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Goal: explore physics at least up to � 


✦ What causes EWSB?      i.e. does the SM hold up to few TeV?


… and how is it related to the flavor problem?

M ≈ 10 TeV

Why colliders?

�2

?H H MNP ≲ 4πv ≈ 3 TeV

rough estimate! there can 
easily be some O(1) factor
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MDM ≈ 1 − 15 TeV



Goal: explore physics at least up to � 


✦ What causes EWSB?      i.e. does the SM hold up to few TeV?


✦ What is dark matter? Is it a WIMP?


✦ Electroweak radiation: new phenomena in the SM  

Restoration of EW symmetry and radiation of “massless” EW bosons

M ≈ 10 TeV

Why colliders?

�4

E ≈ 10 TeV



Two paths to precision
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✦ The “multipole expansion” of particle physics: EFT


‣ Universal: particle content + Lorentz symmetry + SM internal symmetries


‣ UV model encoded in values of Wilson coefficients �ci

� � � � � �
��� [���]

��
��
��
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𝒜NP ∼ cNPE2/Λ2
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𝒜SM
EFT description 
breaks down here

direct searches
Precision 
SM measurements High energy 

SM measurements
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Two ways to improve precision on coefficients (test higher scales � )Λ

Two paths to precision
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μ+μ- → ��νν� � = �� ���

𝒜NP ∼ cNPE2/Λ2

Energy [TeV]

𝒜SM
EFT description 
breaks down here

direct searches
Precision 
SM measurements High energy 

SM measurements

✦ High energy:  

New physics effects grow ~ �E2

✦ High rate:  

More events = Better precision

Hard scattering σSM ∼ 1/s



✦ The SM works well at the TeV scale: 


✦ The Higgs boson is SM-like:


✦ The EW sector is SM-like:


✦ The CKM picture of flavor and CP works well; 
lepton flavor is conserved

Where do we stand?
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δκ ∼
v2

M2
NP

g2
⋆ ≲ 5 % MNP ≳ g⋆ TeV

MNP ≳ few TeV directly
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ξij
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1/2

δε ∼
m2

W

M2
NP

≲ few × 10−3 MNP ≳ 2 TeV

flavor suppression

of the SM
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The flavor puzzle
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✦ SM Yukawa couplings have an extremely hierarchical pattern


☛ What’s the origin of this flavor structure? Why are there 3 families?


✦ Most likely NP in the Higgs sector couples to SM fermions in similar way…

mu ⇠
� �

md ⇠
� �

VCKM ⇠

0

@

1

A m` ⇠
� �

Yu ⇡

0

@

1

Asm
all

�q ⇡

0

@

1

Asm
all

NP

‣ Symmetries: e.g. MFV or U(2) models

‣ Dynamics: different NP scales 
for different families, related to Higgs

MNP ≲ 3 TeV

with O(1) couplings

Barbieri et al. 2011; Isidori et al. 2017; …

Panico, Pomarol 2016; Bordone et al. 2017, etc…



Where do we stand?

�9

✦ SMEFT with CKM-like suppression (U(2)3 flavor symmetry):

Allwicher, Cornella, Isidori, Stefanek  2311.00020



✦ SMEFT with CKM-like suppression (U(2)3 flavor symmetry):


✦ + mild suppression of light gen. interactions


✦ + some flavor alignment

Where do we stand?

�10Allwicher, Cornella, Isidori, Stefanek  2311.00020

scale set by 3rd gen. interactions (enter also in loops)



Third-generation flavor processes
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✦ Semi-leptonic charged-current decays � 


✦ Example: left-handed current, EW triplet 
 
 
Third-family operator after CKM rotation

b → cτν

0.2 0.3 0.4 0.5
R(D)

0.2

0.25

0.3

0.35

0.4

R
(D

*)

HFLAV SM Prediction
 0.004±R(D) = 0.298 

 0.005±R(D*) = 0.254 

68% CL contours

total 0.026±R(D) = 0.342 
total 0.012±R(D*) = 0.287 

 = -0.39ρ
) = 35%2χP(

aLHCb
bLHCb

cLHCb

bBelle

cBelle

aBelle BaBar

BelleII

Average

HFLAV
Moriond 2024

?

b

q

`

`
(q̄3

Lγμσaq3
L)(ℓ̄3

Lγμσaℓ3
L) = Vcb(b̄LγμcL)(ν̄τγμτL) + ⋯

q3
L = (Vi3ui

L

bL)

Today: effect ~ 10% of SM

MNP = Λ × g⋆ ≳ 1.2 TeV × g⋆

(scalar/tensor currents also possible, more constrained)



Third-generation flavor processes
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✦ Semi-leptonic charged-current decays � 


✦ Example: left-handed current, EW triplet 
 
 
Third-family operator after CKM rotation

b → cτν

?

b

q

`

`
(q̄3

Lγμσaq3
L)(ℓ̄3

Lγμσaℓ3
L) = Vcb(b̄LγμcL)(ν̄τγμτL) + ⋯

Belle II prospects: ~ 1% of SM

MNP = Λ × g⋆ ≳ 4 TeV × g⋆

(scalar/tensor currents also possible, more constrained)

q3
L = (Vi3ui

L

bL)

☛    talk by F. Forti on Wednesday



Correlations: neutral currents
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✦ Flavor misalignment generates FCNC: 


✦ �  will be measured precisely by Belle II


✦ �  possible at FCC-ee!

b → sνν

b → sττ

?

b

q

`

` q3
L = (Vi3ui

L

bL)

−Vts(b̄LγμsL)(ν̄τγμντ)
+Vts(b̄LγμsL)(τ̄LγμτL)

+Vts θ[(b̄LγμsL)(τ̄LγμτL) − (b̄LγμsL)(ν̄τγμντ)] + ⋯

related by SU(2)L

(q̄3
Lγμσaq3

L)(ℓ̄3
Lγμσaℓ3

L) = Vcb(1−θ)(b̄LγμcL)(ν̄τγμτL)

S. Monteil

Anomalies are seen only in semi-leptonic (quark×lepton) operators

RR and scalar currents disfavored → LL current-current operators

Necessity of  at least one SU(2)L-triplet effective operator    
(as in the Fermi theory):

EFT-type considerations

Large coupling (competing with SM tree-level ) in bc (=33CKM) →  l3 ν3 
Small non-vanishing coupling  (competing with SM FCNC) in bs → l2 l2

+  small corrections 
    for 2nd (& 1st) generations

qL
(b)

 =  
Vib

*ui
L

bL

QL
(3) ~ up to CKM

rotations of O(Vcb)

Bhattacharya et al. '14
Alonso, Grinstein, Camalich '15
Greljo, GI, Marzocca '15
(+many others...)

Glashow, Guadagnoli, 
Lane '14

bLtL

Vcb
3L

G. Isidori –  On the breaking of LFU in B decays                       Planck 20th, May 2017, Warsaw 

related by SU(2)L 
 + flavor



Correlations: second generation
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✦ Flavor misalignment generates FCNC… 


✦ Kaon sector: �  from NA62 and KOTO


✦ Charm sector: various clean �  
decays measurable!

s → dνν

c → uνν

q3
L = (Vi3ui

L

bL)

−Vts(b̄LγμsL)(ν̄τγμντ)
+Vts(b̄LγμsL)(τ̄LγμτL)

+V*ts θ[(b̄LγμsL)(τ̄LγμτL) − (b̄LγμsL)(ν̄τγμντ)] + ⋯

related by SU(2)L

(q̄3
Lγμσaq3

L)(ℓ̄3
Lγμσaℓ3

L) = Vcb(1−θ)(b̄LγμcL)(ν̄τγμτL)

Anomalies are seen only in semi-leptonic (quark×lepton) operators

RR and scalar currents disfavored → LL current-current operators

Necessity of  at least one SU(2)L-triplet effective operator    
(as in the Fermi theory):

EFT-type considerations

Large coupling (competing with SM tree-level ) in bc (=33CKM) →  l3 ν3 
Small non-vanishing coupling  (competing with SM FCNC) in bs → l2 l2

+  small corrections 
    for 2nd (& 1st) generations

qL
(b)

 =  
Vib

*ui
L

bL

QL
(3) ~ up to CKM

rotations of O(Vcb)

Bhattacharya et al. '14
Alonso, Grinstein, Camalich '15
Greljo, GI, Marzocca '15
(+many others...)

Glashow, Guadagnoli, 
Lane '14

bLtL

Vcb
3L

G. Isidori –  On the breaking of LFU in B decays                       Planck 20th, May 2017, Warsaw 

+V*tsVtd θ2(s̄LγμdL)(ν̄τγμντ) + VcbV*ub(1−θ)2(c̄LγμuL)(ν̄τγμντ)
related by SU(2)L + flavor

Bause, Gisbert, Golz, Hiller  2010.02225, 2007.05001

… and couplings 
to light quarks

?

q

q

`

`



High-pT searches at LHC

✦ Pair-production through QCD: 

✦ The same operators can be probed with high-pT 
processes at LHC, e.g. �bb → ττ, bc → τν

Faroughy, Greljo, Kamenik 2016
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HL-LHC will not probe  
the full parameter space  
testable by rare decays B, Greljo, Isidori, Marzocca
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?

b

q

`

`

✦ Strong suppression at 
high invariant masses 
due to proton PDF


✦ Flavor suppression

Greljo, Camalich, Ruiz 2018



EW precision
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✦ Higgs & EWSB physics  ⟷  EW precision measurements

𝒪W = (H†σaDμH) DνWa
μν

𝒪B = (H†DμH) ∂νBμν

sin2 θeff𝒪T = (H†DμH)2 Δρ

✦ FCC-ee: 6 x 1012 Z bosons 
ultimate precision at the Z pole, 
limited by syst. and th. errors

Δ ̂S ∼
m2

W

M2
NP

≲ few × 10−5

MNP ≳ 12 TeV



✦ In general, several more operators enter the EW fit

EW precision
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4-fermion interactions affect EW observables through one loop RGE

MEW
NP = Λ × g⋆ ≈ 12 TeV( g⋆

g2
)

2311.00020, 1704.04504

Why 1012 Z bosons?

✦ Lepton asymmetries are small:


for 10-4 precision.

Nevents = NZ × BR(Z → ℓ+ℓ−) × Aℓ ∼ 3 × 10−4 NZ

⟹ NZ ≈ 1012

rates and asymmetries 
in �Z → ℓℓ

�  decays,

LH current

b → cℓν



EW precision

�18Allwicher, Cornella, Isidori, Stefanek  2311.00020

✦ U(2)3 flavor symmetry + suppression of light gen. + some flavor alignment

current bounds



Challenges
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✦ Precision measurements need to be matched with SM theory 
predictions of comparable precision


✦ Already now, huge rates of b, c hadrons at LHC not always 
reflected in improvement of physics reach, due to QCD 
(e.g. hadronic channels, Vcb puzzle in semi-leptonic decays, K and D mixing, …)


✦ High rate measurements eventually limited by systematics


We'll need to measure physics at higher energy to improve!

Δ ̂S ≲ 10−5 ⟶ NNLO EW corrections required
Freytas, Song, Kie



EW precision at high-energy
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✦ NP effects are more important at high energies


… taken to the extreme at a µ-collider with 10’s of TeV!

Δσ(E)
σSM(E)

∝
E2

Λ2
BSM

≈ {10−6, E ∼ 100 GeV
10−2, E ∼ 10 TeV

ℒ = ℒSM +
1

Λ2 ∑ Ci𝒪i

� � � � � �
��� [���]

��
��
��

μ+μ- → ��νν� � = �� ���

𝒜NP ∼ cNPE2/Λ2

Energy [TeV]

𝒜SM
EFT description 
breaks down here

direct searches
Precision 
SM measurements High energy (indirect) probes

☛  “Towards a muon collider” Accettura et al. 2303.08533

☛    talk by Karri on Thursday



✦ Longitudinal 2 → 2 scattering amplitudes at high energy:

Example: high-energy di-bosons

�21

Determined by the same two 
operators that affect also EWPT 
(in flavor-universal theories):

ℓ V,H

V,Hℓ̄

ℓ+ℓ− → W+
L W−

L

ℓ+ℓ− → ZLH

̂S = m2
W(CW + CB)

related with Z-pole observables

LEP: � ,  FCC: few �10−3 10−5

precision of measurement

µ collider

FCC-ee

FCC-ee+hh

MuC: �10−6

𝒪W = (H†σaDμH) DνWa
μν

𝒪B = (H†DμH) ∂νBμν

B, Franceschini, Wulzer 2012.11555



✦ All EW multiplets contribute to high-energy 2 → 2 fermion scattering: 
effects that grow with energy, can be tested at µ collider

EW-charged matter

Ŵ ≈ 10−7 × ( 1 TeV
MDM )

2

n3 ∝ 1/n2

̂Y ≈ 10−7 × ( 1 TeV
MDM )

2

Y2n ∝ 1/n4

�22

Franceschini, Zhao 2212.11900

right of blue line: can be tested indirectly

left of blue line: can be tested directly

can be WIMP dark matter if M ~ few TeV

FCC-hh 10 ab−1

μ-collider

Cirelli, Fornengo, Strumia hep-ph/0512090

Bottaro, B, Costa, Franceschini, Panci, 
Redigolo, Vittorio  2107.09688, 2205.04486



EW radiation becomes important at multi-TeV energies! 
Especially relevant for muon collider, but also FCC-hh…


✦ mW,Z ≪ E:  , W, Z are all similar!

✦ Multiple gauge boson emission is not suppressed 


Sudakov factor �  for E ~ 10 TeV

γ

α
4π

log2( E2

m2
W

) × Casimir ≈ 1

EW radiation

�23

☛ Which cross-section? Exclusive, (semi-)inclusive, depending on 
amount of radiation included


☛ Initial state is EW-charged: 
(Precise) resummation of double logs needed. Goal: % or ‰ precision


☛ Could one define EW jets? Neutrino “jet tagging”?

see Chen, Glioti, Rattazzi, Ricci, Wulzer 2202.10509

+ +( )



EW radiation
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10 TeV

differential WW

total ZH

WWh

B, Franceschini, Wulzer 2012.11555

independent 
measurement of CW

𝜇

𝜇

𝜈

W

Gauge boson radiation important: 
soft W emission allows to access 
charged processes �ℓν → W±Z, W±H

“effective neutrino approximation”

✦ contains new physical information!


✦ need to properly define inclusive 
observables, resummation of logs, …

Chen, Glioti, Rattazzi, Ricci, Wulzer 2202.10509



Higgs factories
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✦ All proposed future colliders will be able to produce millions of Higgses 

 ➔ study single Higgs couplings with below percent precision!

FCC-hh:

few x 1010

Low energy 
e+e- factories

(FCC-ee, CEPC, 
ILC, CLIC380)

TeV-scale 
e+e- factories 
(CLIC, ILC1000)

Muon colliders: 106 – 108

LHC: few x 107

HL-LHC: few x 108

106 107 108 109 1010

# of Higgses

(as a comparison: 1.7 x 107 Z bosons @ LEP)

clean environment:  
can measure “large” Higgs 
BR w/ almost 10-3 precision

large QCD backgrounds:  
only rare modes (BR < 10-3) 
easily accessible

☛    talk by Paolo on Thursday



Higgs factories
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✦ Low-energy e+e- factories: �  @ 240 GeV


✦ measure the recoil (missing mass) of h against Z


✦ direct measurement of gV ⟶ other couplings + width


✦ A high-energy lepton collider is a “vector boson collider”


✦ potentially huge single H production 

(107-108 at 10-30 TeV)


✦ hard neutrinos from W-fusion not seen 
ZZ fusion (forward lepton tagging) could still measure width

e+e− → Zh

gV

CV V ⇡ s

ŝ
log

s

ŝ

For “soft” SM final state
cross-section is enhanced

̂s ∼ m2
EW

gV
gV



Higgs factories
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��������� ������ �σ

δκ ∼
v2

M2
NP

g2
⋆ ≲ 5 %0.2%

MNP ≳ g⋆ TeV6 TeV

2103.14043

dominant 
channels: 
~ few ‰

rare modes: 
high rate helps!

0.1
0.4
0.7
0.8
7.2
2.3

0.4
3.4
0.6

3.1

What NP scales will we test with the Higgs?



Compare single Higgs couplings measurements with reach of direct searches

Direct vs indirect

‣ Example: singlet scalar

𝜙 is like a heavy Higgs with narrow width + hh decay

�28

B, Redigolo, Sala, Tesi  1807.04743

Hunting the singlet Higgs bosons

Higgs couplings

h

cos �

universal tree-level shift

Direct searches

⇥

sin �

same h-BR (below 2mh)

Parametrization is simple enough to make simple ”projections”:
sin � and m�

[in EFT approach the comparison with direct searches is lost]

Hunting the singlet Higgs bosons

Higgs couplings

h

cos �

universal tree-level shift

Direct searches

⇥

sin �

same h-BR (below 2mh)

Parametrization is simple enough to make simple ”projections”:
sin � and m�

[in EFT approach the comparison with direct searches is lost]

one single parameter controls 
resonance production, decay,

& Higgs coupling modifications

ℒint ∼ ϕ |H |2

� � �� �� �� ��
��-�

��-�

��-�

��-�

�ϕ [���]

���
� γ

��-���

�� ��� ���� �� ��-�

�� ���

� ���

�� ���

�� ���

��% ���� ����������

�γ = �� /�ϕ�γ = ��
� /�ϕ�

can be probed 
by single higgs
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HL-LHC HL-LHC HL-LHC
+10TeV +10TeV

+ ee

W 1.7 0.1 0.1
Z 1.5 0.4 0.1
g 2.3 0.7 0.6
� 1.9 0.8 0.8

Z� 10 7.2 7.1
c - 2.3 1.1
b 3.6 0.4 0.4
µ 4.6 3.4 3.2
⌧ 1.9 0.6 0.4


⇤
t

3.3 3.1 3.1
⇤

No input used for the MuC
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FCC-hh

Fig. 6 Left panel: 1� sensitivities (in %) from a 10-parameter fit in the -framework at a 10 TeV MuC with 10 ab�1, compared
with HL-LHC. The effect of measurements from a 250 GeV e

+
e
� Higgs factory is also reported. Right panel: sensitivity to

�� for different Ecm. The luminosity is as in eq. (1) for all energies, apart from Ecm=3 TeV, where doubled luminosity (of
2 ab�1) is assumed. More details in Section 5.1.1.

pair with more than 9 TeV invariant mass at the FCC-
hh is only 40 ab, while it is 900 ab at a 10 TeV muon
collider. Even with a somewhat higher integrated lumi-
nosity, the FCC-hh just does not have enough statistics
to compete with a 10 TeV MuC.

The right panel of Figure 7 considers a simpler new
physics scenario, where the only BSM state is a heavy
Z 0 spin-one particle. The “Others” line also includes
the sensitivity of the FCC-hh from direct Z 0 produc-
tion. The line exceeds the 10 TeV MuC sensitivity con-
tour (in green) only in a tiny region with MZ0 around
20 TeV and small Z 0 coupling. This result substantiates
our claim in Section 2.2 that a reach comparison based
on the 2 ! 1 single production of the new states is
simplistic. Single 2 ! 1 production couplings can pro-
duce indirect effect in 2 ! 2 scattering by the virtual
exchange of the new particle, and the muon collider is
extraordinarily sensitive to these effects. Which collider
wins is model-dependent. In the simple benchmark Z 0

scenario, and in the motivated framework of Higgs com-
positeness that future colliders are urged to explore, the
muon collider is just a superior device.

We have seen that high energy measurements at
a muon collider enable the indirect discovery of new
physics at a scale in the ballpark of 100 TeV. However
the muon collider also offers amazing opportunities for
direct discoveries at a mass of several TeV, and unique
opportunities to characterise the properties of the dis-
covered particles, as emphasised in Section 2.2. High en-
ergy measurements will enable us take one step further
in the discovery characterisation, by probing the inter-
actions of the new particles well above their mass. For
instance in the Composite Higgs scenario one could first

discover Top Partner particles of few TeV mass, and
next study their dynamics and their indirect effects on
SM processes. This might be sufficient to pin down the
detailed theoretical description of the newly discovered
sector, which would thus be both discovered and theo-
retically characterised at the same collider. Higgs cou-
pling determinations and other precise measurements
that exploit the enormous luminosity for vector boson
collisions, described in Section 2.3, will also play a ma-
jor role in this endeavour.

We can dream of such glorious outcome of the project,
where an entire new sector is discovered and charac-
terised in details at the same machine, only because
energy and precision are simultaneously available at a
muon collider.

2.5 Electroweak radiation

The novel experimental setup offered by lepton colli-
sions at 10 TeV energy or more outlines possibilities
for theoretical exploration that are at once novel and
speculative, yet robustly anchored to reality and to phe-
nomenological applications.

The muon collider will probe for the first time a
new regime of EW interactions, where the scale mw ⇠

100 GeV of EW symmetry breaking plays the role of
a small IR scale, relative to the much larger collision
energy. This large scale separation triggers a number of
novel phenomena that we collectively denote as “EW
radiation” effects. Since they are prominent at muon
collider energies, the comprehension of these phenom-
ena is of utmost importance not only for developing a

✦ Measurement of trilinear coupling: access to the Higgs potential


✦ Precise determination only possible 
at high-energy machines: need high rate! 
100 TeV FCC-hh or multi-TeV Muon collider

Double Higgs production

�29

Mangano et al. 2004.03505

B, Franceschini, Wulzer 2012.11555


Costantini et al. 2005.10289 

credits: Craig, Petrossian-Byrne-0.2 -0.1 0.0 0.1 0.2
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‣ very poorly known today!


‣ HL-LHC will only reach 50% 
precision on SM value

Han et al. 2008.12204

CLIC 1901.05897



✦ High rate: more events = better precision

High rate probes

�30

CV V ⇡ s

ŝ
log

s

ŝ For “soft” SM final state
cross-section is enhanced

̂s ∼ m2
EW

A High Energy Lepton Collider 
is a “vector boson collider”

✦ Huge single Higgs rate 
in vector-boson-fusion: 
107-108 Higgs bosons at 10-30 TeV

Above few TeV the VBF 
cross-section dominates 
over the hard 2 → 2

Dawson 1985



✦ Depends on h3 coupling  but also on W-boson couplings : 


✦ Two dim. 6 operators:  

κ3 κW, κWW

Double Higgs production
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large degeneracy in total cross-section: 
coefficients not determined 

from hh production alone
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✦ NP contribution from  (equivalently ) grows as E2: 
high mass tail gives a direct measurement of CH

𝒪H κW, κWW

Double Higgs at high mass
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High-energy WW → hh more sensitive than 
Higgs pole physics at energies ≳ 10 TeV

S/B

𝜉 ≡ CHv2

low-precision measurement

(see also Contino et al. 1309.7038)
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✦ SM Effective Theory:


✦ Trilinear coupling is affected by two operators:


Differential analysis in pT and Mhh:
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Summary

✦ Long-term goal of particle physics: explore the 10+ TeV scale.


✦ Precision SM measurements might be the quickest way…


✦ Two complementary paths to precision:
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Energy [TeV]

High energyHigh rate 

Flavor: rare decays w/ 3rd family, neutrino modes


Electroweak: Z-pole precision, high-energy probes, radiation


Higgs: couplings, self-interaction, high-pT probes
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Xin cảm ơn!




