to 0.5%  
➾ probe New Physics resonances up to 15-20 TeV, way above direct LHC access
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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%

16

http://arxiv.org/abs/arXiv:1403.2893
http://arxiv.org/abs/arXiv:1403.2893
http://arxiv.org/abs/arXiv:1311.2028
http://arxiv.org/abs/arXiv:1311.2028
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Finally, I should remind you of some properties of 

                     above threshold.

The important properties are

events are fully reconstructable, 

               all final parton angles can be measured

production is from γ-Z interference, 

               asymmetries are of order 1

decay is by weak interactions,

              asymmetries are of order 1

e+e� ! tt Top EW couplings
Important properties of tt production above threshold
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5Roman Pöschl LCWS2015 – November 2015

Testing the Chiral Structure of the Standard Model

Manifestation of New Physics:

- Modification of Ztt coupling 
  Mixing between top and partners
  Mixing Z/Z'

- s-channel exchange of New Z' 
  Including interference effects  

- Fermion mass generation closely related to the origin electroweak symmetry breaking

- Expect residual effects for particles with masses closest to symmetry breaking scale

  

5Roman Pöschl LCWS2015 – November 2015

Testing the Chiral Structure of the Standard Model

Manifestation of New Physics:

- Modification of Ztt coupling 
  Mixing between top and partners
  Mixing Z/Z'

- s-channel exchange of New Z' 
  Including interference effects  

- Fermion mass generation closely related to the origin electroweak symmetry breaking

- Expect residual effects for particles with masses closest to symmetry breaking scale

Khiem et al ’15, 
arXiv:1503.04247

Janot ’15, 
arXiv:1503.01325

. stast. error only

. no beam polarization

. use final-state polarization 
instead

. cross-over region (365GeV) 
well under control?

. syst. error included

. show feasibility of kinematic 
reconstruction of the di-lepton 
final state: e+e-→ tt → 6f 

. extract all ten form factors 
simultaneously using ME 
method

LCWS15 @ Whistler Marcel Vos (marcel.vos@i�c.uv.es)

sophisticated methods (parton level)

P. Janot, arXiv:1503.01325, assesses potential of circular machine
- run right above threshold; study assumes 2.4 ab-1 at ÷s = 365 GeV

(theory systematics close to threshold to be evaluated)

- no beam polarization, use final-state polarization instead

(ILC beam polarization expected to be known to 10-3, can one understand final state polarization to that level?)

Fast simulation analysis based on lepton 

energy and angle yields:
- similar precision for Z couplings, except F1AZ

- better than ILC for photon couplings

Khiem, Kou, Kurihara, le Diberder, Probing new phyiscs using top quark polarization in the e+e- → tt 

process at future Linear Colliders, arXiv:1503.04247 [hep-ph]

- show feasibility of kinematic reconstruction of the di-lepton final state: e+e-→tt→ l+vl-vbb

- extract all ten form factors – simultaneously – using ME method

See next-to-next talk by François le Diberder

7 (gauge invariant) form factors, 5 CP-even & 2 CP-odd 

http://agenda.linearcollider.org/event/6662/session/0/contribution/85/material/slides/0.pdf
http://agenda.linearcollider.org/event/6662/session/0/contribution/85/material/slides/0.pdf
http://arxiv.org/abs/1503.04247
http://arxiv.org/abs/1503.04247
http://arxiv.org/abs/1503.04247
http://arxiv.org/abs/1503.04247
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(1) probing rare Z decays:

(2) probing flavor-violating decays:

20

Z = atomic clock of HEP
Other Precision Z Physics

Rare Z decays: Standard Model predicts

102 ELECTROWEAK PRECISION PHYSICS AT THE CEPC

We take as our definition of the number of neutrinos N⌫ = �

inv

/�⌫ , i.e. the ratio of the
invisible width to the Standard Model expectation for the partial width to a single neutrino
species.

Using the input from the SM model, we can rewrite equation (4.1) as the following:

N⌫ =

�`

�⌫

 s
12⇡R`

M2

Z�
0

had

� R` � 3

!
. (4.2)

As shown in equation (4.2), the precision of N⌫ depends on the lepton partial width R`

measurement, the Z mass measurement, and the hadronic cross section of the Z boson on
its mass peak (�0

had

). The precision of �0

had

gives the largest impact to N⌫ measurement,
and it is very sensitive to the precision of the luminosity. Therefore the precise luminosity
measurement is the key to determine N⌫ .

Precise measurements of N⌫ have been made by LEP collaborations [8], and they ob-
tained a precision of 0.27% using this indirect method. The main systematics of the N⌫

measurement is coming from the uncertainty in the luminosity measurement (0.14%) and
the theory uncertainty in the predicted cross section of the small angle Bhabha process
(0.11%).

The precision of 0.1% in N⌫ measurement with the indirect method can be achieved in
CEPC measurement, which improves the current precision by a factor of three. Benefitting
from the recent development of luminosity detector technology, the uncertainty due to
luminosity can be reduced to 0.05%. The uncertainty from the small angle Bhabha process
can be reduced to 0.05% due to recent progress in studying this process[9].

Direct Method Using e+e� ! ⌫⌫̄� Events The most precise direct N⌫ measurements
at LEP were carried out by the L3 and DELPHI collaborations [10, 11]. By combining
the direct measurements at LEP, the current experimental result is N⌫ = 2.92 ± 0.05.
The statistical uncertainty of N⌫ in the previous measurement is 1.7%. The main sys-
tematic uncertainty from the L3 measurement includes the uncertainty in single photon
trigger efficiency (0.6%), and photon identification efficiency (0.3%), and the uncertainty
in identifying the converted photons (0.5%).

A precision of 0.2% can be achieved for the direct measurement of N⌫ at CEPC, and it
will improve the current precision by a factor of 10. Due to the excellent performance of
the CEPC inner tracker, the uncertainty due to converted photons’ selection efficiency is
expected to be negligible. The granularity of the CEPC EM calorimeter is expected to be
10 to 100 times better than the detectors at LEP. Therefore photons can be identified with
high purity with loose EM shower shape based selection. The uncertainty of the photon
efficiency can be reduced to less than 0.05%.

4.1.1.7 Rare Z Decays

CEPC may have the opportunity to probe rare Z decays, including exclusive processes
like Z ! J/ � or Z ! ⌥ �. These processes are predicted to have small branching
ratios in the Standard Model [12, 13]. For example, [13]

Br(Z0 ! J/ �) ⇡ 8 ⇥ 10

�8

Br(Z0 ! ⌥(nS) �) ⇡ 1.0 ⇥ 10

�7. (4.3)

Given these expectations, CEPC’s sample of order 10

9 to 10

10 Z bosons could allow the
branching ratio to these decays to be measured to better than 10% statistical accuracy. The

(Grossman, Koenig, Neubert 
1501.06569; see also Huang, 
Petriello 1411.5924)

No current collider has had a large enough Z sample to 
see them. The CEPC or FCC-ee, with > 1010 Z bosons, can 
explore a new frontier of the SM. 

CEPC could also search for flavor-violating processes like 
Z to muon + tau. Probe of high-scale flavor violation 
beyond the Standard Model!

SM

SM

• In the minimal SM (with massive neutrinos and PMNS mass mixing 
matrix), the LFV leptonic Z decays are beyond experimental reach 

• Many NP models do foresee LFV Z decays: SUSY, Little Higgs etc...

•  The current experimental bounds: 

• We could potentially go more than 5 orders of magnitude beyond.

• Illustration: study these decays in the context of additional sterile 
neutrinos and relate their constraints to other observables. 

        arXiv:1412.6322 [hep-ph], V. De Romeri et al. to appear in JHEP.  

B(Z ⇥ e±µ⇥) � B(Z ⇥ e±�⇥) � 10�54 and B(Z ⇥ µ±�⇥) � 4.10�60

B(Z � e±µ⇥) < 7.5 10�7,

B(Z � e±�⇥) < 9.8 10�6,

B(Z � µ±�⇥) < 1.2 10�5.

Flavours @FCC-ee 9

LFV in rare Z-decays
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http://indico.cern.ch/event/340703/session/72/contribution/84/material/slides/0.pdf
http://indico.cern.ch/event/340703/session/72/contribution/84/material/slides/0.pdf
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Direct search for (light) νR
N. Serra @ Paris ’14

Sterile neutrino masses

Neutrino masses below EW scale is appealing to explain simultaneously Dark Matter, 
neutrino oscillations, baryon-antibaryon asymmetry without a new mass scale —> 
nuMSM (Asaka and Shaposhnikov arXiv:hep-ph/0505013)!

Seesaw formula mD ⇠ YI↵ < � > and m⌫ =

m2
D

M

• Assuming m⌫ = 0.1eV

• if Y ⇠ 1 implies M ⇠ 1014GeV

• if MN ⇠ 1GeV implies Y⌫ ⇠ 10�7

remember Y
top

⇠ 1. and Y
e

⇠ 10�6

4

Traditional seesaw
mνL = Y2 v2/mνR 

mνR [GeV]
Sensitivity assuming zero background

Assuming zero background in the region 10cm and 5m with 1013 Z0

HNL mass (GeV)
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- The lower line depends on the decay volume and the number of Z0!
!
- The higher line depends on the minimum distance from PV and the number of Z0

14

νR are produced in the 1012 TLEP Z decays and can be searched for

A. Blondel @ Washington ’15

http://indico.cern.ch/event/337673/session/6/contribution/35/material/slides/0.pdf
http://indico.cern.ch/event/337673/session/6/contribution/35/material/slides/0.pdf
http://indico.cern.ch/event/340703/session/72/contribution/85/material/slides/1.pdf
http://indico.cern.ch/event/340703/session/72/contribution/85/material/slides/1.pdf
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Indirect BSM constraints: EFT fits
Higgs and EWPO measurements at FCC-ee:

Sensitivity reach for dim-6 operators
J.Ellis, T.You, arXiv:1510.04561

Ellis & You ’15

http://arxiv.org/abs/arXiv:1510.04561
http://arxiv.org/abs/arXiv:1510.04561
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DM @ FCC-ee

4
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DM & FCC-ee
In traditional WIMP model, DM caries SM (weak) charges
Other models where FCC-ee can be particularly relevant: 
SM neutral DM + light mediators (could be the Higgs itself!) 

7 

A conservative hypothesis: SM MEDIATORS? 

q 

q 

χ"

χ"Z, h 

gV , gA , gs arbitrary couplings (mixing of DM or Z-Z’) 

y , yP , λ arbitrary couplings 
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Γh invisible &  
direct DM  
do better than LHC 

10 

ΓZ and Γh invisible are the most efficient way 
to explore SM-mediated DM at colliders 

An especially interesting case:  
DM freeze-out via decays 

If  MM − 2MDM < ΓM

relic abundance determined in terms of M invisible width 

Higgs portal:
7 

A conservative hypothesis: SM MEDIATORS? 

q 

q 

χ"

χ"Z, h 

gV , gA , gs arbitrary couplings (mixing of DM or Z-Z’) 

y , yP , λ arbitrary couplings 

current LHC bounds future bounds

De Simone, Giudice, Strumia ’14

Exotic decays: invisibles

• Recoil mass distribution may also be used to search for 
invisible decays: missing invariant mass
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[TLEP physics case 1308.6176; Chacko, Cui, Hong ’13]

FCC-ee, 240 GeV run
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Conclusions
LHC-FCC interplay

If the LHC does not see any sign of NP, what should be the energy of the next machine?

FCC-hh -> exploration of the unknown/energy frontier
FCC-ee -> dedicated study of the EW+Higgs+top

Do we need to ttH, HH thresholds?

If the LHC sees a sign of NP, e.g @ 750GeV, does it make sense to go for low E machine?

importance of precision measurements 

open new horizons beyond LHC!


