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At  the  Faculty  of  Mathematics  and  Natural  Sciences,  Department  of  Physics,  is  a  joint

appointment  with  the  German  Electron  Synchrotron  (DESY)  a

W3-­S-­Chair  of  "Theoretical  Particle  ─  development  of  theories  beyond  the

Standard  Model"

to  be  filled  as  soon  as  possible.

DESY  is  one  of  the  leading  centers  for  Astroparticle  and  Particle  Physics.  The  research

program  of  particle  physics  includes  a  strong  involvement  in  the  LHC  experiments  and

basic  research  in  the  field  of  theoretical  particle  in  the  Standard  Model  and  possible

extensions.  The  Institute  of  Physics,  Humboldt  University  is  also  involved  with  two

professorships  at  the  LHC  experiment  ATLAS.  The  research  interests  of  the  working  groups

in  the  field  of  theoretical  particle  physics  ranging  from  mathematical  physics  on  the

phenomenology  of  particle  physics  to  lattice  gauge  theory.

Candidates  /  students  should  be  expelled  through  excellence  with  international  recognition

in  the  field  of  theoretical  particle  physics  with  a  focus  on  the  development  of  models

beyond  the  Standard  Model.  Is  expected  to  close  cooperation  with  the  resident  at  the

Humboldt  University  workgroups.  In  addition  to  the  development  of  possible  standard

model  extensions  and  phenomenological  studies  of  experimental  verification  to  be  carried

out.  Place  special  emphasis  send  the  Higgs  physics.  It  is  expected  that  he  /  she  maintains

the  scientific  contacts  between  DESY  and  the  HU  and  active  in  the  DFG  Research  Training

Group  GK1504  "Mass,  Spectrum,  Symmetry:  Particle  Physics  in  the  Era  of  the  Large

Hadron  Collider"  cooperates.  He  /  she  should  be  at  all  levels  of  teaching  in  physics  at  the

HU  participate  (2  LVS)  and  will  have  the  opportunity  to  acquire  outside  of  a  creative

research  program.

Applicants  /  inside  must  meet  the  requirements  for  appointment  as  a  professor  /  to

professor  in  accordance  with  §  100  of  the  Berlin  Higher  Education  Act.

DESY  and  HU  aim  to  increase  the  proportion  of  women  in  research  and  teaching  and  calling

for  qualified  scientists  urgently  to  apply.  Severely  disabled  applicants  /  will  be  given
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(LHC = Higgs + Nothing*) ⇒ More energy & More precision

* actually a lot progress in our understanding of the SM: 
1) Improved measurements of SM processes;  2) Precise measurements in flavour physics; 3) New frontiers in heavy-ion studies.

Thanks to a firm control of EXP & TH systematic uncertainties, the LHC became a precision machine.

The LHC Legacy (so far)
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(LHC = Higgs + Nothing*) ⇒ More energy & More precision

* actually a lot progress in our understanding of the SM: 
1) Improved measurements of SM processes;  2) Precise measurements in flavour physics; 3) New frontiers in heavy-ion studies.

Thanks to a firm control of EXP & TH systematic uncertainties, the LHC became a precision machine.

We need a broad, versatile and ambitious programme that can 
1. sharpen our knowledge of already discovered physics 

2. push the frontiers of the unknown at high and low scales. 
  

The Future Circular Collider integrated programme fits the bill.

The LHC Legacy (so far)
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1. Higgs Physics @ FCC-ee
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The Higgs Requires More Precision
(HL)-LHC will make remarkable progress (O(100M) Higgs=already a Higgs Factory). 

But it won’t be enough. A new collider is needed!

Star life-time Size of atoms 
Stability of nuclei/matter

Birth of vacuum Matter/antimatter 
imbalance

FCC Higgs programme achieved in a compact period of 8 years of operation.  
Leaving time for diverse and broad physics programme elsewhere.

• Sub-percent precision for most interesting 
couplings, often with order of magnitude 
improvement on HL-LHC expectation.  
• Asses, for the first time, second generation 
quarks (H→cč and H→sš)  
• Higgs width measured O(1%) → model 
independent! 
• Mass measured to O(4) MeV (vs. 20 MeV at 
HL-LHC) . 
• Tantalising possibility to get close to SM 
expectation for H→e+e- (unique to FCC-ee) 

Table 3: Expected 68% CL relative precision of the  parameters (Higgs couplings relative to the SM) and of
the Higgs boson total decay width �H, together with the corresponding 95% CL upper limits on the untagged
(undetected events), Bunt, and invisible, Binv, branching ratios at HL-LHC, FCC-ee (combined with HL-LHC), and
the FCC integrated programme. For the HL-LHC numbers, a |V |  1 constraint is applied (denoted with an
asterisk), since no direct access to �H is possible at hadron colliders; this restriction is lifted in the combination
with FCC-ee. The ‘–’ indicates that a particular parameter has been fixed to the SM value, due to lack of sensitivity.
From Ref. [59], updated with 4 IPs, the baseline luminosities of Table 1, and the most recent versions of the data
analysis. For some of the entries, the  precision starts being limited by the projected SM parametric uncertainties,
e.g. in mb [40]. For these entries, the precision obtained by neglecting such parametric uncertainties is also
reported (separated by a /).

Coupling HL-LHC FCC-ee FCC-ee + FCC-hh

Z (%) 1.3⇤ 0.10 0.10
W (%) 1.5⇤ 0.29 0.25
b (%) 2.5⇤ 0.38 / 0.49 0.33 / 0.45
g (%) 2⇤ 0.49 / 0.54 0.41 / 0.44
t (%) 1.6⇤ 0.46 0.40
c (%) – 0.70 / 0.87 0.68 / 0.85
g (%) 1.6⇤ 1.1 0.30
Zg (%) 10⇤ 4.3 0.67
t (%) 3.2⇤ 3.1 0.75
µ (%) 4.4⇤ 3.3 0.42
|s| (%) – +29

�67

+29

�67

�H (%) – 0.78 0.69
Binv (<, 95% CL) 1.9 ⇥ 10

�2 ⇤
5 ⇥ 10

�4
2.3 ⇥ 10

�4

Bunt (<, 95% CL) 4 ⇥ 10
�2 ⇤

6.8 ⇥ 10
�3

6.7 ⇥ 10
�3

cent precision is a clear necessary target to expose such deviations. As mentioned in Section 1.1, the
Higgs precision programme at 240 GeV (365 GeV) can be achieved within three (eight) years of opera-
tion with FCC-ee, while other colliders considered at CERN would need half a century to reach a similar
precision [14].

These phenomenological projections are now being confirmed by independent experimental stud-
ies, with different detector set-ups [63–65]. Further directions in the Higgs precision programme also
need to be more systematically investigated beyond what was done so far, in particular in the context of
specific flavour scenarios or considering BSM sources of CP violation. This document, instead, empha-
sises the benefit of the interplay between Higgs and electroweak measurements, a specificity of FCC-ee
that was not discussed in detail in the FCC CDR [10, 11] and has been studied afterwards [60, 61].

The interpretation of current Higgs boson measurements at LHC is so far not hindered by the
limited precision of the electroweak measurements at LEP and SLC. With FCC-ee targeting an order-
of-magnitude improvement in the precision of Higgs boson properties in the main channels, the current
(experimental and theoretical) precision on electroweak quantities would become a limitation. The Z-
pole run of FCC-ee is instrumental in avoiding contamination from electroweak coupling uncertainties
in the Higgs boson characterisation. If the electroweak symmetry is linearly realised in the SM fields,
the interplay between the Higgs and electroweak sectors is even deeper [66]. Indeed, e

+
e
� ! W

+
W

�

production is then sensitive to some of the same new-physics effects as Higgs boson production and
decay processes, making both types of measurements complementary.

The Standard Model Effective Field Theory (SMEFT) framework is adopted, truncated to opera-
tors of dimension six [67,68]. The SMEFT is an appropriate framework for enumerating and quantifying

17

1‰ precision on Higgs couplings ↔ indirect sensitivity up to 100 TeV
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Higgs @ FCC-hh

32

Single Higgs production @FCC-hh
σ(13 TeV) σ(100 TeV) σ(100)/σ(13)

ggH (N3LO) 49 pb 803 pb 16

VBF (N2LO) 3.8 pb 69 pb 16

VH (N2LO) 2.3 pb 27 pb 11

ttH (N2LO) 0.5 pb 34 pb 55

Large statistics in various Higgs decay modes allow:

• for % - level precision in statistically limited rare channels (μμ, Zɣ)
• in systematics limited channels, to isolate cleaner samples in regions (e.g. @large Higgs pT) with :

• higher S/B
• smaller (relative) impact of systematic uncertainties 

1/100 1/10 Factor:

reduction in stat. unc.

Table 3: Expected 68% CL relative precision of the  parameters (Higgs couplings relative to the SM) and of
the Higgs boson total decay width �H, together with the corresponding 95% CL upper limits on the untagged
(undetected events), Bunt, and invisible, Binv, branching ratios at HL-LHC, FCC-ee (combined with HL-LHC), and
the FCC integrated programme. For the HL-LHC numbers, a |V |  1 constraint is applied (denoted with an
asterisk), since no direct access to �H is possible at hadron colliders; this restriction is lifted in the combination
with FCC-ee. The ‘–’ indicates that a particular parameter has been fixed to the SM value, due to lack of sensitivity.
From Ref. [59], updated with 4 IPs, the baseline luminosities of Table 1, and the most recent versions of the data
analysis. For some of the entries, the  precision starts being limited by the projected SM parametric uncertainties,
e.g. in mb [40]. For these entries, the precision obtained by neglecting such parametric uncertainties is also
reported (separated by a /).

Coupling HL-LHC FCC-ee FCC-ee + FCC-hh

Z (%) 1.3⇤ 0.10 0.10
W (%) 1.5⇤ 0.29 0.25
b (%) 2.5⇤ 0.38 / 0.49 0.33 / 0.45
g (%) 2⇤ 0.49 / 0.54 0.41 / 0.44
t (%) 1.6⇤ 0.46 0.40
c (%) – 0.70 / 0.87 0.68 / 0.85
g (%) 1.6⇤ 1.1 0.30
Zg (%) 10⇤ 4.3 0.67
t (%) 3.2⇤ 3.1 0.75
µ (%) 4.4⇤ 3.3 0.42
|s| (%) – +29

�67

+29

�67

�H (%) – 0.78 0.69
Binv (<, 95% CL) 1.9 ⇥ 10

�2 ⇤
5 ⇥ 10

�4
2.3 ⇥ 10

�4

Bunt (<, 95% CL) 4 ⇥ 10
�2 ⇤

6.8 ⇥ 10
�3

6.7 ⇥ 10
�3

cent precision is a clear necessary target to expose such deviations. As mentioned in Section 1.1, the
Higgs precision programme at 240 GeV (365 GeV) can be achieved within three (eight) years of opera-
tion with FCC-ee, while other colliders considered at CERN would need half a century to reach a similar
precision [14].

These phenomenological projections are now being confirmed by independent experimental stud-
ies, with different detector set-ups [63–65]. Further directions in the Higgs precision programme also
need to be more systematically investigated beyond what was done so far, in particular in the context of
specific flavour scenarios or considering BSM sources of CP violation. This document, instead, empha-
sises the benefit of the interplay between Higgs and electroweak measurements, a specificity of FCC-ee
that was not discussed in detail in the FCC CDR [10, 11] and has been studied afterwards [60, 61].

The interpretation of current Higgs boson measurements at LHC is so far not hindered by the
limited precision of the electroweak measurements at LEP and SLC. With FCC-ee targeting an order-
of-magnitude improvement in the precision of Higgs boson properties in the main channels, the current
(experimental and theoretical) precision on electroweak quantities would become a limitation. The Z-
pole run of FCC-ee is instrumental in avoiding contamination from electroweak coupling uncertainties
in the Higgs boson characterisation. If the electroweak symmetry is linearly realised in the SM fields,
the interplay between the Higgs and electroweak sectors is even deeper [66]. Indeed, e

+
e
� ! W

+
W

�

production is then sensitive to some of the same new-physics effects as Higgs boson production and
decay processes, making both types of measurements complementary.

The Standard Model Effective Field Theory (SMEFT) framework is adopted, truncated to opera-
tors of dimension six [67,68]. The SMEFT is an appropriate framework for enumerating and quantifying

17

FCC-hh completes the job:  
• The large dataset (> 1010H, > 

107 HH) allows for precise 
measurements of the rare decay 
modes (𝛾, Z𝛾,𝜇), and clean 
samples with small systematics, 
e.g. from high pT events (>106 H 
w/ pT>1 TeV).  

• Top coupling shows a nice 
synergy: FCC-hh mesures ttH/
ttZ and denominator comes from 
FCC-ee 

• Normalisation provided by 
FCC-ee measurements allows 
for full model independence, 
and higher precision. 
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EFT Global Fits

32

Single Higgs production @FCC-hh
σ(13 TeV) σ(100 TeV) σ(100)/σ(13)

ggH (N3LO) 49 pb 803 pb 16

VBF (N2LO) 3.8 pb 69 pb 16

VH (N2LO) 2.3 pb 27 pb 11

ttH (N2LO) 0.5 pb 34 pb 55

Large statistics in various Higgs decay modes allow:

• for % - level precision in statistically limited rare channels (μμ, Zɣ)
• in systematics limited channels, to isolate cleaner samples in regions (e.g. @large Higgs pT) with :

• higher S/B
• smaller (relative) impact of systematic uncertainties 

1/100 1/10 Factor:

reduction in stat. unc.

The prediction frontier

6| SMEFT and Global Fits for Future Accelerators | Alejo N. Rossia, 23 April 2026

➢ LO dim.-6: 

➢NLO QCD for dim.-6 CP-even:
➢ For when that means two-loop order:

➢NLO QCD for dim.-6 CP-odd:

➢NNLO QCD:

➢NLO EW:

➢Dim.-8:

[2204.13045], [2311.15004], [2511.02488]

[2204.00663], [2309.16758], [2311.06107], [2502.12846]

[2008.11743]

[2405.19083], [2409.00168], [2411.000959], [2412.10309], [2507.21768]

[2406.03557], [2409.11466], [2411.08952], [2412.16076], [2503.07724], [2508.14966], [2601.09599]

[2203.11976], [2302.01353], [2303.10493], [2304.03305], [2304.06663], [2306.00053], [2312.09867], 
[2412.16020], [2511.04338]…

But no tool with the full dim.-8 basis implemented yet!

[2012.11343]
SmeftFR

[2302.01353]

SMEFTatNLO

The running frontier

9| SMEFT and Global Fits for Future Accelerators | Alejo N. Rossia, 23 April 2026

➢1-loop Dim.-6: 

➢1-loop Dim.-8:

➢2-loop Dim.-6:

[1308.2627], [1310.4838], [1312.2014]

Λ

𝒗

𝑐𝜑𝑞
(3) = 𝑁

𝑐𝜑𝑞
(3) = 0.8 × 𝑁 𝑐𝜑 = 0.01 × 𝑁 𝑐𝜑𝑞

(1) = 0.05 × 𝑁 𝑐𝑡𝜑 = 0.001 × 𝑁

[2106.05291], [2205.03301], [2301.07151], [2409.15408], [2512.21724]

[2510.08682], [2601.19974]

EF
T

 C
al

cu
la

tio
ns

R
G

E
See  A.N. Rossia, Corfu ‘26

https://indico.cern.ch/event/1657382/contributions/6967001/attachments/3261587/5823644/Rossia_Corfu26FA_Apr26.pdf
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1/100 1/10 Factor:
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See  A.N. Rossia, Corfu ‘26
U

V-
EF

T
 M

AT
C

H
IN

G
The matching frontier

4| SMEFT and Global Fits for Future Accelerators | Alejo N. Rossia, 23 April 2026

➢Tree-level matching to dim.-6:          Granada Dictionary

➢1 loop to dim.-6 for spin 0 and ½:  

➢Up to 1-loop to dim.-8:

➢2-loop matching:

[1711.10391]

[2112.10787] [2212.04510]
[2303.16965]
[2412.14253]

[2412.12270]
[2311.13630]

[2209.00666], [2210.14761], [2402.04306], 
[2404.01375], [2405.20371], [2408.12508] 

https://indico.cern.ch/event/1657382/contributions/6967001/attachments/3261587/5823644/Rossia_Corfu26FA_Apr26.pdf
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1/100 1/10 Factor:
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See  A.N. Rossia, Corfu ‘26

State-of-the art in global fits

12| SMEFT and Global Fits for Future Accelerators | Alejo N. Rossia, 23 April 2026

➢ Several independent efforts:

➢Bayesian (theorists) and Frequentist (experimentalists) methods.

➢CP-even Dim.-6 operators.

➢1-loop RGE effects.

➢Recycling to fit UV models matched onto SMEFT

See J. De Blas’s and C. Grojean’s talks for more independent results.

[1910.14012]
[2507.06191]

[2302.06660]
[2604.16596]

Fitmaker
[2012. 02779] 

[2208.08454]
[2311.04963]
[2412.09674] 

smelli
jelli
[1810.07698]
[2603.15801] 

match2fit
[2309.04523] 

EF
T

 T
oo

ls

https://indico.cern.ch/event/1657382/contributions/6967001/attachments/3261587/5823644/Rossia_Corfu26FA_Apr26.pdf
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O6 corrections to VVh vertex

F2(q2
1 , q2

2) =
�SMc̄6

(4�)2
12

�
C1 + C11 + C12

�

F1(q2
1 , q2

2) =
�SMc̄6

(4�)2

�
�3B0 � 12

�
m2

V C0 � C00

�
� 9m2

h

2
(c̄6 + 2) B�

0

�

�

V

V

h

h
h

V
O6

V

V

h

h
h

O6

V

V

h

h
h

O6

Figure 1. The three 1-loop diagrams with an insertion of the effective operator O6 that contribute
to the V V h vertex at O(�). Here � denotes the relevant would-be Goldstone field that needs to be
included if the calculation is performed in a R⇠ gauge.

function renormalisation. We determine the relevant contributions using FeynArts [37] and
FormCalc [38]. Including the SM tree-level contribution, our final result for the renormalised
V V h vertex reads

�µ⌫

V
(q1, q2) = 2

⇣p
2GF

⌘1/2
m2

V

h
gµ⌫

�
1 + F1(q

2
1, q

2
2)
�

+ q⌫1qµ2 F2(q
2
1, q

2
2)
i
, (3.1)

where GF = 1/(
p

2v2) is the Fermi constant, gµ⌫ is the metric tensor, while mV and qµ
i

with i = 1, 2 denote the mass and the 4-momenta of the external gauge bosons. The
indices and momenta are assigned to the vertex as V µ(q1) + V ⌫(q2) ! h(q1 + q2) with
(q1 + q2)2 = m2

h
, i.e. an on-shell Higgs boson. Notice that �µ⌫

V
(q1, q2) contains only Lorentz

structures that gives rise to a non-vanishing contribution when the vertex is contracted
with massless fermion lines, which is equivalent to including only transversal gauge-boson
polarisations "µ

i
(qi) in an on-shell calculation by requiring "i(qi) · qi = 0.

The form factors entering (3.1) can be expressed in terms of the following 1-loop
Passarino-Veltman (PV) scalar integrals

B0
�
p21, m

2
0, m

2
1

�
=

µ4�d

i⇡d/2r�

Z
ddlQ

i=0,1 P (l + pi, mi)
,

B0
0

�
p21, m

2
0, m

2
1

�
=

@B0
�
k2, m2

0, m
2
1

�

@k2

�����
k2=p

2
1

,

C0
�
p21, (p1 � p2)

2, p22, m
2
0, m

2
1, m

2
2

�
=

µ4�d

i⇡d/2r�

Z
ddlQ

i=0,1,2 P (l + pi, mi)
,

(3.2)

and the tensor coefficients of the two tensor integrals

Cµ
�
p21, (p1 � p2)

2, p22, m
2
0, m

2
1, m

2
2

�
=

µ4�d

i⇡d/2r�

Z
ddl lµQ

i=0,1,2 P (l + pi, mi)
,

Cµ⌫
�
p21, (p1 � p2)

2, p22, m
2
0, m

2
1, m

2
2

�
=

µ4�d

i⇡d/2r�

Z
ddl lµ l⌫Q

i=0,1,2 P (l + pi, mi)
.

(3.3)

– 4 –

V

V

h

h

hh
h

O6 O6
�

Anatomy of O6 corrections

h

h
h

O6

f

f̄

f

h

h
h

O6

t

t t

t

g

g
h

h
h

O6

�

�

W W

W

W

Figure 2. Feynman diagrams with an insertion of the effective operator O6 that lead to Higgs-
boson decays into fermion (left), gluon (middle) and photon (right) pairs.

In the case of the decays of the Higgs to light fermion pairs f = q, `, we write

��(h ! ff̄) =
Nf

c GF mhm2
f

4
p

2⇡

 
1 �

4m2
f

m2
h

!3/2

�f , (4.1)

where N q
c = 3, N `

c = 1 and all quark masses mq are understood as MS masses renormalised
at the scale mh, while m` denotes the pole mass of the corresponding lepton. The O(�)

correction to the partial decay width �(h ! ff̄) stem from the graph displayed on the
left-hand side in Figure 2. We obtain

�f =
� c̄6

(4⇡)2
Re
⇣
� 12m2

f
(C0 � C1 � C2) � 9m2

h
(c̄6 + 2) B0

0

⌘
, (4.2)

with
C0 = C0

�
m2

h
, m2

f
, m2

f
, m2

h
, m2

h
, m2

f

�
, (4.3)

and analogue definitions for the tensor coefficients C1 and C2. Notice that the flavour-
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wave function renormalization, which contains a 
piece quadratic in c6 
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Figure 1. The three 1-loop diagrams with an insertion of the effective operator O6 that contribute
to the V V h vertex at O(�). Here � denotes the relevant would-be Goldstone field that needs to be
included if the calculation is performed in a R⇠ gauge.

function renormalisation. We determine the relevant contributions using FeynArts [37] and
FormCalc [38]. Including the SM tree-level contribution, our final result for the renormalised
V V h vertex reads

�µ⌫

V
(q1, q2) = 2

⇣p
2GF

⌘1/2
m2

V

h
gµ⌫

�
1 + F1(q

2
1, q

2
2)
�

+ q⌫1qµ2 F2(q
2
1, q

2
2)
i
, (3.1)

where GF = 1/(
p

2v2) is the Fermi constant, gµ⌫ is the metric tensor, while mV and qµ
i

with i = 1, 2 denote the mass and the 4-momenta of the external gauge bosons. The
indices and momenta are assigned to the vertex as V µ(q1) + V ⌫(q2) ! h(q1 + q2) with
(q1 + q2)2 = m2

h
, i.e. an on-shell Higgs boson. Notice that �µ⌫

V
(q1, q2) contains only Lorentz

structures that gives rise to a non-vanishing contribution when the vertex is contracted
with massless fermion lines, which is equivalent to including only transversal gauge-boson
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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:                         


+ )
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•  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


Z
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�Zh =

L = LSM � 1

3!
�hASMh3

+ (

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
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Figure 2. �
2 as a function of the Higgs trilinear coupling � obtained by performing a global

fit including the constraints coming from TGC’s measurements and the bound on the h ! Z�

decay rate. The results are obtained by assuming an integrated luminosity of 3/ab at 14 TeV.
The dotted curve corresponds to the result obtained by setting to zero all the other the Higgs-
coupling parameters, while the solid curve is obtained by profiling and is multiplied by a factor
20 to improve its visibility. To compare with previous literature (ref. [6]), we also display the
exclusive fit performed assuming the uncertainty projections from the more optimistic ‘Scenario 2’
of CMS [26] (dashed curve).

3.3 Impact of the trilinear coupling on single-Higgs couplings

The presence of a flat direction can also have an impact on the fit of the single-Higgs

couplings. If we perform a global fit and we allow � to take arbitrary values we also

lose predictivity on the single-Higgs EFT parameters. The e↵ect is more pronounced on

the couplings that show larger variations along the flat direction, namely ĉgg and �yt. A

milder impact is found for the �cz, �yb, �y⌧ and ĉ�� , whereas czz, cz⇤ and ĉz� are almost

una↵ected, unless extremely large values of � are allowed.

In fig. 3 we compare the fit in the (�yt, ĉgg) and (�yb, ĉ��) planes obtained by setting

the Higgs trilinear to the SM value (�� = 0), with the results obtained by allowing ��

to vary in the ranges |��|  10 and |��|  20.

In the (�yt, ĉgg) case (left panel of fig. 3), there is a strong (anti-)correlation between

the two parameters as we explained in section 3.1. When the Higgs self-coupling is included

in the fit the strong correlation is still present. The constraint along the correlated direction

becomes significantly weaker, even if we restrict �� to the range |��|  10. The constraint

in the orthogonal direction is instead only marginally a↵ected.

In the case of the (�yb, ĉ��) observables, we find that the 1� uncertainty on the deter-

mination of the two parameters is roughly doubled if the Higgs trilinear coupling is allowed

to take values up to |��| ⇠ 20.

This above discussion makes clear that a global fit on the single-Higgs observables

can not be properly done without including some assumption on the allowed values of the

trilinear self-coupling of the Higgs (see section 2.3). If � can sizably deviate from the SM

value (�� & 5) including it into the fit is mandatory in order to obtain accurate predictions

– 20 –

Figure 5: ”Ÿ⁄, numbers in [] are Gaussian uncertainties keeping only linear dependence.
hZ asymmetry not included yet (which has an impact on the 240 GeV alone results ).
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range given by different assumptions on TGC measurements (e+e-->WW)

Figure 6: Same as Fig. 5 but also showing the reach assuming 0 aTGCs. The range are
given by assuming 0 aTGCs and assuming 1% systematics in e+e≠ æ WW like we usually
do. The first number in [ , ] corresponds to the Gaussian uncertainty with 1% systematics
in e+e≠ æ WW in e+e≠ æ WW , while the 2nd number corresponds to the Gaussian
uncertainty assuming 0 aTGCs.

5

1) with a run at 240 GeV only, bound starts to become meaningful only
         if perfect control of di-boson

TGC w/ 0% syst.

S. Di Vita,  G. Durieux, C. Grojean,  J. Gu, Z. Liu, G. Panico,  
M. Riembau, T. Vantalon ‘17
See also F. Maltoni, D. Pagani, X. Zhao ‘18
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una↵ected, unless extremely large values of � are allowed.
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3) combination FCC-ee and HL-LHC is very powerful 
      (especially if cannot afford FCC-ee @ 350GeV)
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2

sured at di↵erent energy scales, we consistently account
for renormalisation group evolution (RGE) to build our
global likelihood at a common high scale ⇤ = 1 TeV. We
assume only the validity of the SMEFT framework and
four possibilities for flavour symmetries, namely U(3)5

and various U(2)n scenarios.

2. Details of the global analysis

We define the SMEFT Lagrangian as

LSMEFT =
X

i

Ci(µ)Qi , (1)

where Ci(µ) are dimensionful Wilson coe�cients evalu-
ated at the renormalisation scale µ and Qi are operators
in the Warsaw basis [26]. Throughout this work, all Wil-
son coe�cients will be evaluated at the high scale Ci(⇤),
with ⇤ = 1 TeV. Due to stringent constraints on CP
violation, we assume that only CP-even operators are
present at the high scale ⇤.

Our global analysis incorporates the observables listed
in Table I, with experimental and theoretical uncertain-
ties implemented as in Refs. [28, 34]. All observables
are computed at leading order in the SMEFT [34–39]
except for �(ZH) and electroweak precision observables
(EWPO), which we include at NLO accuracy [29, 40, 41].
Nevertheless, the leading-logarithmic NLO contributions
are automatically included for all observables via the
RG evolution. We solve the 1-loop RG equations us-
ing the evolution matrix approximation implemented in
DsixTools 2.0 [42], which resums higher loop contribu-
tions in the leading-logarithmic series while allowing us
to keep the likelihood analytic in the Wilson coe�cients.
We will work to O(1/⇤2) in the SMEFT, keeping only
linear contributions to our observables.

Name Description Refs.

F
C
C
ee

Z/W -pole Electroweak Precision Observables (incl. mW ) [28, 43]

Single H Production and decay width for ZH, ⌫⌫̄H [38, 43]

Diboson Diboson production and W -decay widths [43]

Di-fermion Di-fermion production for Ecm > mZ [35]

LEP
Diboson Diboson total and di↵erential cross sections [34]

Di-lepton Di-lepton production for Ecm > mZ [44]

H
L
-L
H
C Top t, tt̄, tt̄V , tt̄tt̄ and bb̄tt̄ (di↵.) cross section [34, 45]

Higgs Higgs signal strengths and STXS data [36, 46], [34]

Diboson Fiducial di↵erential dist. for VV and Zjj [34]

Drell-Yan Di- and mono-lepton high-pT tails [39, 47]

Flavour �F = 2, b ! c⌧⌫, b ! s``, and b ! s⌫⌫ [33]

Di-Higgs Combined Di-Higgs signal strength [6]

TABLE I. Datasets used in our global analysis. For FCC-ee
projections, we use the latest luminosity figures in Ref. [10].

The ZH cross-section at NLO as computed
in Ref. [29] depends on the bosonic operators
QH , QH⇤ , QHD , QHB/W , QHWB , QW , EW vertex
corrections  2H2D, four-fermion operators of the type

(ē�µe)(f̄p�µfp), and top Yukawa and dipole corrections.
Without making any flavour assumptions there are
66 CP-even operators, the bulk of which (35 of 66)
are four-fermion operators, bringing sensitivity to the
flavour structure of the SMEFT. Our approach is to
analyse sensitivity to Higgs self-coupling modifications
assuming four flavour symmetries that allow for new
physics at nearby energy scales, shown in Table II. Mo-
tivated by tight LHC bounds on new physics coupling to
valence quarks, the scenario denoted “U(2)5 (third-gen.
dominance)” corresponds to the U(2)5 scenario with the
additional dynamical assumption that couplings to the
light generations are suppressed. This is implemented by
keeping only U(2)5-invariants with fully third-generation
fields.

Flavour symmetry CP-even parameters

U(3)5 41

U(2)q ⇥ U(2)u ⇥ U(3)3 72

U(2)5 124

U(2)5 (third-gen. dominance) 53

TABLE II. Flavour symmetries considered in this work. We
have defined U(3)3 ⌘ U(3)d ⇥ U(3)l ⇥ U(3)e.

All symmetries including flavour and CP are imposed
only at the high scale ⇤—we consistently allow them to
be broken by rotations to the SM fermion mass basis as
well as RG e↵ects. Even our U(3)5 scenario thus includes
Minimal Flavour Violating e↵ects [48] at 1-loop. The
rotation matrices are fixed assuming the most conserva-
tive “down-aligned” scenario discussed in Ref. [33], where
flavour-violating e↵ects in the more sensitive down-quark
observables come only from RG contributions.
The four-fermion operators entering �(ZH) at NLO

may be constrained in e+e� ! f̄f processes above the
Z-pole at LEP and FCC-ee, as well as in high-energy
Drell-Yan tails at the LHC. To constrain some of the
bosonic operators, we include data from single Higgs pro-
duction and decay at the LHC, as well as diboson data
from both LHC and FCC-ee. Wherever LHC data is con-
cerned, we take projections for the HL-LHC from o�cial
publications if available [46, 49], otherwise we rescale the
Run 2 statistical uncertainties by the luminosity increase
to 3 ab�1 and assume a factor of two reduction in sys-
tematic and theoretical uncertainties, following the S2 -
scenario described in Ref. [6]. While subleading, we also
include the e+e� ! ⌫̄⌫h single Higgs production chan-
nel at FCC-ee. Concerning FCC-ee projections, we use
the luminosity figures presented in the Feasibility Study
Report [10], which are roughly double for all runs above
the Z-pole compared with Ref. [9]. We keep and vary all
additional operators entering the aforementioned observ-
ables at LO in our global analysis.
As previously mentioned, variations in EW vertices

and the bosonic operators QHD and QHWB must be
taken into account, as EWPO are sensitive to many ZH

3

operators at NLO with a similar precision as �(ZH) at
leading order. Indeed, EWPO are sensitive to 120 of all
124 U(2)5-invariants [33], the smallest flavour group that
we study here, so to a good approximation EWPO are
sensitive to all parameters in our fit. Therefore, while
we always include the full LO dependence, we make the
following assumptions concerning EWPO at NLO:

1. We keep the full NLO dependence for operators we
already had in the observables discussed above.

2. New operator dependencies at NLO proportional
to weak couplings are neglected. We include a new
operator dependence only if it is proportional to
the large couplings yt or gs.

This assumption leads to the inclusion of 4t, 2t2q and
2t2l operators while it only excludes third-family 4l and
light-quark 4q operators that do not enter any other ob-
servables added so far. To constrain the new four-quark
and semi-leptonic operators involving q3

L
and tR, we add

top data projections for the HL-LHC [34, 45] and low-
energy flavour data from B,K,D meson mixing as well
as semi-leptonic b ! c⌧⌫, b ! s``, and b ! s⌫⌫ transi-
tions. We include all flavour observables of these types
given in Ref. [33], which does not add any significant new
operator dependence. On the other hand, we consistently
include all new operators brought by the top dataset (in-
cluding their full NLO contributions to EWPO).

In total, 150 operators are included in our analysis be-
fore imposing any flavour symmetry, which is roughly half
of all flavour-conserving and CP-even operators in the
SMEFT. In the limit of U(2)5-invariance, 94 independent
Wilson coe�cients remain, which is the largest parame-
ter set we consider. Even in this case, the more than 350
observables we include is su�cient to close our global fit,
though some directions remain poorly constrained in the
least symmetric U(2)q ⇥U(2)u ⇥U(3)3 and U(2)5 cases.
To ensure the validity of our dimension-6 EFT, as well
as to justify neglecting quadratic contributions to observ-
ables, we place an upper bound on the size of all Wilson
coe�cients except CH in the fit. This is implemented by
the inclusion of a “boundary condition (BC) likelihood”

�2
BC = 4

X

i 6=H

✓
Ci

CBC

◆2

, CBC =
1

(250 GeV)2
, (2)

where the sum runs over all Wilson coe�cients in the fit
except for CH . This likelihood has the e↵ect of enforcing
Ci < CBC at 95% CL, essentially acting as a theoretical
prior on the size of the Wilson coe�cients. We do not
impose a boundary condition for CH as our goal is to de-
termine the FCC-ee sensitivity to this Wilson coe�cient.
Instead, CH < CBC as determined from our global fit will
serve as a consistency check on the analysis.

The choice of CBC is motivated by considering new
physics (NP) with a mass scale of MNP & 1 TeV to trust
the EFT description, while assuming a perturbative NP
coupling gNP <

p
4⇡. Together, these conditions yield

CBC = g2NP/M
2
NP . 1/(250 GeV)2, corresponding to new

physics e↵ects smaller than SM electroweak processes.
We build our likelihood by performing RGE to express

all observablesOi as linear, analytic functions of the high-
scale Wilson coe�cents Ci(⇤), which we use to compute
the �2-function

�2
data =

X

ij

[Oi,exp �Oi,th](�
�2
exp)ij [Oj,exp �Oj,th] . (3)

We then add the boundary condition likelihood such that
the total likelihood is given by �2 = �2

data + �2
BC.

3. Higgs self-coupling sensitivity at FCC-ee

We are interested in modifications of the Higgs self-
coupling, which we parametrise by � ⌘ �3/�SM

3 , where
2�SM

3 v2 = m2
h
. The shift in � at the dimension-6 level is

due to the operator (H†H)3 with Wilson coe�cient CH

�� ⌘
�3

�SM
3

� 1 =
v2CH

�SM
3

. (4)

We will always determine �� using Eq. (4) with CH eval-
uated at ⇤ = 1 TeV. Since our likelihood is Gaussian and
fully analytic in the Wilson coe�cients, we extract the
allowed range for CH marginalised over the contributions
of all other Wilson coe�cients by analytically computing
and inverting the Hessian matrix H

Hij ⌘
1

2

@2�2

@Ci@Cj

, �2
i
= diag(H�1) , (5)

where �i is the marginalised 68% CL interval for each
Wilson coe�cient Ci. The results of our analysis are
shown in Table III, where we report �H as well as the cor-
responding 68% CL interval on ��, for several di↵erent
flavour assumptions. We also plot the marginalised likeli-

Scenario �H [TeV�2] 68% CL ��

CH Only 0.47 22%

Bosonic Only 0.58 27%

U(3)5 0.64 30%

U(2)q ⇥ U(2)u ⇥ U(3)3 1.19 56%

U(2)5 1.41 66%

U(2)5 (3rd-gen. dominance) 0.71 33%

TABLE III. Higgs self-coupling sensitivities at FCC-ee switch-
ing on CH only, bosonic operators only, or imposing the
flavour symmetries listed in Table II.

hood for CH (or ��) under the various flavour scenarios
in Fig. 1. For comparison, the vertical gridlines give the
68% CL marginalized sensitivity at the HL-LHC, which
we find to be �� = 0.62 from a global fit combining
di-Higgs production with all other HL-LHC observables

4
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FIG. 1. Marginalised SMEFT likelihood for the Higgs self-coupling, ��, under various assumptions for flavour symmetries.
The single-operator and bosonic-only scenarios are also shown for reference. For comparison, vertical solid grey gridlines denote
the fully marginalized HL-LHC sensitivity at 68% CL.

in Table I.2 We emphasise that di-Higgs data is not in-
cluded in our global fit for FCC-ee. Our key result, shown
in Fig. 1, is that FCC-ee is able to achieve a comparable
or better sensitivity on �� as the HL-LHC for all flavour
symmetries considered in our analysis.

To examine the dependence of our results on the
choice of the theoretical prior imposing an upper limit
on all Wilson coe�cients, we vary CBC in the range
(350 GeV)�2 < CBC < (150 GeV)�2. Under this varia-
tion, �H changes by about 10% in the U(2)q ⇥ U(2)u ⇥

U(3)3 and U(2)5 scenarios, while it is . 1% in all others.

4. Implications for BSM models

We now discuss the implications of our results in the
context of explicit BSM scenarios. Interestingly, Ta-
ble III shows that the sensitivity in the least symmet-
ric scenario, U(2)5, can be improved almost to that of
U(3)5, �� . 30%, if new physics is dominantly cou-
pled to the 3rd generation. This is the case for a large
swathe of well-motivated new physics scenarios address-
ing the flavour and/or EW hierarchy problems, such as
flavour deconstructions [50–58], composite Higgs, and
split-supersymmetric models. For example, the class of
composite Higgs models where the top quark has a signif-
icant degree of compositeness as studied in Ref. [59] are
well described by U(2)5 with 3rd-generation dominance.

2 The marginalised HL-LHC sensitivity does not depend on the
choice of flavour symmetry as long as it is relaxed enough to al-
low variations in all operators entering double-Higgs production.
This is true for all symmetries we consider except U(3)5.

In general, it seems di�cult to construct explicit mod-
els naturally yielding sizeable Higgs self-coupling modi-
fications without introducing correlated e↵ects in other
better constrained operators [60, 61]. Roughly speaking,
a 1-loop hierarchy is allowed without fine-tuning, which
is best exemplified by the custodial quadruplet model
generating only QH at tree level [60]. The full 1-loop
SMEFT matching was given in Ref. [28], which gener-
ates QH⇤, operators corresponding to the EW Ŵ and
Ŷ parameters, and QuH , QdH , QeH proportional to their
respective SM Yukawa couplings. The model thus inher-
its the same flavour structure as the SM Yukawas, mak-
ing it well described by all our flavor symmetries except
U(3)5; one may therefore expect a sensitivity of at least
�� . 33% at FCC-ee.

Even in this model designed to only generate QH at
tree level, the loop-generated operators lead indirectly to
better constraints on �� than those coming from QH ,
both at HL-LHC and FCC-ee. In the HL-LHC case,
the best sensitivity comes from H ! bb̄ decays modi-
fied at 1-loop by QdH , while in the case of FCC-ee the
best constraint comes from the large RG mixing of QH⇤
into the custodial-violating operator QHD corresponding
to the T̂ parameter [28]. As these operators are fully
correlated with QH within this model, measurements of
these observables would constrain the model parameters
to corresponding limits of �� . 42% (HL-LHC) and
�� . 14% (FCC-ee), which are smaller than their re-
spective single-operator sensitivity on QH in both cases.
This example does not provide a no-go theorem—large
Higgs self-coupling modifications with suppressed e↵ects
elsewhere may still be possible in certain BSM models.

Previous fits were done for Higgs flavour diagonal couplings.
New fits explored impact of different flavour scenarios.

Maura, Stefanek, You arXiv:2503.13719

(FCC-ee alone)

With more parameters, the sensitivity degrades. But the fit still converges!

Higgs self-coupling

https://arxiv.org/abs/2503.13719
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So far, results presented considered NLO effects of h3 operator but only LO effects of other operators.
Full NLO effects could also impact the interpretation of ZH xs measurement. 
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energy. All other coe�cients are set to 0. The overlapping green and orange regions can be probed
by combining runs at

p
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Figure 16. Sensitivity of limits on C�⇤ and C� to a variation in center of mass energy. All other
coe�cients are set to 0. The overlapping green and orange regions can be probed by combining
runs at

p
s = 240 and 365 GeV. See Eq. 3.23 for a correspondence between the SMEFT operators

shown here and the  framework.

one-loop and to O(1/⇤2):

�NLO = �(0,0) + �(1,0) + �(0,2) + �(1,2) , (3.24)

in the notation of Eq. (2.16). For the expansions to provide a good approximation to

the complete results, the terms we have omitted, stemming from A
(0,4)

⇠ 1/⇤4, A(1,4)
⇠

1/(16⇡2⇤4), and A
(2,0)

⇠ 1/(16⇡2)2 need to be much smaller than the terms we have

included.

In the SM, the 2-loop contribution to the cross-section for e+e� ! HZ is significantly

smaller than the NLO piece in the energy range we consider, thus justifying our neglect of

the two loop e↵ects, A(2,0). A calculation of A(0,4) requires the input parameter relations
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Worry: new (poorly constrained) operators, like eett, could affect ZH xs and hinder h3 extraction.
Again: two runs at different energy are enough to lift the degeneracy and separate the different 

contributions to ZH xs. 

Asteriadis, Dawson, Giardino, Szafron arXiv:2409.11466

Higgs self-coupling

https://arxiv.org/abs/2409.11466
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FIG. 7: Upper panel: Bounds on the di!erent eett coe”cients. The solid colors represent 2ω-bounds coming from
individual coe”cient fits. The hatched bars are the respective 2ω-bounds obtained through marginalizing over all

other eett coe”cients. For a detailed explanation of the observables, see main text. Lower panel: 1ω bounds on εϑ3

marginalised over the respective eett coe”cient. The observable e
+
e
→
→ Zh is always included in order to get the

bounds on εϑ3. The nearly indistinguishable two blue lines represent the 1ω bounds εϑsep

3
= 0.169 and

εϑ
marg

3
= 0.172, the first calculated with no eett coe”cient turned on and the second marginalised over all eett

coe”cients, with all observables.

fier to

|εϑ3| ↑ 16.9% (19)

at 1ω C.L. (cf. Table III). Notice how this appears to be
much smaller than the projected sensitivity quoted in the
FCC feasibility study, which was coming from a global
fit to all Higgs couplings, and yielding a sensitivity of
28% [8] 8. Next, we proceed to switch on one eett oper-
ator at a time, and fit CH marginalising over the respec-
tive four-fermion operator. The results are summarised
in Table III, showing no significant e!ect in the extrac-
tion of ϑ3. Marginalising over all eett coe”cients instead
leads to an approximate relative 2% (relative) worsening
of εϑ3. This is in line with the e!ective scales in Fig. 7,
where one should keep in mind that a ↓ 50% deviation in
the Higgs trilinear roughly corresponds to TeV-scale New
Physics [17]. Furthermore, the lower half of Fig. 7 shows
the 1ω bounds on εϑ3 for di!erent observables, with al-
ways one eett coe”cient activated. To get a bound on ϑ3,
the measurement on e

+
e
→
→ Zh is always included. We

8 Our number is however accidentally very similar to the one ob-
tained combining FCC-ee with HL-LHC (→18%).

can observe a stabilization around the single-coe”cient
value (upper blue line) once the EWPOs at FCCee are
included. Figure 7, which is in direct analogy with the
one presented in Ref. [10], deserves some further com-
menting. We observe a very similar behaviour of the
individual vs. marginalised bounds (cf. especially the
red bars, corresponding to the inclusion of FCC-ee EW-
POs, but not the above-pole Rq-ratios, i.e. exactly as in
Ref. [10]). The addition of Rq changes the picture sig-
nificantly, since the di!erence between marginalised and
individual fits shrinks sizeably, and on top of that the
e!ective scales probed are higher, reaching 50TeV for
individual fits (in line with Ref. [22]) and ↓20 TeV for
marginalised fits. The individual bounds on the five eett-
operators (see again Table II and Fig. 7) are also com-
parable with the ones obtained in Ref. [32] for FCC-ee
projections.

Finally we notice how the green bars, obtained with the
full set of observables but without the Zh cross-section,
are essentially identical to the blue ones. This shows,
on one hand, how Higgstrahlung does not play a role
in constraining eett operators, and, on the other hand,
why we should not expect these operators to impact the
extraction of the Higgs trilinear, as indeed we observe
numerically.

Thanks for different observables,
the goal fit determination

of the Higgs self-coupling is
robust at full NLO. 

Allwicher, Grojean, Tabatt arXiv:2512.06916

https://arxiv.org/abs/2512.06916
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Electron Yukawa

Resonant Higgs production 

1.64 fb

0.6 fb 
with ISR

Electron Yukawa coupling

10

0.3 fb with 4.2 MeV 
c.m.e. spread

Reduce energy spread by mono-
chromatisation (https://cds.cern.ch/record/2159683)  

2(7) ab-1 per year with c.m.e spread of  
6 (10) MeV  

 

10 decay 
channels 
analysed

arXiv:1509.02406

15% precision on SM coupling 
with 4 IP, 3yr

Jadach+, arXiv: 1509.02406

The high luminosity, the precise control of the beam √s, the clean reconstruction of final states 
make it possible to observe:

2/15Snowmass EF01 Higgs WG, Sept 2020                                                               David d'Enterria (CERN)

co
u
p
lin

g
 l

mass(GeV)5·10-4

2·10-6

Generation of lightest fermion masses?Generation of lightest fermion masses?

e±

u,d

s

n
DIRAC

<10-12

<3·10-10

\\

■ LHC can only measure 3rd (plus a few 2nd)-generation Yukawas. 
■ Can we prove mass generation for stable (u,d,e,n) matter in the Universe?

5/15Snowmass EF01 Higgs WG, Sept 2020                                                               David d'Enterria (CERN)

√s
spread 

= G
H 

= 4.2 MeV

~45% x-section reduction

■  s(e+e-H) = 1.64 fb for Breit-Wigner with natural G
H 

= 4.2 MeV width.
    But Higgs production greatly suppressed off resonant peak.

■ Convolution of Gaussian energy spread of each e± beam with Higgs
    Breit-Wigner leads to a (Voigtian) effective cross-section decrease:

              √              √ss
eeee

 spread (MeV) spread (MeV)

““Actual” s-channel eActual” s-channel e++ee--   H cross section H cross section

Reachable with beams 
monochromatization?
What luminosity loss price?

[F.Zimmermann, A.Valdivia:
 JACoW-IPAC2017-WEPIK015
 JACoW-IPAC2019-MOPMP035
 See F. Zimmemann’s slides]

6/15Snowmass EF01 Higgs WG, Sept 2020                                                               David d'Enterria (CERN)

■ Extra ~40% reduction 
    due to QED radiation:

s
spread+ISR

(e+e-H)=0.17´s(e+e-H)=290 ab 

√s
spread 

~ G
H 

= 4.2 MeV
■ Full convolution of both effects:

Reduction: ~45%

              √              √ss
eeee

 spread (MeV) spread (MeV)

e± energy loss due to 
QED (ISR+FSR)

Reduction: ~40%

[S.Jadach, R. Kycia, PLB755 (2016) 58]

““Actual” s-channel eActual” s-channel e++ee--   H cross section H cross section

Note: Higgs pole known to within ±5MeV
         Monochrom. goal: √s

spread
»G

H 
= 4.2 MeV

(note that natural Ecm spread is 100 MeV, challenging operation mode) 

https://arxiv.org/abs/1509.02406
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Comparisons with other scenarios
q Low-energy Higgs factories

u One million Higgs in three years at FCC-ee
u gHZZ and GH: typically twice better at FCC-ee

u Higgs self-coupling sensitivity only at FCC-ee
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q Unique to FCC-ee: Hee coupling
u 20 ab-1 / year at √s = 125 GeV   (not in baseline FCC-ee)

u Monochromatization s√s ~ 1-2 × GH ~ 6 to 10 MeV

l Resonant ee→ H production

l 2s excess in one year with 2 IP

l ±15% precion on ke in 3 years with 4 IP
è Not feasible at ILC or CLIC

# Higgs bosons:        500k        175k       1.1M           1.3M

First number: kappa fit / Second number: EFT fit
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The high luminosity, the precise control of the beam √s, the clean reconstruction of final states 
make it possible to observe:

L/5 
0.6σ

2IPs 
1.3σ

4IPs 
1.7σ

L×5 
3σ

Still working on optimizing luminosity vs monochromatization

= 5 yrs @ √s = 125 GeV

1IP/1yr 
0.4σ
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Fig. 1. Typical diagrams for the direct Higgs channel production (left) decaying into electroweak bosons (top) and fermions or
gluons (bottom), and associated backgrounds (center), considered in this work. Right: Resonant Higgs production cross section,
including ISR e↵ects, for several values of the e+e� c.m. energy spread �ps = 0, 4.1, 7, 15, 30, and 100MeV [17].

code at NLO accuracy [31]. The pythia 8 signal cross sections are absolutely normalized to match our benchmark
�ee!H = 0.28 fb value for ISR plus �ps = 4.1-MeV energy spread discussed above (second curve of Fig. 1 right). Higgs
decay modes not listed in Table 1 are either completely swamped by background (e.g. H ! ZZ⇤

! 4j) or have too low
B’s (e.g. H ! ZZ⇤

! 4`) and thereby have zero expected counts for any realistic integrated luminosity. The generator-
level background cross sections in Table 1 are indicatively quoted without ISR to avoid artificial enhancements of
their values due to radiative-returns to the Z pole, which can be easily removed experimentally (e.g. tagging the ISR
photon and/or imposing requirements on the total energy of the event). The last column lists the indicative signal-
over-background (S/B) expected for the dominant (irreducible) background of each channel, at the generator level
without any analysis cuts. Three broad categories can be identified:

i) Final states with pairs of jets or tau leptons, with very large backgrounds leading to S/B ⇡ 10�7–10�5, except
for the H ! gg case for which no actual physical background exists (Z⇤, �⇤ do not couple to gluons), but for an
experimental misidentification probability of light-quarks for gluons that we take as 1% (Table 2);
ii) Final states from intermediate WW⇤ decays, with S/B ⇡ 10�3;
iii) Final states from intermediate ZZ⇤ decays with S/B ⇡ 10�2, but very small signal cross sections.

In addition, the last row of the table lists the Higgs diphoton decay mode (discovery channel at the LHC) that
su↵ers from both, a tiny signal cross section and 8 orders-of-magnitude larger backgrounds. A swift analysis of this
table allows one to identify two channels with some potentiality in terms of statistical significances, H ! gg and
H ! WW⇤

! `⌫ 2j, which both feature ⇠25-ab cross sections and S/B ⇡ 10�3.

Table 1. Cross sections (including ISR and �ps = 4.1MeV) times branching fractions (B) for 11 final states in e+e� ! H(XX)

signal processes and associated dominant e+e� ! XX backgrounds (without ISR), and ratio of signal-over-background for each
channel before any analysis cuts (the digluon S/B quoted assumes a light-q ! g mistagging rate of 1%).

Higgs decay channel B � ⇥ B Irreducible background � S/B

e+e� ! H ! bb 58.2% 164 ab e+e� ! bb 19 pb O(10�5)
e+e� ! H ! gg 8.2% 23 ab e+e� ! qq 61 pb O(10�3)
e+e� ! H ! ⌧⌧ 6.3% 18 ab e+e� ! ⌧⌧ 10 pb O(10�6)
e+e� ! H ! cc 2.9% 8.2 ab e+e� ! cc 22 pb O(10�7)

e+e� ! H ! WW⇤
! `⌫ 2j 21.4%⇥67.6%⇥32.4%⇥2 26.5 ab e+e� ! WW⇤

! `⌫ 2j 23 fb O(10�3)
e+e� ! H ! WW⇤

! 2` 2⌫ 21.4%⇥32.4%⇥32.4% 6.4 ab e+e� ! WW⇤
! 2` 2⌫ 5.6 fb O(10�3)

e+e� ! H ! WW⇤
! 4j 21.4%⇥67.6%⇥67.6% 27.6 ab e+e� ! WW⇤

! 4j 24 fb O(10�3)

e+e� ! H ! ZZ⇤
! 2j 2⌫ 2.6%⇥70%⇥20%⇥2 2 ab e+e� ! ZZ⇤

! 2j 2⌫ 273 ab O(10�2)
e+e� ! H ! ZZ⇤

! 2` 2j 2.6%⇥70%⇥10%⇥2 1 ab e+e� ! ZZ⇤
! 2` 2j 136 ab O(10�2)

e+e� ! H ! ZZ⇤
! 2` 2⌫ 2.6%⇥20%⇥10%⇥2 0.3 ab e+e� ! ZZ⇤

! 2` 2⌫ 39 ab O(10�2)

e+e� ! H ! � � 0.23% 0.65 ab e+e� ! � � 79 pb O(10�8)

It is worth noting that the background cross sections computed with pythia 8 for two-particle final states (e+e� !

qq, cc, bb, ⌧⌧, � �) are found consistent with those obtained running alternative calculators, such as MadGraph 5 [32,
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Table 6. Individual significances (in std. deviations �) expected per decay channel for s-channel Higgs boson production in
e+e� collisions at FCC-ee for Lint = 10 ab�1 and �ps = 4.1MeV. The last column quotes the combined significance.

H ! gg H ! WW⇤
! `⌫ 2j; 2` 2⌫; 4j H ! ZZ⇤

! 2j 2⌫; 2` 2j; 2` 2⌫ H ! bb H ! ⌧had⌧had; cc; � � Combined
1.1� (0.53⌦ 0.34⌦ 0.13)� (0.32⌦ 0.18⌦ 0.05)� 0.13� < 0.02� 1.3�

for any other combination of (�ps,Lint) values achievable through beam monochromatization. Figure 3 shows the
bidimensional maps for the significance of s-channel Higgs production (left) and the corresponding 95% CL upper
limits on the electron Yukawa (right), as a function of both parameters. The signal significance, and associated upper
limits, improve with the square-root of the integrated luminosity (along the x axes of both plots), and diminish for
larger values �ps (along the y axes of the maps) following the relativistic Voigtian dependence of the signal yield on
the energy spread shown in Fig. 1 (right).

Fig. 3. Left: Significance contours (in std. dev. units �) in the c.m. energy spread vs. integrated luminosity plane for the
resonant �

e
+
e
�!H

cross section at
p
s = mH. Right: Associated upper limits contours (95% CL) on the electron Yukawa ye.

The red curves show the range of parameters presently reached in FCC-ee monochromatization studies [20,21]. The red star
indicates the best signal strength monochromatization point in the plane (the pink star over the �ps = �H = 4.1MeV dashed
line, indicates the ideal baseline point assumed in our default analysis). All results are given per IP and per year.

The red curves in Fig. 3 show the current expectations for the range of (�ps,Lint) values achievable at FCC-ee with
the investigated monochromatization schemes [20,21]. Without monochromatization, the FCC-ee natural collision-
energy spread at

p
s = 125GeV is about �ps = 46MeV due to synchrotron radiation. Its reduction to the few-MeV

level desired for the s-channel Higgs run can be accomplished by means of monochromatization, e.g. by introducing
nonzero horizontal dispersions at the IP (D⇤

x) of opposite sign for the two beams in collisions without a crossing

angle. The beam energy spread reduction factor is given by � =
q

(D⇤
x
2�2

�)/("x�
⇤
x) + 1, where �⇤

x(y) denotes the

horizontal (vertical) beta function at the IP and "x(y) the corresponding emittance. The need to generate a significant
IP dispersion implies a change of beamline geometry in the interaction region and the use of crab cavities to compensate
for the existing, or remaining, crossing angle. A nonzero IP dispersion leads to an increase of the transverse horizontal
emittance from beamstrahlung, thereby impacting the beam luminosity. Optimization of the IP optics parameters (D⇤

x,
�⇤
x,y,...) yields the corresponding red curves of Fig. 3. For the lowest collision-energy spread achieved of �ps = 6MeV,

the anticipated monochromatized luminosity per IP exceeds 1035 cm�2s�1 [21]. This translates into an integrated
luminosity4 of at least 1.2 ab�1 per IP per year. One can reach larger integrated luminosities at the expense of a worse
beam energy spread. The point (red star) over the red curves that has the highest signal strength today corresponds to
(�ps,Lint) ⇡ (7MeV, 2 ab�1), to be compared to our original baseline point (pink star) over the �ps = �H = 4.1MeV
dashed line. For such a 7-MeV c.m. energy spread, the peak of the relativistic Voigtian distribution describing the
s-channel cross section is located at about 1MeV above the mass of the Higgs boson (Fig. 1, right). Therefore, the
optimal c.m. energy of the dedicated e+e� run needs also to be carefully chosen to maximize the resonant cross section
for any given monochromatization point.

4 Conversion from luminosity (L = 1035 cm�2s�1) to integrated luminosity (Lint = 1.2 ab�1/year/IP) assumes 185 physics
days per run with a 75% physics e�ciency [27].

d'Enterria+, arXiv: 2107.02686

w. 10/ab

w/ 10/ab: S~55, B~2400 → 1.1σ

4𝝈 expected with 4 IP in 4 years 
or  

 95%CL on 2.5 x SM value in 1 year  

https://arxiv.org/abs/2107.02686
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u One million Higgs in three years at FCC-ee
u gHZZ and GH: typically twice better at FCC-ee

u Higgs self-coupling sensitivity only at FCC-ee
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q Unique to FCC-ee: Hee coupling
u 20 ab-1 / year at √s = 125 GeV   (not in baseline FCC-ee)

u Monochromatization s√s ~ 1-2 × GH ~ 6 to 10 MeV

l Resonant ee→ H production

l 2s excess in one year with 2 IP

l ±15% precion on ke in 3 years with 4 IP
è Not feasible at ILC or CLIC

# Higgs bosons:        500k        175k       1.1M           1.3M

First number: kappa fit / Second number: EFT fit
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The high luminosity, the precise control of the beam √s, the clean reconstruction of final states 
make it possible to observe:

L/5 
0.6σ

2IPs 
1.3σ

4IPs 
1.7σ

L×5 
3σ

Still working on optimizing luminosity vs monochromatization

= 5 yrs @ √s = 125 GeV

1IP/1yr 
0.4σ
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Fig. 1. Typical diagrams for the direct Higgs channel production (left) decaying into electroweak bosons (top) and fermions or
gluons (bottom), and associated backgrounds (center), considered in this work. Right: Resonant Higgs production cross section,
including ISR e↵ects, for several values of the e+e� c.m. energy spread �ps = 0, 4.1, 7, 15, 30, and 100MeV [17].

code at NLO accuracy [31]. The pythia 8 signal cross sections are absolutely normalized to match our benchmark
�ee!H = 0.28 fb value for ISR plus �ps = 4.1-MeV energy spread discussed above (second curve of Fig. 1 right). Higgs
decay modes not listed in Table 1 are either completely swamped by background (e.g. H ! ZZ⇤

! 4j) or have too low
B’s (e.g. H ! ZZ⇤

! 4`) and thereby have zero expected counts for any realistic integrated luminosity. The generator-
level background cross sections in Table 1 are indicatively quoted without ISR to avoid artificial enhancements of
their values due to radiative-returns to the Z pole, which can be easily removed experimentally (e.g. tagging the ISR
photon and/or imposing requirements on the total energy of the event). The last column lists the indicative signal-
over-background (S/B) expected for the dominant (irreducible) background of each channel, at the generator level
without any analysis cuts. Three broad categories can be identified:

i) Final states with pairs of jets or tau leptons, with very large backgrounds leading to S/B ⇡ 10�7–10�5, except
for the H ! gg case for which no actual physical background exists (Z⇤, �⇤ do not couple to gluons), but for an
experimental misidentification probability of light-quarks for gluons that we take as 1% (Table 2);
ii) Final states from intermediate WW⇤ decays, with S/B ⇡ 10�3;
iii) Final states from intermediate ZZ⇤ decays with S/B ⇡ 10�2, but very small signal cross sections.

In addition, the last row of the table lists the Higgs diphoton decay mode (discovery channel at the LHC) that
su↵ers from both, a tiny signal cross section and 8 orders-of-magnitude larger backgrounds. A swift analysis of this
table allows one to identify two channels with some potentiality in terms of statistical significances, H ! gg and
H ! WW⇤

! `⌫ 2j, which both feature ⇠25-ab cross sections and S/B ⇡ 10�3.

Table 1. Cross sections (including ISR and �ps = 4.1MeV) times branching fractions (B) for 11 final states in e+e� ! H(XX)

signal processes and associated dominant e+e� ! XX backgrounds (without ISR), and ratio of signal-over-background for each
channel before any analysis cuts (the digluon S/B quoted assumes a light-q ! g mistagging rate of 1%).

Higgs decay channel B � ⇥ B Irreducible background � S/B

e+e� ! H ! bb 58.2% 164 ab e+e� ! bb 19 pb O(10�5)
e+e� ! H ! gg 8.2% 23 ab e+e� ! qq 61 pb O(10�3)
e+e� ! H ! ⌧⌧ 6.3% 18 ab e+e� ! ⌧⌧ 10 pb O(10�6)
e+e� ! H ! cc 2.9% 8.2 ab e+e� ! cc 22 pb O(10�7)

e+e� ! H ! WW⇤
! `⌫ 2j 21.4%⇥67.6%⇥32.4%⇥2 26.5 ab e+e� ! WW⇤

! `⌫ 2j 23 fb O(10�3)
e+e� ! H ! WW⇤

! 2` 2⌫ 21.4%⇥32.4%⇥32.4% 6.4 ab e+e� ! WW⇤
! 2` 2⌫ 5.6 fb O(10�3)

e+e� ! H ! WW⇤
! 4j 21.4%⇥67.6%⇥67.6% 27.6 ab e+e� ! WW⇤

! 4j 24 fb O(10�3)

e+e� ! H ! ZZ⇤
! 2j 2⌫ 2.6%⇥70%⇥20%⇥2 2 ab e+e� ! ZZ⇤

! 2j 2⌫ 273 ab O(10�2)
e+e� ! H ! ZZ⇤

! 2` 2j 2.6%⇥70%⇥10%⇥2 1 ab e+e� ! ZZ⇤
! 2` 2j 136 ab O(10�2)

e+e� ! H ! ZZ⇤
! 2` 2⌫ 2.6%⇥20%⇥10%⇥2 0.3 ab e+e� ! ZZ⇤

! 2` 2⌫ 39 ab O(10�2)

e+e� ! H ! � � 0.23% 0.65 ab e+e� ! � � 79 pb O(10�8)

It is worth noting that the background cross sections computed with pythia 8 for two-particle final states (e+e� !

qq, cc, bb, ⌧⌧, � �) are found consistent with those obtained running alternative calculators, such as MadGraph 5 [32,
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Table 6. Individual significances (in std. deviations �) expected per decay channel for s-channel Higgs boson production in
e+e� collisions at FCC-ee for Lint = 10 ab�1 and �ps = 4.1MeV. The last column quotes the combined significance.

H ! gg H ! WW⇤
! `⌫ 2j; 2` 2⌫; 4j H ! ZZ⇤

! 2j 2⌫; 2` 2j; 2` 2⌫ H ! bb H ! ⌧had⌧had; cc; � � Combined
1.1� (0.53⌦ 0.34⌦ 0.13)� (0.32⌦ 0.18⌦ 0.05)� 0.13� < 0.02� 1.3�

for any other combination of (�ps,Lint) values achievable through beam monochromatization. Figure 3 shows the
bidimensional maps for the significance of s-channel Higgs production (left) and the corresponding 95% CL upper
limits on the electron Yukawa (right), as a function of both parameters. The signal significance, and associated upper
limits, improve with the square-root of the integrated luminosity (along the x axes of both plots), and diminish for
larger values �ps (along the y axes of the maps) following the relativistic Voigtian dependence of the signal yield on
the energy spread shown in Fig. 1 (right).

Fig. 3. Left: Significance contours (in std. dev. units �) in the c.m. energy spread vs. integrated luminosity plane for the
resonant �

e
+
e
�!H

cross section at
p
s = mH. Right: Associated upper limits contours (95% CL) on the electron Yukawa ye.

The red curves show the range of parameters presently reached in FCC-ee monochromatization studies [20,21]. The red star
indicates the best signal strength monochromatization point in the plane (the pink star over the �ps = �H = 4.1MeV dashed
line, indicates the ideal baseline point assumed in our default analysis). All results are given per IP and per year.

The red curves in Fig. 3 show the current expectations for the range of (�ps,Lint) values achievable at FCC-ee with
the investigated monochromatization schemes [20,21]. Without monochromatization, the FCC-ee natural collision-
energy spread at

p
s = 125GeV is about �ps = 46MeV due to synchrotron radiation. Its reduction to the few-MeV

level desired for the s-channel Higgs run can be accomplished by means of monochromatization, e.g. by introducing
nonzero horizontal dispersions at the IP (D⇤

x) of opposite sign for the two beams in collisions without a crossing

angle. The beam energy spread reduction factor is given by � =
q

(D⇤
x
2�2

�)/("x�
⇤
x) + 1, where �⇤

x(y) denotes the

horizontal (vertical) beta function at the IP and "x(y) the corresponding emittance. The need to generate a significant
IP dispersion implies a change of beamline geometry in the interaction region and the use of crab cavities to compensate
for the existing, or remaining, crossing angle. A nonzero IP dispersion leads to an increase of the transverse horizontal
emittance from beamstrahlung, thereby impacting the beam luminosity. Optimization of the IP optics parameters (D⇤

x,
�⇤
x,y,...) yields the corresponding red curves of Fig. 3. For the lowest collision-energy spread achieved of �ps = 6MeV,

the anticipated monochromatized luminosity per IP exceeds 1035 cm�2s�1 [21]. This translates into an integrated
luminosity4 of at least 1.2 ab�1 per IP per year. One can reach larger integrated luminosities at the expense of a worse
beam energy spread. The point (red star) over the red curves that has the highest signal strength today corresponds to
(�ps,Lint) ⇡ (7MeV, 2 ab�1), to be compared to our original baseline point (pink star) over the �ps = �H = 4.1MeV
dashed line. For such a 7-MeV c.m. energy spread, the peak of the relativistic Voigtian distribution describing the
s-channel cross section is located at about 1MeV above the mass of the Higgs boson (Fig. 1, right). Therefore, the
optimal c.m. energy of the dedicated e+e� run needs also to be carefully chosen to maximize the resonant cross section
for any given monochromatization point.

4 Conversion from luminosity (L = 1035 cm�2s�1) to integrated luminosity (Lint = 1.2 ab�1/year/IP) assumes 185 physics
days per run with a 75% physics e�ciency [27].

d'Enterria+, arXiv: 2107.02686

w. 10/ab

w/ 10/ab: S~55, B~2400 → 1.1σ

e+e-→Higgs with polarized beams 
Beam 

polarization

 Transverse is 

more obvious

 80% not 

unreasonable

 Longitudinal 

much less clear

 Needs 

polarimeter: 

expensive

 Can work: 30%?

A pheno study (Boughezal et al 2407.12975) shows that transverse 
spin asymmetries can increase the sensitivity  
to the electron Yukawa

Major improvements of up to 
factors of 6 possible for bb and 

WW (doesn’t work for gg)

3.4 Analysis summary

We summarize here the significance for both channels, and study the dependence of our
results on the achievable beam spread and luminosity at a future FCC. The significances
possible for each polarization asymmetry for three di↵erent choices of invariant mass cuts
are shown in Fig. 4. The more stringent this cut can be made, the higher the significance
that can be reached. A tighter cut increases the polarization asymmetries by reducing the
continuum background and therefore the denominator of the asymmetry. The achievable
cut depends on the reconstruction precision possible with future FCC detectors.

Figure 4: The significance obtained for the bb̄ and semi-leptonic WW channels for three
di↵erent choices of invariant mass cut. The darker histograms refer to the optimized polar-
angle cuts.

Our analysis relies upon a future FCC complex being able to obtain both small beam en-
ergy spread and significant polarization of both beams. The first requirement is also required
for the inclusive cross section determination of the electron Yukawa coupling, while the sec-
ond is particular to our analysis. It is well known that obtaining significant longitudinal
polarization at an FCC is di�cult, and comes at the expense of luminosity [22]. We study
the dependence on both luminosity and beam energy spread in Fig. 5 for both final states,
for our default values of polarization Pe� = 80%, Pe+ = 30%. Since the significance only
falls o↵ as 1/

p
L, where L is the luminosity, we can still achieve S > 2 in the semi-leptonic

WW channel down to L ⇡ 4 ab�1 as long as the beam spread can be maintained. We can
obtain S > 1 down to L ⇡ 1 ab�1. This remains a factor of two greater than the inclusive
cross section reference significance obtained with L = 10 ab�1.

4 Conclusions

We have studied how the use of single transverse-spin asymmetries can improve on the de-
termination of the electron Yukawa coupling at a future FCC. These observables are linearly
proportional to the electron Yukawa coupling since they arise from quantum interference
between the Higgs signal and the continuum background, while the inclusive cross section
is quadratically proportional to the electron mass. This reduces the suppression associated
with this small quantity. We further study the role of longitudinal polarization of the second
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3.4 Analysis summary

We summarize here the significance for both channels, and study the dependence of our
results on the achievable beam spread and luminosity at a future FCC. The significances
possible for each polarization asymmetry for three di↵erent choices of invariant mass cuts
are shown in Fig. 4. The more stringent this cut can be made, the higher the significance
that can be reached. A tighter cut increases the polarization asymmetries by reducing the
continuum background and therefore the denominator of the asymmetry. The achievable
cut depends on the reconstruction precision possible with future FCC detectors.

Figure 4: The significance obtained for the bb̄ and semi-leptonic WW channels for three
di↵erent choices of invariant mass cut. The darker histograms refer to the optimized polar-
angle cuts.

Our analysis relies upon a future FCC complex being able to obtain both small beam en-
ergy spread and significant polarization of both beams. The first requirement is also required
for the inclusive cross section determination of the electron Yukawa coupling, while the sec-
ond is particular to our analysis. It is well known that obtaining significant longitudinal
polarization at an FCC is di�cult, and comes at the expense of luminosity [22]. We study
the dependence on both luminosity and beam energy spread in Fig. 5 for both final states,
for our default values of polarization Pe� = 80%, Pe+ = 30%. Since the significance only
falls o↵ as 1/

p
L, where L is the luminosity, we can still achieve S > 2 in the semi-leptonic

WW channel down to L ⇡ 4 ab�1 as long as the beam spread can be maintained. We can
obtain S > 1 down to L ⇡ 1 ab�1. This remains a factor of two greater than the inclusive
cross section reference significance obtained with L = 10 ab�1.

4 Conclusions

We have studied how the use of single transverse-spin asymmetries can improve on the de-
termination of the electron Yukawa coupling at a future FCC. These observables are linearly
proportional to the electron Yukawa coupling since they arise from quantum interference
between the Higgs signal and the continuum background, while the inclusive cross section
is quadratically proportional to the electron mass. This reduces the suppression associated
with this small quantity. We further study the role of longitudinal polarization of the second
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https://arxiv.org/abs/2107.02686
https://arxiv.org/abs/2407.12975
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2. EW @ FCC-ee
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EW @ FCC-ee

The Tera-Z program (and beyond) yields a data sample size never seen before  
• Lineshape scan at the Z pole (~91 GeV) and threshold scan at WW production threshold (~160 GeV)  

• 2-3 orders of magnitude improvement w.r.t. current knowledge 

Several challenges to keep all systematic uncertainties under control  
• Beam calibration (EPOL) ~ 100 keV  

• Detectors: acceptance, efficiencies, hermiticity  

• Luminosity: using known processes (Bhabha, 𝛾𝛾)  

• Calibration: in situ using available data, monitoring  

• Theory: need to cope with orders of magnitude improvement of theoretical calculations and Monte Carlo generators 
accuracy  

Keep in mind that often the systematic uncertainties also scale down with increased statistics (e.g. 
beam energy determination from ee→Z/𝛾 thus the associated uncertainty decreases with luminosity) 
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EW Precision  
Measurements  

at FCC-ee 

Experimental (statistical and systematic) precision of a 
selection of measurements accessible at FCC-ee, 

compared with the present world-average precision.  
FCC-ee syst. scaled down from LEP estimates. 
Room for improvement with dedicated studies. 

Table 2: Experimental (statistical and systematic) precision expected for a selection of measurements accessible
at FCC-ee, compared with the present world-average precision [35]. Some of the FCC-ee experimental systematic
uncertainties (4th column) are initial estimates from early 2021 [36] and others have been improved and consol-
idated during the Feasibility Study. A goal of further studies will be to improve them down to the level of the
statistical uncertainties (3rd column) with new ideas and innovative methods. This set of measurements, together
with those of the Higgs boson properties, achieves indirect sensitivity to new physics up to a scale ⇤ of 100 TeV in
an Effective Field Theory (EFT) description with dimension-6 operators (Chapter 2) and possibly much higher in
specific new physics (non-decoupling) models.

Observable present FCC-ee FCC-ee Comment and
value ± uncertainty Stat. Syst. leading uncertainty

mZ (keV) 91 187 600 ± 2000 4 100 From Z line shape scan
Beam energy calibration

�Z (keV) 2 495 500 ± 2300 4 12 From Z line shape scan
Beam energy calibration

sin
2 ✓eff

W
(⇥10

6
) 231,480 ± 160 1.2 1.2 From A

µµ
FB at Z peak

Beam energy calibration

1/↵QED(m2

Z
) (⇥10

3
) 128 952 ± 14 3.9 small From A

µµ
FB off peak

0.8 tbc From A
µµ
FB on peak

QED&EW uncert. dominate

R
Z

` (⇥10
3
) 20 767 ± 25 0.05 0.05 Ratio of hadrons to leptons

Acceptance for leptons

↵S(m2

Z
) (⇥10

4
) 1 196 ± 30 0.1 1 Combined R

Z

` , �
Z

tot, �0

had fit

�0

had (⇥10
3
) (nb) 41 480.2 ± 32.5 0.03 0.8 Peak hadronic cross section

Luminosity measurement

Nn(⇥10
3
) 2 996.3 ± 7.4 0.09 0.12 Z peak cross sections

Luminosity measurement

Rb (⇥10
6
) 216 290 ± 660 0.25 0.3 Ratio of bb to hadrons

A
b,0
FB (⇥10

4
) 992 ± 16 0.04 0.04 b-quark asymmetry at Z pole

From jet charge

Apol,⌧
FB (⇥10

4
) 1 498 ± 49 0.07 0.2 ⌧ polarisation asymmetry

⌧ decay physics
⌧ lifetime (fs) 290.3 ± 0.5 0.001 0.005 ISR, ⌧ mass
⌧ mass (MeV) 1 776.93 ± 0.09 0.002 0.02 estimator bias, ISR, FSR

⌧ leptonic (µnµnt) BR (%) 17.38 ± 0.04 0.00007 0.003 PID, ⇡0 efficiency

mW (MeV) 80 360.2 ± 9.9 0.18 0.16 From WW threshold scan
Beam energy calibration

�W (MeV) 2 085 ± 42 0.27 0.2 From WW threshold scan
Beam energy calibration

↵S(m2

W
) (⇥10

4
) 1 010 ± 270 2 2 Combined R

W

` , �
W

tot fit

Nn (⇥10
3
) 2 920 ± 50 0.5 small Ratio of invis. to leptonic

in radiative Z returns

mtop (MeV) 172 570 ± 290 4.2 4.9 From tt threshold scan
QCD uncert. dominate

�top (MeV) 1 420 ± 190 10 6 From tt threshold scan
QCD uncert. dominate

�top/�SM
top 1.2 ± 0.3 0.015 0.015 From tt threshold scan

QCD uncert. dominate

ttZ couplings ± 30% 0.5–1.5 % small From
p

s = 365 GeV run

7
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αQED(mZ)

15

Unique to circular machines (it requires ≫1012 Z and line shape scan)  
• Off-pole (Janot 2015): so far determined from the slope of AFBµµ vs √s (interference Z and 𝛾 channels) 
→ ±3x10-5  

• On-pole (Riembau 2025): both s and t- channel e+e- → e+e- and µ+µ- at the Z pole (larger data set), 
sizeable photon contribution for e- only, not for µ-  → ±0.6x10-5 

What are exp. systematics? Can this be improved by using tau final states, etc...?  

12.05.2025 6

RECENT RESULT on QED (mZ) 

1. Direct determination of QED (mZ) (Unique to circular machines, since it requires >>1012 Z and line shape scan)
1.1 so far determined from the slope of AFB

 vs s   → ±3 10-5  (P. Janot 2015)
1.2 recent paper by Marc Riembau uses both s and t- channel e+e- → e+e- and +- at the Z pole ±0.6 10-5

expect 5 times more precise = 0.6 10-5 (very important result, to be scrutinized further) 
Can this be improved by using tau final states, etc…?  

Di-lepton distributions are statistics limited
➔ requirements on tracker to be verified, 

double tag and alignments essential 

Stated concern about efficiency vs polar angle 
being possibly different for e and 
is addressed in 
https://doi.org/10.17181/sq5pm-c8334 (AB)

➔ Efficiencies will be measured well enough!
A. Blondel Electroweak measurements at FCC-ee

arXiv:2501.05508v1

currently 10-4, a limiting factor to many BSM searches 

https://arxiv.org/abs/1512.05544
https://arxiv.org/abs/2501.05508
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Z lineshapeZ-boson features
● mZ → input to cross sections, width, branching ratios of the Z boson

○ current uncertainty 𝛥mZ ~ 2 MeV (LEP)

○ σstat ~ ΓZ / 2√(NZ
off-peak)

■ 4 keV at FCC-ee

○ dominant systematic uncertainty: absolute beam energy calibration

■ resonant depolarisation 𝛥√s ~ 𝛥mZ ~ 100 keV

● ΓZ → sensitive to fermion couplings and to BSM

○ current uncertainty 𝛥ΓZ ~ 2 MeV

○ dominant systematic uncertainty: relative absolute beam energy 

calibration

■ point-to-point 𝛥√sp.t.p. → to be measured in-situ with µµ 

events

■ 𝛥ΓZ ~ 12 keV at FCC-ee

6

0509008
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W Mass

Outline
• Presentation based on :  The W mass and width measurement

challenge at FCC-ee in A future Higgs and Electroweak factory (FCC): 
Eur. Phys. J. Plus 136, 1203 (2021), arXiv:2107.04444 

• Two independent W mass and width measurements @FCCee :

1. The mW and ΓW determinations from the WW threshold cross section
lineshape, with 12/ab at ECM ≃ 157.5-162.5 GeV 

2. Other measurements of mW and ΓW from the decay products
kinematics at ECM ≃ 162.5-240-365 GeV 

FCC workshop - 27 Jan 2023 P.Azzurri - W mass and width 3

WW threshold : W mass and width 

FCC workshop - 27 Jan 2023 P.Azzurri - W mass and width 14

Scans of possible E1 E2 data taking energies  and luminosity fractions f (at the E2 point)

ΔmW , ΔΓW:  error on W mass and width from fitting both
ΔmW : error on W mass from fitting only mW

ΔΓW

ΔmW
ΔmW 0.28

0.43

ΔmW =0.45 MeV , ΔΓW=1 MeV (r=-0.6)
ΔmW=0.35 MeV

A -minimum of ΔΓW=0.91 MeV with ΔmW=0.55 MeV
taking data at E1=156.6 GeV E2=162.4 GeV f=0.25

yields ΔmW=0.47 MeV (as single par)

B- minimum of ΔmW=0.28  MeV ΔΓW=3.3 MeV with 
E1=155.5 GeV E2=162.4 GeV f=0.95

yields ΔmW=0.28 MeV (as single par)

C- minimum of ΔΓW=0.96 MeV +ΔmW=0.41 MeV with 
E1=157.5 GeV E2=162.4 GeV f=0.45

yields and   ΔmW=0.37 MeV (as single par)

ways ahead : WW threshold

• Explore in more detail the systematic uncertainties (cancellation) effects with  
multi-point (n≥3) cross section measurements. Evaluate benefits of additional 
model independence.
• reduction / cancellation of acceptance & luminosity systs is of particular interest

• Design a realistic a modern analysis with event classifiers, evaluate performances 
and the corresponding impact of systematic uncertainties. Feedback to theory 
and detector design.

• Explore BSM/EFT interest and utility of multi-point precision "WW measurements 
at threshold, also with other 4f productions (Weq, Zee, ..) 

FCC workshop - 27 Jan 2023 P.Azzurri - W mass and width 26

pmW=0.4 MeV prW=1 MeV

ways ahead : W kinematic reconstruction

• Studies with a LEP-style mW measurement :  verify stat potential with 
different ECM data and study the impact of systematic uncertainties in 
detail : report back to theory and detector design
• Ultimate simultaneous analysis and fit of diboson events (WW, ZZ and Zs) 

to extract mW/mZ with potential cancellations of systematic uncertainties 
both theoretical and experimental 
• Explore alternative kinematic reconstruction methods that do not make 

use of ECM as the ones proposed by ILC. Most demanding on experimental 
systs (energy & momentum calibration of jets and leptons) . Detector 
requirements ?

FCC workshop - 27 Jan 2023 P.Azzurri - W mass and width 27

pmW , prW= 2-5 MeV ?

Images 
by brgfx 
in Freepik 

?

Comparable
in sensitivity
with value 

from 
EWPO fit.

a factor 2  
improvement 

from  
Feasibility Report
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On-pole/Off-pole observables
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Electroweak Precision Observables
> Measure Z- and W boson couplings to fermions through partial decay widths
> Current measurements largely from LEP, O(1‰) precision
> Expect an improvement by 10-100 at FCC-ee

Observable Definition

Z-pole

�Z

P
f
�(Z ! ff̄)

�had
12⇡
mZ

�(Z!e
+
e
�)�(Z!qq̄)
�2
Z

Rf (f = e, µ, ⌧, c, b) �(Z!ff̄)P
q
�(Z!qq̄)

Af (f = e, µ, ⌧, s, c, b) �(Z!fLf̄L)��(Z!fRf̄R)
�(Z!ff̄)

A
0,`
FB (` = e, µ, ⌧ ) 3

4AeA`

A
FB
q (q = c, b) 3

4AeAq

W -pole

mW

�W

P
f1,f2

�(W ! f1f2)
Br(W ! `⌫) (` = e, µ, ⌧ )

[Table from FCC FSR 2505.00272]

DESY. | BSM with Precision EW and Higgs Physics at FCC-ee | Lukas Allwicher | FutureCollider@DESY Meeting, 24.04.2026 Page 5

EWPOs off the pole: four-fermion interactions
Energy-enhancement compensates luminosity
> Four-fermion operators, e.g. eebb, have negligible contribution on the pole to e.g. Rb

> Off the pole, energy-enhanced amplitudes in the EFT

A(e+e� ! ff̄) ⇠
s

⇤2
Ceeff

> Comparable sensitivity w.r.to the pole (loop effects)
> Can dominate when the RGE effect is smaller (e.g. gauge coupling running)
> Define ratios

Ra =
�(e+e� ! aā)

⌃q=u,d,s,c,b�(e+e� ! qq̄)

> At tt̄, define Rt = �(e+e� ! tt̄)/�(e+e� ! qq̄)
[Greljo, Tiblom, Valenti 2411.02485]

e

e

f

f

Ceeff

DESY. | BSM with Precision EW and Higgs Physics at FCC-ee | Lukas Allwicher | FutureCollider@DESY Meeting, 24.04.2026 Page 19

very efficient to constraint 
4-fermion operators 

thanks to EFT energy-enhancement effects.

https://arxiv.org/abs/2412.14241
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Fig. 9: The 95% CL projected sensitivities at FCC-ee to four-fermion, gauge, and Higgs dimension-6 operators,
in terms of the effective scale of new physics ⇤ (in TeV), from measurements of Z-pole observables (right part of
the table) and of higher-energies observables (left part of the table). The rightmost two columns show the above-
and on-pole combinations of all observables. Adapted from Ref. [72].

higher-energy measurements where these interactions enter at leading order [72, 73].702

This statement is illustrated in Fig. 9, which shows the sensitivity (in terms of effective scale703

of new physics ⇤) to dimension-6 SMEFT operators entering in the four-fermion, gauge, and Higgs704

sectors, from the corresponding constraints in Z-pole observables on the one hand, and in higher-energy705

(denoted ‘above-pole’) observables on the other. Besides often being better, the on-pole bounds also706

constrain different directions in the SMEFT space, as illustrated in Fig. 10 for two specific examples. As707

a consequence, the combination of on-pole and above-pole data very substantially reduces the overall708

volume of parameter space and, accordingly, tightens the constraints on specific models. The scope of709

the Tera-Z electroweak precision programme of FCC-ee is, therefore, far wider and more general than a710

naïve extrapolation of the already amazingly accurate SM confirmation from LEP data would suggest.711

23

https://arxiv.org/abs/2412.14241
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3. FCC Physics Programme
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FCC-ee Run Plan
LEP1 data accumulated in every 2 mn. 

(for the same power consumption, i.e. machine 100’000 more efficient). 

-6

the e
+
e
� centre-of-mass energies around the Z pole, the WW threshold, the ZH production maximum,207

up to the tt threshold and just above. The current values for the luminosities expected at these energies208

are displayed in Fig. 1 and the envisioned 15-year experimental programme is summarised in Table 1,209

together with the numbers of events expected at each energy.210

Fig. 1: The FCC-ee baseline design luminosity, summed over 4 IPs, displayed as a function of the centre-
of-mass energy, from the Z pole to the tt threshold and beyond (red curve). The luminosity typically
achievable by linear e

+
e
� Higgs factories in a single IP between 250 and 380 GeV is also indicated

(dash-dotted oval in the lower-right corner of the figure).

Table 1: The baseline FCC-ee operation model with four interaction points, showing the centre-of-mass
energies, design instantaneous luminosities for each IP, and integrated luminosity per year summed over
4 IPs. The integrated luminosity values correspond to 185 days of physics per year and a 75% operational
efficiency (i.e., 1.2 ⇥ 10

7 seconds per year) [15], in the Z, WW, ZH, and tt baseline sequence. The last
two rows indicate the total integrated luminosity and number of events expected to be produced in the
four detectors. The number of WW events includes all

p
s values from 157.5 GeV up.

Working point Z pole WW thresh. ZH tt

p
s (GeV) 88, 91, 94 157, 163 240 340–350 365

Lumi/IP (10
34 cm�2s�1) 140 20 7.5 1.8 1.4

Lumi/year (ab�1) 68 9.6 3.6 0.83 0.67
Run time (year) 4 2 3 1 4
Integrated lumi. (ab�1) 205 19.2 10.8 0.42 2.70

2.2 ⇥ 10
6

ZH 2 ⇥ 10
6

tt

Number of events 6 ⇥ 10
12

Z 2.4 ⇥ 10
8

WW + + 370k ZH

65k WW ! H + 92k WW ! H

The currently envisioned working hypotheses for the operation model [16], i.e. for the overall211

sequence and the duration of each step, will be continuously optimised in the coming years. An example212

of a baseline sequence is displayed in Fig. 2, with the Z, WW, and ZH runs assumed to happen in this213

chronological order. In reality, however, there will be quasi-total flexibility in the choice of the running214

sequence. (See inset below: ‘A quasi total flexibility’.) This flexibility will accommodate the likely215

3

Improved efficiency thanks to 
‣Double ring collider 
•many bunches, high current, like LHC and B factories, 
different from LEP. 
‣Top-up injection 
•standard at modern light sources, like Swiss Light Source. 
•used at recent e+e- colliders, PEP-II (USA), KEKB (Japan), 
BEPCII (China). 
‣Crab-waist collision scheme 
•successfully demonstrated at DAFNE (Italy) and SuperKEKB 
(Japan). 
‣Superconducting radiofrequency system  
•Nb/Cu 400 MHz SC cavities pioneered at former CERN LEP. 
•bulk Nb 800 MHz SC cavities similar to ESS (Sweden), 
EuXFEL (Germany). 
•revolutionary highly efficient RF power sources. 
•new operation scheme for flexible energy switching & reduced 
complexity. 
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RF operation modes

-6

The FCC project - Paolo Giacomelli 

Operation modes for RF

23

Lowest energy: 
• Low RF voltage 
• High beam current 

• Few cavities 
• Low voltage per cavity 
• High power per cavity 

• Significant HOM power 

• Instabilities 

• 1- or 2-cell cavities at low 
RF frequency (400MHz)

Highest energy: 
• High RF voltage 
• Low beam current 

• Many cavities 
• High voltage per cavity 
• Low power per cavity 
• Low HOM power 

• High SR damping 

• Multi-cell cavities at higher 
RF frequency (800MHz)

→ ttbar
• Physics at 4 different energy points: 

Z0, W+W-, Higgs (ZH), t-tbar production 
• Same SR power for all 4 modes 

PSR= 50 MW per beam

M. Benedikt - F. Zimmermann
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The FCC project - Paolo Giacomelli 

800 MHz system – tt (collider and booster)

25

X (408 + 448)

Superconducting elliptical 
cavity 
▪ 800 MHz, 6-cell 
▪ Nb3Sn if R&D is successful 

X (102 + 112)

Cryomodule 
▪ Segmented design, 4 cavities, 2 K 
▪ Operation at 4.5 K if R&D successful 

X 448

Multibeam Tristron 
▪ 800 MHz 
▪ 250 kW, CW X 408

Solid State 
Amplifier (SSA) 
▪ 800 MHz 
▪ 10-15 kW pulsed 

A.	Butterworth

The FCC project - Paolo Giacomelli 

400 MHz system – collider Z, W, ZH

24

X 264

Superconducting elliptical 
cavity 
▪ 400 MHz, 2-cell 
▪ 1.5 m. long 
▪ Electropolished and seamless 

RF surface 
▪ Niobium thin film with HiPIMS

X 66

Cryomodule 
▪ Segmented design, 4 cavities 
▪ Vertical FPC, HOM damping and 

extraction  
▪ Frequency tuning system  
▪ Thermal and magnetic shielding 

Multibeam Tristron 
▪ 400 MHz 
▪ 46 kV 
▪ 500 kW, CW 
▪ ~ 90% efficiency

X 264

I. Syratchev

collider - booster

400/800 MHz system
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FCC-ee Run Plan
LEP1 data accumulated in every 2 mn. 

(for the same power consumption, i.e. machine 100’000 more efficient). 

— Superb statistics achieved in only 15 years —  

in each detector:  
105 Z/sec, 104 W/hour,  

1500 Higgs/day, 1500 top/day 
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the e
+
e
� centre-of-mass energies around the Z pole, the WW threshold, the ZH production maximum,207

up to the tt threshold and just above. The current values for the luminosities expected at these energies208

are displayed in Fig. 1 and the envisioned 15-year experimental programme is summarised in Table 1,209

together with the numbers of events expected at each energy.210

Fig. 1: The FCC-ee baseline design luminosity, summed over 4 IPs, displayed as a function of the centre-
of-mass energy, from the Z pole to the tt threshold and beyond (red curve). The luminosity typically
achievable by linear e

+
e
� Higgs factories in a single IP between 250 and 380 GeV is also indicated

(dash-dotted oval in the lower-right corner of the figure).

Table 1: The baseline FCC-ee operation model with four interaction points, showing the centre-of-mass
energies, design instantaneous luminosities for each IP, and integrated luminosity per year summed over
4 IPs. The integrated luminosity values correspond to 185 days of physics per year and a 75% operational
efficiency (i.e., 1.2 ⇥ 10

7 seconds per year) [15], in the Z, WW, ZH, and tt baseline sequence. The last
two rows indicate the total integrated luminosity and number of events expected to be produced in the
four detectors. The number of WW events includes all

p
s values from 157.5 GeV up.

Working point Z pole WW thresh. ZH tt

p
s (GeV) 88, 91, 94 157, 163 240 340–350 365

Lumi/IP (10
34 cm�2s�1) 140 20 7.5 1.8 1.4

Lumi/year (ab�1) 68 9.6 3.6 0.83 0.67
Run time (year) 4 2 3 1 4
Integrated lumi. (ab�1) 205 19.2 10.8 0.42 2.70

2.2 ⇥ 10
6

ZH 2 ⇥ 10
6

tt

Number of events 6 ⇥ 10
12

Z 2.4 ⇥ 10
8

WW + + 370k ZH

65k WW ! H + 92k WW ! H

The currently envisioned working hypotheses for the operation model [16], i.e. for the overall211

sequence and the duration of each step, will be continuously optimised in the coming years. An example212

of a baseline sequence is displayed in Fig. 2, with the Z, WW, and ZH runs assumed to happen in this213

chronological order. In reality, however, there will be quasi-total flexibility in the choice of the running214

sequence. (See inset below: ‘A quasi total flexibility’.) This flexibility will accommodate the likely215
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the e
+
e
� centre-of-mass energies around the Z pole, the WW threshold, the ZH production maximum,207

up to the tt threshold and just above. The current values for the luminosities expected at these energies208

are displayed in Fig. 1 and the envisioned 15-year experimental programme is summarised in Table 1,209

together with the numbers of events expected at each energy.210

Fig. 1: The FCC-ee baseline design luminosity, summed over 4 IPs, displayed as a function of the centre-
of-mass energy, from the Z pole to the tt threshold and beyond (red curve). The luminosity typically
achievable by linear e

+
e
� Higgs factories in a single IP between 250 and 380 GeV is also indicated

(dash-dotted oval in the lower-right corner of the figure).

Table 1: The baseline FCC-ee operation model with four interaction points, showing the centre-of-mass
energies, design instantaneous luminosities for each IP, and integrated luminosity per year summed over
4 IPs. The integrated luminosity values correspond to 185 days of physics per year and a 75% operational
efficiency (i.e., 1.2 ⇥ 10

7 seconds per year) [15], in the Z, WW, ZH, and tt baseline sequence. The last
two rows indicate the total integrated luminosity and number of events expected to be produced in the
four detectors. The number of WW events includes all

p
s values from 157.5 GeV up.

Working point Z pole WW thresh. ZH tt

p
s (GeV) 88, 91, 94 157, 163 240 340–350 365

Lumi/IP (10
34 cm�2s�1) 140 20 7.5 1.8 1.4

Lumi/year (ab�1) 68 9.6 3.6 0.83 0.67
Run time (year) 4 2 3 1 4
Integrated lumi. (ab�1) 205 19.2 10.8 0.42 2.70

2.2 ⇥ 10
6

ZH 2 ⇥ 10
6

tt

Number of events 6 ⇥ 10
12

Z 2.4 ⇥ 10
8

WW + + 370k ZH

65k WW ! H + 92k WW ! H

The currently envisioned working hypotheses for the operation model [16], i.e. for the overall211

sequence and the duration of each step, will be continuously optimised in the coming years. An example212

of a baseline sequence is displayed in Fig. 2, with the Z, WW, and ZH runs assumed to happen in this213

chronological order. In reality, however, there will be quasi-total flexibility in the choice of the running214

sequence. (See inset below: ‘A quasi total flexibility’.) This flexibility will accommodate the likely215

3

Exciting & diverse programme with 
different priorities every few years.

Order of the different stages still subject to 
discussion/optimisation. Development on 
unique RF cavities to be used from 90 to 
240GeV enables great flexibility of operation.
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FCC-ee Run Plan
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FCC-ee essentials and enabling characteristics
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FCC-ee enabling characteristics:

- Huge samples → extreme precision;

- Four (+) energy points, explored
in a compact 15 year programme;

- With exciting options for extension
(e.g. Higgs-pole run [backups]).

Physics goals encompass Higgs studies:
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5

A rich physics programme (yet to be optimised!) 
 achieved in a compact period of fiften years of operation. 
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FCC-ee enabling characteristics:

- Huge samples → extreme precision;

- Four (+) energy points, explored
in a compact 15 year programme;

- With exciting options for extension
(e.g. Higgs-pole run [backups]).

Flexibility in order of operation for all energies below the ttbar threshold:

6

Maybe more optimal ?

A rich physics programme (yet to be optimised!) 
 achieved in a compact period of fiften years of operation. 



5 May 26CG - / 4025

13

ECM-related uncertainties on selected EWPOs, as quoted in Final Report.  These 
numbers are neither the last word (we may do better), nor are they easily achievable
(they assume further hard work, and excellent control of e.g. detector biases).

ECM uncertainties on EW precision observables

• Absolute energy scale most important for mZ and mW.  Current estimates
set by confidence we have in going from RDP measurement to Eb.  In particular, 
mW warrants renewed and closer studies during the pre-TDR phase.

• ‘point-to-point’ and energy spread most relevant for ΓZ.  Quoted numbers
based on what can be done with di-muons, assuming detector effects can
be controlled. For ‘point-to-point’ we will work on machine-based cross checks.

• We are approaching regime where ΓZ may not be ECM-systematics limited ! 

— Examples of challenges — 
ECM-related uncertainties on selected EWPOs 

( ECM determined by resonant spin depolarisation) 

Need to also control theoretical uncertainties to the same level!

High lumi - Small uncertainties
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FCC-ee
•Axion-like	par/cles,	dark	photons,		
Heavy	Neutral	Leptons	 
•	long	life/mes	-	LLPs	

direct searches  
of light new physics𝜏

flavour factory 
(1012 bb/cc; 1.7x1011 𝜈𝜈) 

𝜈 physics

•𝜈-based EWPOs  
•lept. univ. violation tests 

B physics
•Flavour EWPOs (Rb, AFBb,c)  
•CKM matrix,  
•CP violation in neutral B mesons 
•Flavour anomalies in, e.g., b ➝ s𝜈𝜈 

"intensity  
frontier”

1

Higgs
mHiggs, ΓHiggs 

Higgs couplings 
self-coupling

2

mtop, Γtop 
EW top couplings

Top 3

detector req.

detector hermeticity 
tracking, calorimetry

particle flow 
energy resol. 

particle ID

momentum resol. 
tracker

vertexing, tagging 
energy resolution 

hadron identification

EW & QCD

•αS(mZ) with per-mil accuracy 
•Quark and gluon fragmentation  
•Clean non-perturbative QCD studies 

•mZ, ΓZ, N𝜏 
•Rl, AFB  
•mW, ΓW

FCC-ee Physics Programme
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Very Rich Physics Programme ➝ Challenging Detectors
Higgs Factory Programme
• At √s=240 and √s=365 GeV collect 2.6M HZ and 
      150k WW➝ H events
• Higgs couplings to fermions and bosons
• Higgs self-coupling (2-4 σ) via loop diagrams
• Unique possibility: s-channel e+e-➝ H at 125 GeV

Precision EW and QCD Programme
• 6 × 1012 Z and 2 × 108 WW events
• × 500 improvement of statistical precision on EWPO: 
        mZ, ΓZ, Γinv, sin2θW, Rb, mW, ΓW, …
• 2 × 108 tt events: mtop, Γtop, EW couplings
• Indirect sensitivity to new physics up to tens of TeV

Heavy Flavour Programme
• 1012 bb, cc, 2 × 1012 ττ (clean and boosted): 10 × Belle II
• CKM matrix, CP measurements
• rare decays, CLFV searches, lepton universality

Feebly coupled particles Beyond SM
• Opportunity to directly observe new feebly interacting 

particles with masses below mZ
• Axion-like particles, dark photons, Heavy Neutral Leptons
• Long-lifetime LLPs

• Momentum resolution σ(pT)/pT ≃ 10-3 @ pT ∼ 50 GeV
- σ(p)/p limited by multiple scattering ➝ minimise material

• Jet σ(E)/E ≃ 3-4% in multijet events for Z/W/H separation
• Superior impact parameter resolution for b, c tagging
• Hadron PID for s tagging

• Absolute normalisation of luminosity to 10-4

• Relative normalisation to ≤ 10-5 (e.g. Γhad/Γ𝓁)
- Acceptance definition to 𝓞(10 μm)

• Track angular resolution < 0.1 mrad
• Stability of B field to 10-6

• Superior impact parameter resolution
• Precise identification and measurement of secondary vertices
• ECAL resolution at few %/√E
• Excellent π0/γ separation for τ decay-mode identification
• PID: K/π separation over wide p range ➝ dN/dx, RICH, timing

• Sensitivity to (significantly) detached vertices (mm ➝ m)
- tracking: more layers, ”continous” tracking
- calorimetry: granularity, tracking capabilities

• Precise timing
• Hermeticity
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FCC-ee Physics Programme

https://indico.cern.ch/event/1408515/contributions/6506652/attachments/3070200/5432307/FCCWeek_250519.pdf
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Mogens Dam / NBI Copenhagen 19.05.2025FCC Week, Vienna 8

FCC-ee Detector Concepts
CLD IDEA

Allegro

• Well established design
- ILC -> CLIC detector -> CLD

• Full Si VTX + tracker
• CALICE-like calorimetry – very high 

granularity
• Coil outside calorimetry, muon system
• Possible detector optimizations

- Improved σp/p, σE/E
- PID: precise timing and RICH

arXiv:1911.12230

• Design developed specifically
for FCC-ee and CEPC 

• Si VTX detector; ultra-light drift 
chamber with powerful PID 

• Crystal ECAL w. dual readout
• Compact, light coil;
• Dual readout fibre calorimeter
• Muon system

• Still in early design phase
• Design centred around High 

granularity Noble Liquid ECAL
• Pb+LAr (or denser W+LKr)

• Si VTX detector
• Tracker: Drift chamber, straws, or Si
• Steel-scintillator HCAL
• Coil outside ECAL in same cryostat
• Muon system

Eur.Phys.J.Plus 136 (2021) 10, 1066, arXiv:2109.00391

• Designed originally for 
operation at the ILC

• Together with SiD, ancestor 
of CLD.

• Main difference and 
signature element: 
- Large-volume time

projection chamber (TPC)
The International Linear Collider Technical 
Design Report - Volume 4: Detectors
arXiv:1306.6329

https://doi.org/10.48550/arXiv.2502.21223
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Full Si VTX + tracker

Crystal ECAL w. dual readout

Dual readout fibre calorimeter

ultra-light drift
chamber

Large-volume time 
projection chamber (TPC)

• 

5th concept proposed recently: ALFA (light tracking system and high resolution ECAL)

https://indico.cern.ch/event/1408515/contributions/6506652/attachments/3070200/5432307/FCCWeek_250519.pdf
https://indico.cern.ch/event/1408515/contributions/6506652/attachments/3070200/5432307/FCCWeek_250519.pdf


5 May 26CG - / 4027 Patrick Janot 

Flavours		:	B	anomalies,	τ	physics,	…	
q  Lepton	flavour	universality	is	challenged	in	b	�	s	!+!�		transitions	@	LHCb	

◆  This	effect,	if	real,	could	be	enhanced	for		!	=	τ,	in	B→	K(*)	τ+τ- 	
●  Extremely	challenging	in	hadron	colliders	
●  With	1012	Z	→	bb,	FCC-ee	is	beyond	any	foreseeable	competition	

➨  Decay	can	be	fully	reconstructed;	full	angular	analysis	possible	

	
q  Not	mentioning	lepton-flavour-violating	decays		

◆  BR(Z	→	eτ,	µτ)	down	to	10-9	(improved	by	104)	

◆  BR(τ	→	µγ, µµµ)	down	to	a	few	10-10	
◆  	τ lifetime	vs	BR(τ	→	eνeντ,µνµντ)	:	lepton	universality	tests	

CERN, 7-11 Jan 2019 
FCC-ee workshop: Theory and Experiment 

20 

B0→ K* (892) τ+τ�  

~SM 

- Also	100,000	BS → τ+τ� @	FCC-ee	
Reconstruction	efficiency	under	study 

J.F.	Kamenik	et	al.	
arXiv:1705.11106	

Talk from A. Bondar 
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S. Monteil Flavours @ FCC6

1. Anticipated landscape of Flavours - at start of FCC

Decay mode/Experiment Belle II (50/ab) LHCb Run I LHCb Upgr. (50/fb) FCC-ee

EW/H penguins

B
0 ! K

⇤
(892)e

+
e
� ⇠ 2000 ⇠ 150 ⇠ 5000 ⇠ 200000

B(B0 ! K
⇤
(892)⌧

+
⌧
�
) ⇠ 10 – – ⇠ 1000

Bs ! µ
+
µ
�

n/a ⇠ 15 ⇠ 500 ⇠ 800

B
0 ! µ

+
µ
� ⇠ 5 – ⇠ 50 ⇠ 100

B(Bs ! ⌧
+
⌧
�
)

Leptonic decays

B
+ ! µ

+
⌫mu 5% – – 3%

B
+ ! ⌧

+
⌫tau 7% – – 2%

B
+
c ! ⌧

+
⌫tau n/a – – 5%

CP / hadronic decays

B
0 ! J/ KS (�sin(2�d)) ⇠ 2. ⇤ 106 (0.008) 41500 (0.04) ⇠ 0.8 · 106 (0.01) ⇠ 35 · 106 (0.006)

Bs ! D
±
s K

⌥
n/a 6000 ⇠ 200000 ⇠ 30 · 106

Bs(B
0
) ! J/ � (��s rad) n/a 96000 (0.049) ⇠ 2.10

6
(0.008) 16 · 106 (0.003)

•�The Belle II and LHCb experiments are complementary in their Physics reach. Belle II 
will mostly dominate the CP eigenstates measurements w/ B-mesons, LHCb’s realm will 
be on fully charged final states for all b-hadron species.  The FCC-ee experiments will 
compete favourably everywhere.
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Makes possible  
a topological rec.  

of the decays  
w/ miss. energy 

out of reach  
at LHCb/Belle

boosted b’s/𝜈’s 
at FCC-ee

Flavour Potential of TeraZ
At present (Z/h/NewPhysics) FCNCs mostly constrained by low energy observables. 

The large statistics of FCC will open on-shell opportunities. 

FCC-ee  
= 

 10 x Belle II  

Flavour defines shared (vertexing, tracking, calorimetry) and specific (hadronic PID) detector requirements. 

FS-Flavours@ FCC

A- Particle production at the Z pole: 

• About 15 times the nominal Belle II anticipated statistics for B0 and B+.
• All species of b-hadrons are produced. 

   

3S. Monteil

1) FCC-ee ABCD specifics for Flavour Physics.

Particle species B0 B� B0
s ⇤b B+

c cc ⌧�⌧+

Yield (109) 740 740 180 160 3.6 720 200

Table 1: Particle abundances for 6 · 1012 Z decays. Charge conjugation is implied.

FS-Flavours@ FCC

B- The Boost at the Z:

• Fragmentation of the b-quark: 
• Makes possible a topological rec. of the decays w/ miss. energy.

C- Versatility : the Z pole does not saturate all Flavour possibilities. Beyond 
the obvious flavour-violating Higgs and top decays, the operation at and 
above WW threshold will enable to collect several 108 W decays on-shell 
AND boosted. Direct access to CKM matrix elements.

D- Comparison w/ LHC and B-factory. Advantageous attributes:

4S. Monteil

1) FCC-ee ABCD specifics for Flavour Physics.
hEXbi = 75%⇥ Ebeam; h��i ⇠ 6.

https://indico.cern.ch/event/1186057/contributions/5014277/attachments/2506354/4306588/FCC_FlavoursTheory_monteil_20220912.pdf
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compete favourably everywhere.
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Flavours @ FCC

B- The Boost at the Z:

• Fragmentation of the b-quark: 
• Makes possible a topological rec. of the decays w/ miss. energy.

C- Versatility : the Z pole does not saturate all Flavour possibilities. Beyond 
the obvious flavour-violating Higgs and top decays, the WW operation will 
enable to collect several 108 W decays on-shell AND boosted. Direct 
access to CKM matrix elements.

D- Comparison w/ LHC and B-factory. Advantageous attributes:

8S. Monteil

2) FCC-ee ABCD specifics for Flavour Physics.
hEXbi = 75%⇥ Ebeam; h��i ⇠ 6.

Flavour @ FCC vs Belle/pp

Flavour Potential of TeraZ
At present (Z/h/NewPhysics) FCNCs mostly constrained by low energy observables. 

The large statistics of FCC will open on-shell opportunities. 

FCC-ee  
= 

 10 x Belle II  

Flavour defines shared (vertexing, tracking, calorimetry) and specific (hadronic PID) detector requirements. 

FS-Flavours@ FCC

A- Particle production at the Z pole: 

• About 15 times the nominal Belle II anticipated statistics for B0 and B+.
• All species of b-hadrons are produced. 

   

3S. Monteil

1) FCC-ee ABCD specifics for Flavour Physics.

Particle species B0 B� B0
s ⇤b B+

c cc ⌧�⌧+

Yield (109) 740 740 180 160 3.6 720 200

Table 1: Particle abundances for 6 · 1012 Z decays. Charge conjugation is implied.

FS-Flavours@ FCC

B- The Boost at the Z:

• Fragmentation of the b-quark: 
• Makes possible a topological rec. of the decays w/ miss. energy.

C- Versatility : the Z pole does not saturate all Flavour possibilities. Beyond 
the obvious flavour-violating Higgs and top decays, the operation at and 
above WW threshold will enable to collect several 108 W decays on-shell 
AND boosted. Direct access to CKM matrix elements.

D- Comparison w/ LHC and B-factory. Advantageous attributes:

4S. Monteil

1) FCC-ee ABCD specifics for Flavour Physics.
hEXbi = 75%⇥ Ebeam; h��i ⇠ 6.

https://indico.cern.ch/event/1186057/contributions/5014277/attachments/2506354/4306588/FCC_FlavoursTheory_monteil_20220912.pdf
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Flavours		:	B	anomalies,	τ	physics,	…	
q  Lepton	flavour	universality	is	challenged	in	b	�	s	!+!�		transitions	@	LHCb	

◆  This	effect,	if	real,	could	be	enhanced	for		!	=	τ,	in	B→	K(*)	τ+τ- 	
●  Extremely	challenging	in	hadron	colliders	
●  With	1012	Z	→	bb,	FCC-ee	is	beyond	any	foreseeable	competition	

➨  Decay	can	be	fully	reconstructed;	full	angular	analysis	possible	

	
q  Not	mentioning	lepton-flavour-violating	decays		

◆  BR(Z	→	eτ,	µτ)	down	to	10-9	(improved	by	104)	

◆  BR(τ	→	µγ, µµµ)	down	to	a	few	10-10	
◆  	τ lifetime	vs	BR(τ	→	eνeντ,µνµντ)	:	lepton	universality	tests	

CERN, 7-11 Jan 2019 
FCC-ee workshop: Theory and Experiment 
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B0→ K* (892) τ+τ�  

~SM 

- Also	100,000	BS → τ+τ� @	FCC-ee	
Reconstruction	efficiency	under	study 

J.F.	Kamenik	et	al.	
arXiv:1705.11106	

Talk from A. Bondar 
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S. Monteil Flavours @ FCC6

1. Anticipated landscape of Flavours - at start of FCC

Decay mode/Experiment Belle II (50/ab) LHCb Run I LHCb Upgr. (50/fb) FCC-ee

EW/H penguins

B
0 ! K

⇤
(892)e

+
e
� ⇠ 2000 ⇠ 150 ⇠ 5000 ⇠ 200000

B(B0 ! K
⇤
(892)⌧

+
⌧
�
) ⇠ 10 – – ⇠ 1000

Bs ! µ
+
µ
�

n/a ⇠ 15 ⇠ 500 ⇠ 800

B
0 ! µ

+
µ
� ⇠ 5 – ⇠ 50 ⇠ 100

B(Bs ! ⌧
+
⌧
�
)

Leptonic decays

B
+ ! µ

+
⌫mu 5% – – 3%

B
+ ! ⌧

+
⌫tau 7% – – 2%

B
+
c ! ⌧

+
⌫tau n/a – – 5%

CP / hadronic decays

B
0 ! J/ KS (�sin(2�d)) ⇠ 2. ⇤ 106 (0.008) 41500 (0.04) ⇠ 0.8 · 106 (0.01) ⇠ 35 · 106 (0.006)

Bs ! D
±
s K

⌥
n/a 6000 ⇠ 200000 ⇠ 30 · 106

Bs(B
0
) ! J/ � (��s rad) n/a 96000 (0.049) ⇠ 2.10

6
(0.008) 16 · 106 (0.003)

•�The Belle II and LHCb experiments are complementary in their Physics reach. Belle II 
will mostly dominate the CP eigenstates measurements w/ B-mesons, LHCb’s realm will 
be on fully charged final states for all b-hadron species.  The FCC-ee experiments will 
compete favourably everywhere.
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• Substantial improvement with respect to LHCb and BELLE experiments at future Tera-Z factories

Fig. 5.14: Left: current and expected uncertainty on B(B0 ! µ+µ�), for different experi-
ments [ID223, ID196]. Right: expected relative uncertainty on B(B0 ! K⇤0nn̄).

and the FCC-ee Z pole running.
Radiative FCNC processes offer further complementary SM tests. Due to the V�A nature

of the weak interactions, the photon emitted in b ! sg decays is predominantly left-handed in
b decays (and right-handed in b decays). The polarisation of the photon can be probed in sev-
eral complementary ways, with different observables [ID223]. Precise information is coming
from LHCb analyses of the angular distributions of B0 ! K⇤0e+e� decays at very low q2, and
mixing-induced CPV in B0

s ! fg and Belle II analysis of B0 ! KSp0g decays. The current mea-
surements are in agreement with the SM predictions with a precision of the order of 5%. In the
2030s, experimental precision is expected to reach the percent level, which corresponds to the
level of accuracy currently achieved by theoretical predictions [258–260]. Since the measure-
ments in the 2030s will be limited by statistical uncertainties, the full Belle II and LHCb datasets
are expected to yield further improvements in precision, provided that theoretical uncertainties
are correspondingly reduced. Similarly, the clean environment of future e+e�colliders at the Z
pole will be beneficial to the precise understanding of radiative FCNC decays.

5.5 Impact of future programmes
As discussed in the previous sections, future projects could lead to major improvements, often
exceeding one order of magnitude, in many of the observables probing the different processes
in Table 5.1, as well as on the electron and neutron EDMs. Analysing the potential impact of
these measurements requires making hypotheses about the UV completion of the SM. Two main
scenarios are discussed below: high-scale NP with generic O(1) flavour-violating couplings and
SM extensions with approximate flavour symmetries and TeV-scale dynamics.

5.5.1 General bounds on high-scale NP
The expected bounds on the effective NP scale from selected observables are shown in Fig. 5.15.
For each observable the bound on the coefficient Ci of the dimension-six operator most con-
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Fig. 5.6: Left: number of b-hadron species produced within the detector acceptance for various
facilities (note the logarithmic scale). Right: approximate periods for future predictions and
their definitions.

for this challenging measurement, thanks to the large production cross-section of neutral kaons
and the capability to implement kaon tagging. A tagged analysis using the full 300 fb�1 dataset
expected from LHCb Upgrade II would allow a precision investigation of these interference
effects, with projected sensitivity on |Im(VtsV

⇤
td)| reaching below 50%, offering a unique test of

CPV in the kaon sector [214].
Kaon observables provide powerful tests of the SM, offering exceptional sensitivity to the

flavour structure of NP through precision measurements of rare decays and CKM parameters.
These measurements are a vital component of the global flavour physics programme.

5.4 Large-scale facilities
The number of different types of b-hadron species produced at the various facilities described
in Sect. 5.2.1 is shown in Fig. 5.6 (left). While e+e�colliders record the full set of events, only
a subset passes the trigger requirements at the LHC. In the following, future projections will be
provided for several approximate periods defined in Fig. 5.6 (right).

It is important to note that, in order to fully explore the spectrum of flavour physics at the
Z pole, the detectors must satisfy a set of stringent performance requirements [ID141, ID196].
Precise reconstruction of all decay vertices—especially those of the primary interaction point,
the b-hadron, c-hadron and t lepton—is essential. Achieving this requires not only the use of
high-resolution silicon vertex detectors but also the use of ultra-light detector materials to min-
imise multiple scattering and bremsstrahlung emission. Excellent tracking and high hermeticity
are essential for reducing background levels and ensuring the best achievable reconstruction of
decay modes involving missing energy. Effective charged-hadron identification (p/K/p sep-
aration), along with reliable electron and muon separation, over the full momentum range is
critical. Additionally, the electromagnetic calorimeter must have not only excellent energy res-
olution but also good transverse and longitudinal segmentation.

Some extrapolations exhibit greater uncertainty than others due to their stronger depen-
dence on detector design parameters, which are not yet well defined. However, it should be
noted that historically the field has often outperformed its own projections as new analysis and
data-processing techniques are developed, allowing the projected sensitivities to be achieved or
even exceeded.

71

Fig. 5.6: Left: number of b-hadron species produced within the detector acceptance for various
facilities (note the logarithmic scale). Right: approximate periods for future predictions and
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Fig. 5.7: Expected upper limits at 90% on B(! → µ∀) and B(! → µµµ).

5.4.1 !-lepton physics

The physics of the ! lepton is a key ingredient in NP searches. It covers a broad range of topics,
from forbidden processes to precision measurements. In this section we focus on cLFV searches
via the ! → µ∀ and ! → 3µ channels and on LFU tests in leptonic decays.

Searches for ! LFV decays are possible at many facilities since, thanks to the absence
of a neutrino in the final state, a clear signal can be expected in the invariant mass of the re-
constructed decay products. While the ! → µ∀ decay necessitates good spatial and energy
resolution of the calorimeter, which is a limiting factor for the LHC experiments, the ! → 3µ
channel can be sought effectively at the LHC as well. In addition, the latter mode is almost
background-free, which is not the case for the former that is polluted by ! → µ##̄∀ events. The
expected limits at 90% confidence level can be seen in Fig. 5.7. Here the projections are taken
from the submissions [ID196, ID223, ID231], except for the LEP3 and LCF facilities that are
scaled from the FCC-ee projections according to L (

√
(L )) for the ! → 3µ (! → µ∀) decay.

LFU tests can be performed by comparing the measured branching fractions of the lep-
tonic ! decays and their SM predictions, which are functions of the ! lifetime [215]. The preci-
sion of the SM prediction being limited by the knowledge of the !-lepton mass, the main ingre-
dients to perform LFU tests are thus the ! lifetime, its mass, B(! → e#e#!) and B(! → µ#µ#!).
The precisions on those quantities are already, or will soon be, limited by systematic uncertain-
ties such as beam energy scale, alignment and material budget. Consequently, the extrapolations
are less straightforward. The projections at future facilities can be seen in Fig. 5.8, for Belle II
with 10 ab↑1 [216] and FCC-ee [ID196], compared with the current status from HFLAV [215].
In particular, Belle II will be able to improve the lifetime and mass measurements, while the
precision on the absolute branching fractions will mainly come from e+e↑colliders running
at the Z pole. It should be noted that STCF will also be able to improve the !-lepton-mass
determination thanks to the energy-scan method. Another complementary test of LFU can be
performed measuring ratios of branching fractions, such as Rµ =

B(!→µ#µ #! )

B(!→e#e#! )
, that constrains

the ratio of the e and µ effective couplings in leptonic charged currents. With 10 ab↑1, the
Belle II experiment is expected to improve the current measurement by a factor two [216].

The Belle II and STCF experiments will provide the best limits on ! LFV decays until the
Tera-Z experiments enter the game. Those will be able to improve further the constraints by up
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FCC-ee Flavour Opportunities
• CKM elements: 

๏ CPV angles (𝛾, 𝛽, 𝜙s) at sub-degree precision  
๏  Vcb (critical for normalising the Unitarity Triangle) from WW decays:  
‣ 3.4% @ now → 0.52-0.14% @ FCC-ee (depending on tracking)  

see Marzocca et al (2024) 

• Tau physics (>1011 pairs of tau’s produced in Z decays) 
๏ test of lepton flavour universality: GF from tau decays @ 10 ppm @ FCC-ee (0.5 ppm from muon decays) 
๏ lepton flavour violation: 
‣ 𝜈→𝜇𝛾 : 4x10-8 @Belle2021→10-9 @ FCC-ee 

‣ 𝜈→3𝜇 : 2x10-8 @Belle → 3x10-10 @BelleII  → 10-11 @ FCC-ee 
๏ tau lifetime uncertainty: 
‣ 2000 ppm → 10 ppm 

๏ tau mass uncertainty: 
‣ 70 ppm → 14 ppm 

• Semi-leptonic mixing asymmetries assl and adsl 

• …

Flavour with WW events

36

A likely ultimate bottleneck in the search for NP in B0, B0
s mixing will come from 

knowledge of Vcb [Charles et al. , PRD 102 (2020) 056023]. Current precision ~2%, with 
longstanding inclusive/exclusive problem.  Semileptonic b decays are difficult !

Very promising complementary and alternative approach is to make measurement
using on-shell W decays from WW running.  Here we expect 2.4 x 108 events.

Ultimate precision will be dictated by performance of the jet-flavour taggers, but a 
precision of ~0.2% looks attainable.  Also good prospects for Vts in top decays.  

FCC Physics, Experiments and Detectors                                     
Guy Wilkinson8/9/25
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Flavour Physics

• Substantial improvement with respect to LHCb and BELLE experiments at future Tera-Z factories

Fig. 5.14: Left: current and expected uncertainty on B(B0 ! µ+µ�), for different experi-
ments [ID223, ID196]. Right: expected relative uncertainty on B(B0 ! K⇤0nn̄).

and the FCC-ee Z pole running.
Radiative FCNC processes offer further complementary SM tests. Due to the V�A nature

of the weak interactions, the photon emitted in b ! sg decays is predominantly left-handed in
b decays (and right-handed in b decays). The polarisation of the photon can be probed in sev-
eral complementary ways, with different observables [ID223]. Precise information is coming
from LHCb analyses of the angular distributions of B0 ! K⇤0e+e� decays at very low q2, and
mixing-induced CPV in B0

s ! fg and Belle II analysis of B0 ! KSp0g decays. The current mea-
surements are in agreement with the SM predictions with a precision of the order of 5%. In the
2030s, experimental precision is expected to reach the percent level, which corresponds to the
level of accuracy currently achieved by theoretical predictions [258–260]. Since the measure-
ments in the 2030s will be limited by statistical uncertainties, the full Belle II and LHCb datasets
are expected to yield further improvements in precision, provided that theoretical uncertainties
are correspondingly reduced. Similarly, the clean environment of future e+e�colliders at the Z
pole will be beneficial to the precise understanding of radiative FCNC decays.

5.5 Impact of future programmes
As discussed in the previous sections, future projects could lead to major improvements, often
exceeding one order of magnitude, in many of the observables probing the different processes
in Table 5.1, as well as on the electron and neutron EDMs. Analysing the potential impact of
these measurements requires making hypotheses about the UV completion of the SM. Two main
scenarios are discussed below: high-scale NP with generic O(1) flavour-violating couplings and
SM extensions with approximate flavour symmetries and TeV-scale dynamics.

5.5.1 General bounds on high-scale NP
The expected bounds on the effective NP scale from selected observables are shown in Fig. 5.15.
For each observable the bound on the coefficient Ci of the dimension-six operator most con-
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Fig. 5.6: Left: number of b-hadron species produced within the detector acceptance for various
facilities (note the logarithmic scale). Right: approximate periods for future predictions and
their definitions.

for this challenging measurement, thanks to the large production cross-section of neutral kaons
and the capability to implement kaon tagging. A tagged analysis using the full 300 fb�1 dataset
expected from LHCb Upgrade II would allow a precision investigation of these interference
effects, with projected sensitivity on |Im(VtsV

⇤
td)| reaching below 50%, offering a unique test of

CPV in the kaon sector [214].
Kaon observables provide powerful tests of the SM, offering exceptional sensitivity to the

flavour structure of NP through precision measurements of rare decays and CKM parameters.
These measurements are a vital component of the global flavour physics programme.

5.4 Large-scale facilities
The number of different types of b-hadron species produced at the various facilities described
in Sect. 5.2.1 is shown in Fig. 5.6 (left). While e+e�colliders record the full set of events, only
a subset passes the trigger requirements at the LHC. In the following, future projections will be
provided for several approximate periods defined in Fig. 5.6 (right).

It is important to note that, in order to fully explore the spectrum of flavour physics at the
Z pole, the detectors must satisfy a set of stringent performance requirements [ID141, ID196].
Precise reconstruction of all decay vertices—especially those of the primary interaction point,
the b-hadron, c-hadron and t lepton—is essential. Achieving this requires not only the use of
high-resolution silicon vertex detectors but also the use of ultra-light detector materials to min-
imise multiple scattering and bremsstrahlung emission. Excellent tracking and high hermeticity
are essential for reducing background levels and ensuring the best achievable reconstruction of
decay modes involving missing energy. Effective charged-hadron identification (p/K/p sep-
aration), along with reliable electron and muon separation, over the full momentum range is
critical. Additionally, the electromagnetic calorimeter must have not only excellent energy res-
olution but also good transverse and longitudinal segmentation.

Some extrapolations exhibit greater uncertainty than others due to their stronger depen-
dence on detector design parameters, which are not yet well defined. However, it should be
noted that historically the field has often outperformed its own projections as new analysis and
data-processing techniques are developed, allowing the projected sensitivities to be achieved or
even exceeded.

71
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Fig. 5.7: Expected upper limits at 90% on B(! → µ∀) and B(! → µµµ).

5.4.1 !-lepton physics

The physics of the ! lepton is a key ingredient in NP searches. It covers a broad range of topics,
from forbidden processes to precision measurements. In this section we focus on cLFV searches
via the ! → µ∀ and ! → 3µ channels and on LFU tests in leptonic decays.

Searches for ! LFV decays are possible at many facilities since, thanks to the absence
of a neutrino in the final state, a clear signal can be expected in the invariant mass of the re-
constructed decay products. While the ! → µ∀ decay necessitates good spatial and energy
resolution of the calorimeter, which is a limiting factor for the LHC experiments, the ! → 3µ
channel can be sought effectively at the LHC as well. In addition, the latter mode is almost
background-free, which is not the case for the former that is polluted by ! → µ##̄∀ events. The
expected limits at 90% confidence level can be seen in Fig. 5.7. Here the projections are taken
from the submissions [ID196, ID223, ID231], except for the LEP3 and LCF facilities that are
scaled from the FCC-ee projections according to L (

√
(L )) for the ! → 3µ (! → µ∀) decay.

LFU tests can be performed by comparing the measured branching fractions of the lep-
tonic ! decays and their SM predictions, which are functions of the ! lifetime [215]. The preci-
sion of the SM prediction being limited by the knowledge of the !-lepton mass, the main ingre-
dients to perform LFU tests are thus the ! lifetime, its mass, B(! → e#e#!) and B(! → µ#µ#!).
The precisions on those quantities are already, or will soon be, limited by systematic uncertain-
ties such as beam energy scale, alignment and material budget. Consequently, the extrapolations
are less straightforward. The projections at future facilities can be seen in Fig. 5.8, for Belle II
with 10 ab↑1 [216] and FCC-ee [ID196], compared with the current status from HFLAV [215].
In particular, Belle II will be able to improve the lifetime and mass measurements, while the
precision on the absolute branching fractions will mainly come from e+e↑colliders running
at the Z pole. It should be noted that STCF will also be able to improve the !-lepton-mass
determination thanks to the energy-scan method. Another complementary test of LFU can be
performed measuring ratios of branching fractions, such as Rµ =

B(!→µ#µ #! )

B(!→e#e#! )
, that constrains

the ratio of the e and µ effective couplings in leptonic charged currents. With 10 ab↑1, the
Belle II experiment is expected to improve the current measurement by a factor two [216].

The Belle II and STCF experiments will provide the best limits on ! LFV decays until the
Tera-Z experiments enter the game. Those will be able to improve further the constraints by up
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Order of  
magnitude  

improvement

Plus additional opportunities from W decays (e.g. 108 W pairs FCC-ee) ⇒ CKM

(Like EW) Flavour bounds at e+e- depend strongly on Z(→ff) statistics → Advantage for Tera Z options 
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Charm @ FCC-ee 
• Charm physics plays a unique role in searches for NP in the up-type quark sector  

๏ charm FCNC induced by quantum loops of down-type quarks, Δmdown <<mW ⇒ high suppression in SM  

๏ FCC-ee: large rate (like LHCb), clean environment (like BelleII, BESIII)  
๏ charm meson produced from Z decay and not pp interactions ⇒ sizeable polarisation, enabling 

additional angular observables in c → ull (l = e, µ) transitions  

•   

•  

be obtained by selecting those produced in b-hadron decays, but this strategy comes at the
cost of severely reduced signal yields. In contrast, at an e

+
e
� collider the polarization of ⇤

+

c

baryons can be inferred from the underlying charm-quark polarization. At the Z pole, this is
predicted to be P

Z-pole

c
' �0.65, which implies a sizable charmed baryon polarization of similar

size P
Z-pole

⇤c
' �0.44 ± 0.02 [30, 31].

In this article, we explore the unique NP discovery potential of future e
+
e
� colliders in two

benchmark channels. The first is D
0 ! ⇡

+
⇡
�
⌫⌫̄ as representative of the c ! u⌫⌫̄ transition

with the experimental advantage of a displaced vertex reconstructed from two charged pions.
The second channel is ⇤

+

c
! pµ

+
µ
�, which is one of the most promising candidates for null-

test measurements in rare decays of polarized charm baryons. We go beyond existing works by
the following: using a data-driven approach for the D

0 ! ⇡
+
⇡
�
⌫⌫̄ transversity form factors

and comparing them to predictions based on heavy hadron chiral perturbation theory, and
detailing the phenomenology of the angular observables in ⇤

+

c
! p`

+
`
� that are induced by

finite ⇤
+

c
polarization. In addition, we work out correlations between the two modes in concrete

BSM models depending on lepton flavor pattern. Finally, we estimate the sensitivity to these
observables at a Tera-Z facility, using the FCC-ee IDEA detector with 6 ⇥ 1012 produced Z

bosons as a case study.
The paper is organized as follows. In Sec. 2 we discuss the theory of rare charm decays.

We introduce the e↵ective field theory (EFT) formalism to describe c ! u⌫⌫̄ and c ! u`
+
`
�

transitions and make predictions for null test observables. In Sec. 3, we complement the phe-
nomenology work with sensitivity studies for both channels at a future e

+
e
� collider operating

at the Z pole using simulated samples. The studies strengthen the physics case for a future
accelerator and show the unique capability of e

+
e
� colliders at the Z pole. We conclude in

Sec. 4. Auxiliary information on ⇤
+

c
! p`

+
`
� form factors and helicity amplitudes is given in

App. A and App. B, respectively.

2 Theory of rare charm decays

We present the theory framework to compute rare charm decay observables in and beyond the
SM. We briefly review the underlying EFT set up in Sec. 2.1, including the standard model
e↵ective theory (SMEFT), allowing to harvest correlations manifest in the unbroken electroweak
theory, and the low energy weak e↵ective theory (WET). We discuss D

0 ! ⇡
+
⇡
�
⌫⌫̄ decays and

⇤
+

c
! p`

+
`
� decays with polarized ⇤

+

c
in Sec. 2.2 and Sec. 2.3, respectively. The BSM reach

of the observables is worked out in Sec. 2.4. We present correlations in NP scenarios between
the two decay modes in Sec. 2.5.

2.1 E↵ective Field Theory Set Up

We utilize the SMEFT to harness the symmetries of the SM as a guideline for NP and to link
di↵erent observables. For the low energy observables in rare charm decays we employ the WET
and give the matching between the EFTs.

The SMEFT is an e↵ective theory framework, which uses the SM degrees of freedom to de-
scribe particle interactions and includes heavy NP model-independently consistent with Lorentz
and SU(3)C ⇥ SU(2)L ⇥ U(1)Y gauge invariance. The Lagrangian of the SMEFT reads

LSMEFT = LSM +
1X

d

X

i

C(d)

i

⇤d�4
Q(d)

i
, (2.1)

where the Wilson coe�cients C(d)

i
parametrize the NP contributions to the d-dimensional op-

erators Q(d)

i
. The NP scale ⇤, which is assumed to be su�ciently above the electroweak scale
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Figure 6: Distributions of the BDT output for signal generated with a PHSP decay model,
and for the sum of the background processes. The red dotted line represents the optimal lower
threshold used in the analysis.

probabilities. To suppress background from exclusive D
0 ! K

0

S,L
⇡
+
⇡
� and other multibody

charmed-hadron decays, we input to the BDT also the imbalance between the ⇡
+ and ⇡

�

momenta, computed as [p(⇡+)� p(⇡�)]/[p(⇡+)+ p(⇡�)], and the mass of K
0

S,L
⇡
+
⇡
� candidates

reconstructed by combining the dipion system with K
0

S,L
candidates found in its vicinity. For

validation purposes, the simulated data are split into training (two-thirds) and testing (one-
third) subsets and agreement between the samples is found.

The BDT-output distribution is shown in Fig. 6. A lower threshold on the BDT output is
chosen by maximizing the figure of merit ✏BDT/(1.5 +

p
B), where ✏BDT and B are the signal

e�ciency and the expected background yield for a given BDT requirement, respectively. In
comparison to other frequently used figures of merit, this metric has the advantage of being
independent of the signal rate [74]. The BDT requirement that maximizes the figure-of-merit
depends on the assumed signal-decay model and has signal e�ciencies in the range 38–55% for
corresponding background rejections of 98–99%. After the BDT requirement, the remaining
background originates predominantly from events containing D

0 ! K
0

S,L
⇡
+
⇡
� decays where

the K
0

S,L
meson is not reconstructed, other partially reconstructed multibody decays of charmed

hadrons, and three-prong decays of ⌧ leptons.

3.2.2 Sensitivity estimation

The measurement sensitivity (in units of Gaussian standard deviations �) is estimated from the
expected signal (S) and background (B) yields as S/

p
S + B, without accounting for systematic

uncertainties or for the assumed background models used in generation.4 The signal yield is
computed as a function of the signal branching fraction B(D0 ! ⇡

+
⇡
�
⌫⌫̄) as

S = 2 NZ B(Z ! cc̄) fD0 B(D0 ! ⇡
+
⇡
�
⌫⌫̄) ✏, (3.4)

4The impact of these e↵ects is beyond the scope of this study, and is not expected to qualitatively change
its conclusions.
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Figure 7: Sensitivity as a function of the D
0 ! ⇡
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⇡
�
⌫⌫̄ branching fraction for di↵erent decay

models, with 3� and 5� thresholds. Notice that the curves corresponding to the PHSP and
HH�PT models overlap almost exactly.

where the factor 2 accounts for the production of both a c and c̄ quark in the Z boson decay,
NZ = 6⇥1012 is the assumed number of produced Z bosons, B indicates the branching fraction
for the given process [36], fD0 = 0.59 is the charm fragmentation fraction into a D

0 meson [75],
and ✏ is the signal e�ciency. The background yield is estimated by summing over all considered
background processes as

B = NZ

X

f

B(Z ! ff̄) ✏ff̄ , (3.5)

where f = u, d, s, c, b, ⌧ .
The sensitivity as a function of the assumed signal branching fraction B(D0 ! ⇡

+
⇡
�
⌫⌫̄), and

for each decay–model hypothesis, is shown in Fig. 7. Significances of 3 and 5� can be reached for
branching fractions as small as 1.8–2.1⇥10�7 and 2.9–3.4⇥10�7, respectively, depending on the
assumed decay model. These results would represent an improvement of roughly three orders
of magnitude over the current experimental limits on c ! u⌫⌫̄ transitions [25,26]. They would
probe the parameter space allowed by NP models and constrain their lepton flavor structure,
as discussed in Sec. 2.2. While experiments at the (HL-)LHC are not well suited to search for
dineutrino final states, current flavor experiments at e

+
e
� colliders and their future upgrades

(Belle II, BESIII, STCF) are expected to improve the current limits before FCC-ee starts taking
data. These experiments, however, will access much smaller samples of cc̄ events and are not
expected to achieve similar sensitivities as FCC-ee.

3.3 Angular asymmetries in polarized ⇤
+
c

! pµ
+
µ

�
decays

As discussed in Sec. 2.3, a future e
+
e
� collider would enable access to a range of angular

observables in semileptonic rare ⇤
+

c
! p`

+
`
� decays originating from polarized ⇤

+

c
baryons,

out of which many are null tests of the SM that can also be correlated with the D
0 ! ⇡

+
⇡
�
⌫⌫̄

branching fraction. In this section, we estimate the sensitivity to a generic null-test asymmetry
in ⇤

+

c
! pµ

+
µ
� decays, taken as a proxy for future measurements of angular observables.
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the statistical uncertainties for asymmetries of this type. The sensitivity can be compared to
possible NP e↵ects discussed in Table 3, which can be as large as ⇠ 5% · P⇤c .

Dedicated studies of electron reconstruction and identification will be necessary to provide
robust sensitivity estimates for ⇤

+

c
! pe

+
e
� decays and are left for future work. Nevertheless,

preliminary studies with the IDEA detector concept indicate that the performance for dielectron
final states will be comparable to that for dimuon modes [12]. This is particularly promising
given the weaker experimental bounds on Wilson coe�cients in the dielectron channel, such
that asymmetries can reach values exceeding 14% (see Table 3).

These sensitivities can be directly compared to those expected at current flavor experiments
and their future upgrades. After its second upgrade, LHCb is expected to achieve unprecedented
precision in measurements of ⇤

+

c
! pµ

+
µ
� decays with unpolarized ⇤

+

c
baryons [15]. In

contrast, FCC-ee o↵ers complementary advantages for observables in ⇤
+

c
! pµ

+
µ
� that rely

on polarization, as inferred from signal yields in existing measurements of hadronic polarized ⇤
+

c

decays from b hadrons at LHCb [76,77] that allow for naive scaling. Prospects are particularly
strong in the dielectron channel. Other experiments (Belle II, BESIII, STCF) are not expected
to make significant contributions to these measurements due to their limited luminosity or small
polarization of produced ⇤

+

c
baryons.

4 Conclusions

We explore the potential to probe BSM e↵ects through rare charm decays at future e
+
e
�

colliders operating at the Z pole. We consider two decay modes that invite studies in null-test
observables in a clean environment with high cc̄ production rates.

First, D
0 ! ⇡

+
⇡
�
⌫⌫̄, resulting in a missing-energy signal, with branching fractions induced

by heavy NP as large as a few ⇥10�6 [24]. The theoretical description is rather simple as the
neutrinos factorize in the decay amplitudes and only hadronic transition form factors matter.
Using di↵erent models for the hadronic matrix elements, including one obtained from recent
D

+ ! ⇡
+
⇡
�
e
+
⌫ measurements, we find a spread in BSM predictions, see Table 2. However,

25

see arXiv:2509.10447  

different hadronic form factors

https://arxiv.org/pdf/2509.10447
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Collider Programme (and beyond)

• Opportunities beyond the baseline plan (√s below Z, 125GeV, 217GeV; larger integrated lumi…) 
• Opportunities to exploit FCC facility differently (to be studied more carefully):

๏ using the electrons from the injectors for beam-dump experiments, 
๏ extracting electron beams from the booster, 
๏ reusing the synchrotron radiation photons.

Total 
integrated  
luminosity 

(ab-1)

Energy 
(GeV)

Additional opportunities
CDR baseline runs (4IPs)

FCC-ee Physics Runs Ordered by Energy
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# events
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𝜎ZH
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19.2
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N𝜈


𝛼S


flavour (e.g. Vcb)

WW

340 350

0.4
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365
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(ΓH and Higgs couplings improved) 

…91.2
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40 40

Z lineshape
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QCD  

precision 

studies

O(1)

40 60… 125

electron  
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photon science  
(light source,  
Compton Backscattering sources)  

HEP applications  
(strong QED, dark sector) 

e+ applications  
(surface science,  
Ps Bose-Einstein Condensate,  
511 keV X-ray laser ) 

multipurpose applications 
of the e-/e+ beams  
(radionuclide production,  
neutron source)

workshop webpage link

https://indico.cern.ch/event/1454873/
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photon science  
(light source,  
Compton Backscattering sources)  

HEP applications  
(strong QED, dark sector) 

e+ applications  
(surface science,  
Ps Bose-Einstein Condensate,  
511 keV X-ray laser ) 

multipurpose applications 
of the e-/e+ beams  
(radionuclide production,  
neutron source)

workshop webpage link

FCC enabling assets:  
large circumference, abundant positron production, low-emittance beams, high-power beamstrahlung, injector complex 

https://indico.cern.ch/event/1454873/
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FCC-LS: Powerful light source for very hard X-rays
The peak and average brilliance can be 
roughly 1000 times higher than at the 
proposed future storage ring light source 
PETRA IV in the very hard X ray regime 
(>50 keV), opening up new areas of 
science.

4Photon Science:  FCC-LS – Parameter comparison

Parameters for the FCC-ee 
booster as light source (FCC-

LS), compared with the 
European XFEL [1,2] and the 

proposed PETRA IV facility [3]. 
At present, the European XFEL 
cannot reach photon energies 

above 30 keV.

4Photon Science:  FCC-LS – Parameter comparison

Parameters for the FCC-ee 
booster as light source (FCC-

LS), compared with the 
European XFEL [1,2] and the 

proposed PETRA IV facility [3]. 
At present, the European XFEL 
cannot reach photon energies 

above 30 keV.

ul/mate	photon	source	up	to	~100	keV	energies	



5 May 26CG - / 4033

4.“Indirect” discovery potential
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New Physics Reach @ Z-pole

34

There are 48 different types of particles that can have tree-level linear interactions to SM.

Vectors

Name S S1 S2 ' ⌅ ⌅1 ⇥1 ⇥3

Irrep (1, 1)0 (1, 1)1 (1, 1)2 (1, 2) 1
2

(1, 3)0 (1, 3)1 (1, 4) 1
2

(1, 4) 3
2

Name !1 !2 !4 ⇧1 ⇧7 ⇣

Irrep (3, 1)� 1
3

(3, 1) 2
3

(3, 1)� 4
3

(3, 2) 1
6

(3, 2) 7
6

(3, 3)� 1
3

Name ⌦1 ⌦2 ⌦4 ⌥ �

Irrep (6, 1) 1
3

(6, 1)� 2
3

(6, 1) 4
3

(6, 3) 1
3

(8, 2) 1
2

Table 1. New scalar bosons contributing to the dimension-six SMEFT at tree level.

Name N E �1 �3 ⌃ ⌃1

Irrep (1, 1)0 (1, 1)�1 (1, 2)� 1
2

(1, 2)� 3
2

(1, 3)0 (1, 3)�1

Name U D Q1 Q5 Q7 T1 T2

Irrep (3, 1) 2
3

(3, 1)� 1
3

(3, 2) 1
6

(3, 2)� 5
6

(3, 2) 7
6

(3, 3)� 1
3

(3, 3) 2
3

Table 2. New vector-like fermions contributing to the dimension-six SMEFT at tree level.

Name B B1 W W1 G G1 H L1

Irrep (1, 1)0 (1, 1)1 (1, 3)0 (1, 3)1 (8, 1)0 (8, 1)1 (8, 3)0 (1, 2) 1
2

Name L3 U2 U5 Q1 Q5 X Y1 Y5

Irrep (1, 2)� 3
2

(3, 1) 2
3

(3, 1) 5
3

(3, 2) 1
6

(3, 2)� 5
6

(3, 3) 2
3

(6̄, 2) 1
6

(6̄, 2)� 5
6

Table 3. New vector bosons contributing to the dimension-six SMEFT at tree level.

new fields of different spin, and Lmixed contains terms of dimension d  4 involving products
of extra fields of different spin. In writing the dimension-five interactions with the heavy
particles we remove redundant operators by using the SM equations of motion. The dots
indicate terms that do not contribute in our approximation.

The extra fields can have kinetic or mass mixing with the a priori SM ones if they
share the same quantum numbers. However, field rotations and rescalings can always be
performed in such a way that all the kinetic terms in LBSM are diagonal and canonical
and all the mass terms are diagonal in the electroweak symmetric phase. All our equations
are written with this choice of fields (except for the mixing of � and possible scalars '

with L1, see footnote 8). Furthermore, we assume that no fields get a non-trivial gauge-
invariant vacuum expectation value in the symmetric phase. This can always be achieved

– 7 –
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and all the mass terms are diagonal in the electroweak symmetric phase. All our equations
are written with this choice of fields (except for the mixing of � and possible scalars '

with L1, see footnote 8). Furthermore, we assume that no fields get a non-trivial gauge-
invariant vacuum expectation value in the symmetric phase. This can always be achieved
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Name S S1 S2 ' ⌅ ⌅1 ⇥1 ⇥3

Irrep (1, 1)0 (1, 1)1 (1, 1)2 (1, 2) 1
2

(1, 3)0 (1, 3)1 (1, 4) 1
2

(1, 4) 3
2

Name !1 !2 !4 ⇧1 ⇧7 ⇣

Irrep (3, 1)� 1
3

(3, 1) 2
3

(3, 1)� 4
3

(3, 2) 1
6

(3, 2) 7
6

(3, 3)� 1
3

Name ⌦1 ⌦2 ⌦4 ⌥ �

Irrep (6, 1) 1
3

(6, 1)� 2
3

(6, 1) 4
3

(6, 3) 1
3

(8, 2) 1
2

Table 1. New scalar bosons contributing to the dimension-six SMEFT at tree level.

Name N E �1 �3 ⌃ ⌃1

Irrep (1, 1)0 (1, 1)�1 (1, 2)� 1
2

(1, 2)� 3
2

(1, 3)0 (1, 3)�1

Name U D Q1 Q5 Q7 T1 T2

Irrep (3, 1) 2
3

(3, 1)� 1
3

(3, 2) 1
6

(3, 2)� 5
6

(3, 2) 7
6

(3, 3)� 1
3

(3, 3) 2
3

Table 2. New vector-like fermions contributing to the dimension-six SMEFT at tree level.

Name B B1 W W1 G G1 H L1

Irrep (1, 1)0 (1, 1)1 (1, 3)0 (1, 3)1 (8, 1)0 (8, 1)1 (8, 3)0 (1, 2) 1
2

Name L3 U2 U5 Q1 Q5 X Y1 Y5

Irrep (1, 2)� 3
2

(3, 1) 2
3

(3, 1) 5
3

(3, 2) 1
6

(3, 2)� 5
6

(3, 3) 2
3

(6̄, 2) 1
6

(6̄, 2)� 5
6

Table 3. New vector bosons contributing to the dimension-six SMEFT at tree level.

new fields of different spin, and Lmixed contains terms of dimension d  4 involving products
of extra fields of different spin. In writing the dimension-five interactions with the heavy
particles we remove redundant operators by using the SM equations of motion. The dots
indicate terms that do not contribute in our approximation.

The extra fields can have kinetic or mass mixing with the a priori SM ones if they
share the same quantum numbers. However, field rotations and rescalings can always be
performed in such a way that all the kinetic terms in LBSM are diagonal and canonical
and all the mass terms are diagonal in the electroweak symmetric phase. All our equations
are written with this choice of fields (except for the mixing of � and possible scalars '

with L1, see footnote 8). Furthermore, we assume that no fields get a non-trivial gauge-
invariant vacuum expectation value in the symmetric phase. This can always be achieved

– 7 –

Scalars Fermions

de Blas, Criado, Perez-Victoria, Santiago, arXiv: 1711.10391

They are not all affecting EW observables at tree-level. 

https://arxiv.org/abs/1711.10391
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New Physics Reach @ Z-pole

34

There are 48 different types of particles that can have tree-level linear interactions to SM.

Scalars Fermions

They are not all affecting EW observables at tree-level.  
However, all, but a few, have leading log. running into EW observables.

Allwicher, McCullough, Renner, arXiv: 2408.03992

Tree-level matching and running from 1 TeV to Z mass. 
W- and Z-pole observables only (no Higgs, no LEP-2 like observables) 

Vectors

https://arxiv.org/abs/2408.03992
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New Physics Reach @ Z-pole

34

There are 48 different types of particles that can have tree-level linear interactions to SM.

Importance of controlling/reducing the TH syst. errors to exploit Z-pole data.  
Role of ZH and tt runs.
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New Physics Reach @ Z-pole

34

There are 48 different types of particles that can have tree-level linear interactions to SM.

Importance of full 1-loop matching 
(finite pieces matter)
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Z-pole vs High Energy 
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Fig. 9: The 95% CL projected sensitivities at FCC-ee to four-fermion, gauge, and Higgs dimension-6 operators,
in terms of the effective scale of new physics ⇤ (in TeV), from measurements of Z-pole observables (right part of
the table) and of higher-energies observables (left part of the table). The rightmost two columns show the above-
and on-pole combinations of all observables. Adapted from Ref. [72].

higher-energy measurements where these interactions enter at leading order [72, 73].702

This statement is illustrated in Fig. 9, which shows the sensitivity (in terms of effective scale703

of new physics ⇤) to dimension-6 SMEFT operators entering in the four-fermion, gauge, and Higgs704

sectors, from the corresponding constraints in Z-pole observables on the one hand, and in higher-energy705

(denoted ‘above-pole’) observables on the other. Besides often being better, the on-pole bounds also706

constrain different directions in the SMEFT space, as illustrated in Fig. 10 for two specific examples. As707

a consequence, the combination of on-pole and above-pole data very substantially reduces the overall708

volume of parameter space and, accordingly, tightens the constraints on specific models. The scope of709

the Tera-Z electroweak precision programme of FCC-ee is, therefore, far wider and more general than a710

naïve extrapolation of the already amazingly accurate SM confirmation from LEP data would suggest.711

23

https://arxiv.org/abs/2412.14241
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Z-pole vs High Energy 
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2-loop RGE effects

Two-loop RGE patterns

A.1| SMEFT and Global Fits for Future Accelerators | Alejo N. Rossia, 23 April 2026

𝜇0Runs into

L. Mantani, P. Olgoso, ANR 
[2604.16599]
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https://arxiv.org/abs/2604.16599
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Indirect BSM probe

36
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Conclusions
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12.85 BCHF  
instead of  

15.28 BCHF
(construction)

38

“Time is money!”

Descoped/Staged/Upscoped FCC
• Descoped/staged FCC: 

• No top run: -1.26 BCHF but physics objectives severely impacted 

• 30 MW beam power instead of 50 MW: -0.35 BCHF but luminosity reduced to 60% 

• 2 caverns/IPs instead of 4: -0.80 BCHF but luminosity reduced to 61%

23y instead of 9 years for same physics output at 90, 160 and 240 GeV 
(by the way, one needs 21y for CERN CBD →0) 

Taxpayers will pay the bill for CAPEX+OPEX.
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12.85 BCHF  
instead of  

15.28 BCHF
(construction)

38

“Time is money!”

Descoped/Staged/Upscoped FCC
• Descoped/staged FCC: 

• No top run: -1.26 BCHF but physics objectives severely impacted 

• 30 MW beam power instead of 50 MW: -0.35 BCHF but luminosity reduced to 60% 

• 2 caverns/IPs instead of 4: -0.80 BCHF but luminosity reduced to 61%

23y instead of 9 years for same physics output at 90, 160 and 240 GeV 
(by the way, one needs 21y for CERN CBD →0) 

Taxpayers will pay the bill for CAPEX+OPEX.

long 
running 

time

large 
construction 

cost

• The cost of the descoped FCC-ee is larger than that of the baseline !  
• It would be significantly cheaper to run with ~150 MW SR power / beam 
• A SR power of 100 MW might be technically feasible, with a similar cost 
• The 100 MW baseline is 4 BCHF less than the 30 MW descoped 

◦ Would 7+1 years suffice to absorb the CBD in this configuration? (tbc) 
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Now

Twenty Year away from First Collisions

Site PB (Choulex, CH)
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Phase 1

Twenty Year away from First Collisions
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Phase 1

VIEW 1

Phase 1

2025 2048 2065 2075 2100

EFFEKT / 119 - 184FCC / Surface sites

Site PG (Chavronnex/Annecy, FR)

Twenty Year away from First Collisions
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Many thanks to the FCC Feasibility Study
Any misunderstandings are my own 

Future Circular Collider

Feasibility Study Report

Volume 1

Physics, Experiments, Detectors

April 1, 2025

Submitted to the European Physics Journal ST, a joint publication of EDP Sciences,
Springer Science+Business Media, and the Società Italiana di Fisica.

Future Circular Collider

Feasibility Study Report

Volume 2

Accelerators, Technical Infrastructure
and Safety

March 31, 2025

Submitted to the European Physics Journal ST, a joint publication of EDP Sciences,
Springer Science+Business Media, and the Società Italiana di Fisica.

Future Circular Collider

Feasibility Study Report

Volume 3

Civil Engineering, Implementation
and Sustainability

March 31, 2025

Submitted to the European Physics Journal ST, a joint publication of EDP Sciences,
Springer Science+Business Media, and the Società Italiana di Fisica.

CERN-FCC-PHYS-2025-0002 CERN-FCC-ACC-2025-0004 CERN-FCC-ACC-2025-0003

arXiv:2505.00272 arXiv:2505.00274 arXiv:2505.00273

https://arxiv.org/abs/2505.00272
https://arxiv.org/abs/2505.00274
https://arxiv.org/abs/2505.00273
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Now

FCC Further Reading Material
• Feasibility Study Report (backup documents) ESPPU#261 

- Volume 1: Physics, Experiments, Detectors (291 pages) CDS arXiv:2505.00272 
- Volume 2: Accelerators, technical infrastructure and safety (615 pages) CDS arXiv:2505.00274 
- Volume 3: Civil Engineering, Implementation and Sustainability (360 pages) CDS arXiv:2505.00273 

• Several 10-page general summaries 
- FCC Integrated Programme Stage 1: The FCC-ee (ESPPU#233); CDS 
- FCC Integrated Programme Stage 2: The FCC-hh (ESPPU#247); CDS 
- The FCC Integrated Programme: A physics manifesto (ESPPU#241); CDS; arXiv:2504.02634 
- Other Science Opportunities at the FCC-ee CDS 

• Several 10-page more topical summaries 
- Prospects in Electroweak, Higgs and Top physics at FCC (ESPPU#217); FCC note 
- Prospects in BSM physics at FCC (ESPPU#242); FCC note 
- FCC: QCD physics (ESPPU#209); FCC note 
- Prospects for flavour physics at FCC (ESPPU#196); FCC note 
- Prospects for physics at FCC-hh (ESPPU#227); FCC note 

• Expressions of Interest for the development of Detector Concepts and Sub-detector Systems for FCC 
- Summary (ESPPU#95); FCC note 
- Backup document ((ESPPU#96) 

•

https://cds.cern.ch/record/2928193
https://arxiv.org/abs/2505.00272
http://cds.cern.ch/record/2928793
https://arxiv.org/abs/2505.00274
http://cds.cern.ch/record/2928194
https://arxiv.org/abs/2505.00273
https://cds.cern.ch/record/2928939?ln=fr
https://cds.cern.ch/record/2928941?ln=fr
https://arxiv.org/abs/2504.02634
https://cds.cern.ch/record/2928809
https://doi.org/10.17181/n78xk-qcv56
https://doi.org/10.17181/69m03-zzb95
https://doi.org/10.17181/nfcpy-vns54
https://doi.org/10.17181/jnzpp-1fw39
https://doi.org/10.17181/jnzpp-1fw39
https://repository.cern/records/azb81-6ee21

