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Lepton sector: lepton flavours and massive ν



Lepton flavours: from  oscillations... ν
SM lepton sector:

2-1D. Becirevic, A.M. Teixeira

(strictly) massless neutrinos 
conservation of lepton flavours and total lepton number 
tiny leptonic EDMs (4-loop... )dCKM

e ≤ 10−38e cm

Confirmation of neutrino oscillations - clear departure from the SM 
 first "laboratory" observation of New Physics! 
 neutrinos are massive and (neutral) lepton flavours are not conserved!

⇒
⇒

NuFIT 5.0 (2020)
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Comprehensive experimental programme (world-wide) 
"precision"-measurements 

But much remains to be clarified:  octant, , absolute  
    mass scale & ordering and  nature (Dirac vs Majorana), ... 
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Lepton flavours: from  oscillations... (2) ν
SM lepton sector:

2-2D. Becirevic, A.M. Teixeira

(strictly) massless neutrinos 
conservation of lepton flavours and total lepton number 
tiny leptonic EDMs (4-loop... )dCKM

e ≤ 10−38e cm
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Comprehensive experimental programme (world-wide) 
"precision"-measurements 

But much remains to be clarified:  octant, , absolute  
    mass scale & ordering and  nature (Dirac vs Majorana), ... 

 Theoretical developments in close proximity with  
Super-K, Hyper-K, JUNO, DUNE 

   @ IN2P3: M.C. Volpe (APC, JUNO collaboration)

θ23 δCP
ν

⇒

Confirmation of neutrino oscillations - clear departure from the SM 
 first "laboratory" observation of New Physics! 
 neutrinos are massive and (neutral) lepton flavours are not conserved!

⇒
⇒

 EFT approach to nuclear -decays (determination of )  
    @ IN2P3: A. Falkowski (IJCLab)
⇒ β mβ
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Fig. 1. Artistic drawing of a neutrino propagating from a production point P to “de-
tection” point D where the WPs can still interfere. Each mass eigenstate WP follows 
a trajectory close to null-geodesics. The colored widths picture the distribution of 
trajectories due to the WP finite extension.

3. Neutrino WP decoherence in curved spacetime

In curved spacetime, proper times are measurable quantities. 
Therefore, a coherence proper time appears more suitable than a 
coherence length to quantify neutrino WP decoherence, in pres-
ence of strong gravitational fields. We first present some kinemat-
ical arguments and then the derivation of the coherence proper 
time in the density matrix approach.

A neutrino flavor state, produced at the spacetime point P
(tP , ⃗xP ), is described by

|να(P )⟩ = U∗
α j|ν j(P )⟩. (28)

The jth-mass eigenstate evolves from the production point P to a 
“detection” point D j (tD j , ⃗xD j ) according to

|ν j(P , D j)⟩ = e− iφ j(P ,D j)|ν j(P )⟩, (29)

where the covariant form of the quantum mechanical phase is 
given by [22]

φ j(P , D j) =
D j∫

P

p( j)
µ dxµ. (30)

The quadrivector p( j)
µ is the canonical conjugate momentum to the 

coordinate xµ

p( j)
µ = m j gµν

dxν

ds
, (31)

with gµν being the metric tensor and ds the line element along 
the trajectory of the jth neutrino mass eigenstate.

In presence of strong gravitational fields, the phase differences 
are usually calculated along null-geodesics (see e.g. [14,16]). In or-
der to evaluate the decoherence of the neutrino WPs in curved 
spacetime we assume that the ensemble of trajectories for each 
mass eigenstate is close to null-geodesics. To determine the coher-
ence proper time, a spacetime point D (tD , ⃗xD) is considered, at 
which the WPs can still interfere (Fig. 1).

3.1. Neutrino trajectories in the Schwarzschild metric

The Schwarzschild metric for a static gravitational field with 
spherical symmetry is

ds2 = − B(r)dt2 + 1
B(r)

dr2 + r2dθ2 + r2 sin2 θdϕ2, (32)

where (t, r, θ,ϕ) are time, radial distance and angular coordinates 
and

B(r) = 1 − rs

r
, rs = 2M, (33)

with rs the Schwarzschild radius and M the mass of the central 
object. Since the gravitational field is spherically symmetric, the 
neutrino trajectories are confined to a plane. We choose to work 
in the plane θ = π

2 . The relevant components of p( j)
µ are

p( j)
t = − m j B(r⃗)

dt
ds

, (34)

p( j)
r = m j

B(r⃗)
dr
ds

, (35)

p( j)
ϕ = m jr

2 dϕ

ds
. (36)

They are related by the mass on-shell relation

p( j)
µ p( j)µ = − m2

j . (37)

Since the metric tensor gµν does not depend on t and ϕ , the 
canonical momentum components

E j(p⃗) ≡ − p( j)
t , J j(p⃗) = p( j)

ϕ , (38)

are constants of motion. They correspond to the energy and the 
angular momentum of the jth mass eigenstate seen by an ob-
server at r = +∞ and therefore differ from those measured by 
an observer at D , or at the production point P . Obviously the lo-
cal energy, measured by an observer at rest at a given spacetime 
point, can be related to E j through a transformation between the 
two frames.

The phase argument in (30) can be developed as

p( j)
µ dxµ = − E j(p⃗)dt + m j

B(r)

(dr
ds

)
dr + J j(p⃗)dϕ. (39)

We consider the case of radial propagation,8 i.e. dϕ = 0, for which 
the mass on-shell relation Eq. (37) becomes

− B(r)
(

dt
ds

)2

+ 1
B(r)

(
dr
ds

)2

= − 1. (40)

By using (34) along with p( j)
t = − E j

(
p⃗
)
, Eq. (40) reads

1
B(r)

(
dr
ds

)2

= − 1 +
E2

j (p⃗)

m2
j

1
B(r)

, (41)

which gives

dr
ds

=

√√√√ E2
j (p⃗)

m2
j

− B(r), (42)

assuming that neutrinos are propagating outwards. We now intro-
duce general kinematical arguments that will be used to estimate 
the coherence proper time τcoh .

3.2. A kinematical argument

A clock at the “detection” point D measures the time delay be-
tween the arrival of the WPs of the jth and kth mass eigenstates 
propagating along radial geodesics, from P to D. By combining 
Eqs. (34) and (42) one gets

8 Note that e.g. in Ref. [14], the cases of radial and of non-radial propagation are 
considered.
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Lepton flavours: from  oscillations... (3) ν
SM lepton sector:

2-3D. Becirevic, A.M. Teixeira

(strictly) massless neutrinos 
conservation of lepton flavours and total lepton number 
tiny leptonic EDMs (4-loop... )dCKM

e ≤ 10−38e cm

But much remains to be clarified:  octant, , absolute  
    mass scale & ordering and  nature (Dirac vs Majorana), ... 

And full characterisation of neutrino properties: 
standard and non-standard interactions, propagation in  
(dense) media, effects of gravitation... 

θ23 δCP
ν

Neutrino decoherence effects and strong gravitational fields  
(wave packet separation in curved space-time)  

Role of wave packet decoherence in (suppressing) flavour evolution? 
Impact for supernovae neutrino dynamics? 

@ IN2P3: M.C. Volpe (APC)

Confirmation of neutrino oscillations - clear departure from the SM 
 first "laboratory" observation of New Physics! 
 neutrinos are massive and (neutral) lepton flavours are not conserved!

⇒
⇒



(Charged) lepton flavours & BSM 

 oscillations:ν

Very sensitive & powerful probes of new physics @ intensity frontier! 
  beyond direct collider reach!ΛNP ∼ &(105−7 TeV)

2-4D. Becirevic, A.M. Teixeira

violation of  and (if Majorana neutrinos!) non-conservation of  

 charged lepton flavour violation (cLFV), lepton number violation (LNV) 
new contributions to CP violating electric dipole moments (EDMs), ...

Lα Ltot
⇒

Discovery 
of

NEW PHYSICS !!!

(beyond S
Mmν) 

LFUV (meson decays): 
, ...RK (*), RD(*), Rℓ

K, π

(EDM)e

LNV ( ):
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66 CHAPTER 5. FLAVOUR PHYSICS

2. The strong CP problem, that defines the QCD vaccuum. Why is its q parameter
experimentally constrained to be extremely small? For a priori no good reason.

3. The flavour puzzle. Why are there three generations of quarks and leptons? What
accounts for the very different masses and mixings? What fixes the size of CP-
violation, largely insufficient to explain the observed dominance of matter over anti-
matter?

The flavour puzzle, in particular, feeds into the first two tensions. For instance, within the SM
the top loop gives the main contribution to the EW hierarchy problem, while the strong CP
problem is an issue only in as much as all the quarks have non-zero masses. Furthermore,
many NP models designed to solve the EW hierarchy problem tend to worsen the strong CP
problem and generate unacceptably large contributions to electric dipole moments (EDMs), as a
consequence of the presence of CP-violation in non-chiral flavour changing couplings. All three
tensions in their core amount to the question of why certain parameters are very small. In natural
theories small numbers are explained by symmetries or dynamical assumptions, suggesting that
the SM needs to be extended in order to become a natural theory.

The underlying nature of CP violation, which is at the heart of many open questions, de-
serves special mention. On the one hand, the combination of the discrete symmetries C, P and
T is essential to the formulation of quantum field theory itself. On the other hand, CP viola-
tion is at the backbone of the SM three-family flavour puzzle and of the strong CP problem.
In addition, it is also an essential ingredient to generate the observed baryon asymmetry (as-
suming baryogenesis). From a practical perspective, it is one of the main driving forces behind
the present experimental efforts, especially in the neutrino sector. Finally, dark matter itself
may have flavour structure, and a true understanding of flavour would then require an interdis-
ciplinary exploration. As a side benefit, the present and planned flavour experiments are often,
without special requirements, sensitive to light dark matter candidates such as feebly interacting
particles.

The progress in understanding the above fundamental questions can be made through a
variety of tools: directly by increasing the energy at which the world of fundamental particles
and forces is explored, or indirectly by making precise measurements of rare or even SM forbid-
den processes, relying on quantum mechanical effects to probe shorter distances or effectively
higher energies. The expected experimental progress, especially with regards to the indirect
probes, can be neatly encoded in the model-independent tool of effective Lagrangians. As long
as the NP particles are heavier than the energy released in a given experiment, their impact can
be included via effective operators of increasing mass dimensions, constructed from the SM
fields. The resulting effective field theory (SM-EFT) has the following form:

Leff = LSM +
C5
LM

O
(5) +Â

a

Ca
6

L2 O
(6)
a + · · · . (5.1)

The dimension five (d = 5) operator O
(5) breaks lepton number and, if present, induces Majo-

rana neutrino masses of order v2/LM, where LM is assumed to be much larger than the elec-
troweak (EW) scale v. The d = 6 operators O(6)

a encode the effects of NP particles of generic
mass L. Experiments probe the ratios Ca/L2.

For a qualitative appraisal, Fig. 5.1 illustrates the scales probed by the present flavour
experiments (light colours) and mid-term prospects, assuming Ca

6 ⇠ O(1) [258]. This can be
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tensions in their core amount to the question of why certain parameters are very small. In natural
theories small numbers are explained by symmetries or dynamical assumptions, suggesting that
the SM needs to be extended in order to become a natural theory.

The underlying nature of CP violation, which is at the heart of many open questions, de-
serves special mention. On the one hand, the combination of the discrete symmetries C, P and
T is essential to the formulation of quantum field theory itself. On the other hand, CP viola-
tion is at the backbone of the SM three-family flavour puzzle and of the strong CP problem.
In addition, it is also an essential ingredient to generate the observed baryon asymmetry (as-
suming baryogenesis). From a practical perspective, it is one of the main driving forces behind
the present experimental efforts, especially in the neutrino sector. Finally, dark matter itself
may have flavour structure, and a true understanding of flavour would then require an interdis-
ciplinary exploration. As a side benefit, the present and planned flavour experiments are often,
without special requirements, sensitive to light dark matter candidates such as feebly interacting
particles.

The progress in understanding the above fundamental questions can be made through a
variety of tools: directly by increasing the energy at which the world of fundamental particles
and forces is explored, or indirectly by making precise measurements of rare or even SM forbid-
den processes, relying on quantum mechanical effects to probe shorter distances or effectively
higher energies. The expected experimental progress, especially with regards to the indirect
probes, can be neatly encoded in the model-independent tool of effective Lagrangians. As long
as the NP particles are heavier than the energy released in a given experiment, their impact can
be included via effective operators of increasing mass dimensions, constructed from the SM
fields. The resulting effective field theory (SM-EFT) has the following form:

Leff = LSM +
C5
LM

O
(5) +Â

a

Ca
6

L2 O
(6)
a + · · · . (5.1)

The dimension five (d = 5) operator O
(5) breaks lepton number and, if present, induces Majo-

rana neutrino masses of order v2/LM, where LM is assumed to be much larger than the elec-
troweak (EW) scale v. The d = 6 operators O(6)

a encode the effects of NP particles of generic
mass L. Experiments probe the ratios Ca/L2.

For a qualitative appraisal, Fig. 5.1 illustrates the scales probed by the present flavour
experiments (light colours) and mid-term prospects, assuming Ca

6 ⇠ O(1) [258]. This can be

... possibly (but not necessarily!) 
in relation to  mass generation...ν

@ IN2P3: A. Abada (IJCLab), S. Davidson (LUPM),  
A.M. Teixeira (LPC, COMET collaboration)



Lepton flavours: cLFV in the  sector  μ − e
cLFV in muon transitions and decays: clean experimental environment,  

                                            excellent prospects (sensitivity)  

2-5D. Becirevic, A.M. Teixeira

Exploration of muon-electron conversion in nuclei: 
EFT comprehensive studies, 
spin-independent and spin-dependent contributions,  
choice of target material,  
contributions of new (contact) interactions,  
new associated observables, ...

@ IN2P3: S. Davidson (LUPM), A.M. Teixeira (LPC, COMET)
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EFT approach towards complementary constraints 
on cLFV operators ( ) from  (MEG II)  

                               (Mu3e)  
                     conversion (Mu2e, COMET) 

&a
6 μ → eγ

μ → 3e
μ − e

Figure 6: Allowed regions in the C
D
L � C

V RR
ee plane from µ ! e� (green), µ ! 3e (red)

and µ ! e conversion (blue) for current (straight) and future (dashed) experimental limits.

are present at the large scale. A very e�cient way to determine the impact of the experi-

mental limits on a particular BSM model is to obtain the Wilson coe�cients at the weak

scale through matching and then use the RGE. A reasonable approximation for the RGE

can be obtained by using the numerical evolution matrices given in Section 4. This deter-

mines the coe�cients entering Eqs. (3.1), (3.2) and (3.5) and, hence, immediately indicates

whether for the chosen parameters the model is still allowed or ruled out.

6 Conclusions and outlook

In this article, we have provided RGE improved predictions for the three µ ! e processes

µ ! e�, µ ! 3e and µ ! e conversion in nuclei. Working within the e↵ective theory

valid below the EW breaking scale, we have computed the complete one-loop anomalous

dimensions for the contributing dim-6 operators taking into account QED and QCD e↵ects.

In addition, we have included the leading two-loop QED e↵ects for the mixing of vector

operators into the dipole operators and recalled the formula for the µ ! e�, µ ! 3e and

µ ! e conversion rates.
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Electric dipole moments: CP violating observables (& most sensitive NP probes!) 
 contributions to lepton EDMs sensitive to  nature (Dirac/Majorana)⇒ ν

- Powerful formalism; interplay between new (Majorana) phases and possible  
                                         B- and L-violating interactions 
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Electric dipole moments with and beyond flavor invariants. 
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@ IN2P3: A. Abada (IJCLab), J. Quevillon, C. Smith (LPSC)

Lepton flavours: leptonic CP violation (EDMs)

EFT approach, spurion techniques derived from Minimal Flavour Violation 
 minimal Jarlskog-like invariants  (& non-invariant structures) 
 application to quark and lepton EDMs (Dirac or Majorana )

⇒
⇒ ν



Lepton flavours: BSM phenomenology 

NP in the lepton sector: massive neutrinos and beyond

2-6D. Becirevic, A.M. Teixeira

Uniquely light (Majorana) fermions - new mechanisms of mass generation? 
Seesaw (type I, II, III and variants), radiative, ..., from GUT scale to EW...

Many well-motivated (minimal) extensions via sterile "heavy" neutral leptons (HNL): 
- theoretically appealing 
- rich phenomenology (testability!) 
- possible links to the BAU (leptogenesis) and to the DM problem

Phenomenology of SM extensions via HNL: low-energies, high-intensities and colliders 
identify distinctive signal/signatures, constrain realisations, interpretation of data... 
impact for baryon asymmetry of the universe, dark matter candidates... 

@ IN2P3: A. Abada (IJCLab), J. Orloff, A.M. Teixeira (LPC)

R34 =

0

BBB@

1 0 0 0

0 1 0 0

0 0 cos✓34 sin✓34 · e�i�43

0 0 �sin✓34 · ei�43 cos✓34

1

CCCA
. (13)

The parametrization for the lepton mixing matrix for the 3 + 2 model (N = 2) is shown in

Appendix B.

3.2 Minimal seesaw mechanisms with two sterile fermions

3.2.1 Type-I seesaw with two right-handed neutrinos and parametrization

In order to comply with neutrino data, the most minimal realization of the Type-I seesaw

mechanism requires only two right-handed neutrinos, meaning that the lightest active neutrino

is massless. The Lagrangian of the Type-I seesaw reads

L = LSM + iNI /@NI �

✓
Y↵I`↵�̃NI +

MIJ

2
N

c

I
NJ +H.c.

◆
, (14)

where `↵ are the SM lepton doublets, � is the Higgs doublet and �̃ = i�2�
⇤, NI denotes the

new fermionic fields that are singlet under the SM gauge group, Y↵I are dimensionless Yukawa

couplings and M is a 2 ⇥ 2 matrix of Majorana mass terms for the NI fermions. Without loss

of generality, we will assume M to be diagonal.

After the EW symmetry breaking the Higgs field acquires a non-vanishing vacuum expecta-

tion value (VEV) h�i = v (174 GeV), and the full neutrino mass matrix in the EW basis can be

written as follows

MType�I =

 
0 mD

m
T

D
M

!
, (15)

where mD denotes the 3⇥ 2 Dirac mass matrix, mD↵I = v Y↵I . The Lagrangian (14) accounts

for a non-vanishing (active) neutrino mass matrix m⌫ which, after the block diagonalisation of

the matrix MType�I and under the assumption v|Y↵I | ⌧ |MIJ | (seesaw limit), is given by

m⌫ = mlight ' �v
2
YM

�1
Y

T
. (16)

For our numerical study, we adopt the following parametrization for the above defined Dirac

mass (details can be found in Refs. [15, 109,110]):

m
T

D = i

p

MR U
†
, (17)

where U is the PMNS matrix. Depending on the ordering in the light neutrino spectrum

(inverted or normal ordering that we label IO or NO, respectively) and given the fact that in

this minimal scheme with only two RH neutrinos, one active neutrino is massless, mlightest = 0,

the matrix R is such that R
T
R is the diagonal light neutrino mass matrix for each ordering.

This respectively corresponds to

NO : R = RNO =

 
0

p
m2 cos(a+ ib)

p
m3 sin(a+ ib)

0 ⌥
p
m2 sin(a+ ib) ±

p
m3 cos(a+ ib)

!
, (18)
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Lepton flavours: BSM phenomenology (2) 

2-7D. Becirevic, A.M. Teixeira

Phenomenology of SM extensions via HNL: low-energies, high-intensities and colliders 
identify distinctive signal/signatures, constrain realisations, (re)interpret data... 

At very low energies: impact for  and -decays0ν2β β

At high-intensities: cLFV and LNV semileptonic decays

   signal (near future) - compatible with both  
  orderings of  spectrum if additional HNL 

 Additional "kinks" in Kurie plot for Tritium -decays 
 

0ν2β
ν

β

Potentially abundant cLFV signals (rare  and  decays) 

Contributions to numerous LNV & cLFV (meson & ) 
semileptonic decays: updated constraints 

μ τ
τ

@ IN2P3: A. Abada (IJCLab), A.M. Teixeira (LPC)

B meson decay Current bound

B+ → e+ν 0.98 × 10−6

B+ → µ+ν 1.0× 10−6

† B+ → τ+ν = (106 ± 19) × 10−6

B0 → e±µ∓ 0.0028 × 10−6

B0 → e±τ∓ 28× 10−6

B0 → µ±τ∓ 22× 10−6

Table 4: Leptonic (flavour violating and flavour conserving) B-meson decay modes. The symbol
† denotes a measurement rather than an upper bound.

LNV decay
Current bound

ℓ = e ℓ = µ

τ− → ℓ+π−π− 2.0 × 10−8 3.9× 10−8

τ− → ℓ+π−K− 3.2 × 10−8 4.8× 10−8

τ− → ℓ+K−K− 3.3 × 10−8 4.7× 10−8

LNV matrix mν meτ
ν mµτ

ν

Table 5: LNV τ decay processes. The upper bounds are from the Belle collaboration [87].

M1

M2

W±

W±

νs

ℓ
±
1

ℓ
±
2

Figure 1: Dominant contribution to the lepton number violating semileptonic meson decay, M1 →
ℓ±1 ℓ

±
2 M2. Note that the ℓ±1 ↔ ℓ±2 exchanged diagram also exists.

2.2.1 Theoretical estimation

As already mentioned, leading to the computation of the LNV semileptonic decays, we have made
several assumptions, which we proceed to discuss.

• We consider semileptonic decay modes leading to three-body final states; moreover, we only
consider the decays of pseudoscalar mesons and do not address vector meson decays, as their
(non-perturbative) decay constants are plagued by larger theoretical uncertainties, and the
resonances (and excitations) are not well determined;

• The only source of lepton number violation (and lepton flavour violation) at the origin of the
distinct decays above mentioned stems from the presence of (heavy) Majorana neutrinos;

• In order to avoid excessive suppression due to the propagation of a virtual heavy state,
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Figure 5: (a): Tritium beta spectrum in the presence of two kinks. For this example, we set

m4 = 8 KeV, m5 = 12 KeV, |Ue4|
2 = 0.2 and |Ue5|

2 = 0.1. (b): Active-sterile mixings in the

case where the two sterile neutrinos of the Type-I seesaw are within KATRIN mass regime. The

horizontal dashed red line corresponds to the assumed (conservative) sensitivity of KATRIN.

|Ue4| mixings. Similar results where found for the inverted ordering case.

Interestingly, among the solutions in Fig. 5, there are some points where the positions of the

two kinks are very near (double-kink), implying that the sterile neutrinos are very close in mass.

This would be the situation one would find in the case of a scenario with approximate lepton

number symmetry as the LISS model.

4.3 Results for the LISS scenario

As discussed in Section 3, in the LISS scenario the heavy (mostly) sterile neutrinos are

close in mass and their mixings are similar in size, |Ue4| ' |Ue5|, while the deviations from this

degeneracy are controlled by the LNV parameters. If their masses are below 18.5 KeV, one

could expect the presence of a double-kink in KATRIN energy spectrum, as shown in Fig. 6(a).

Whether KATRIN would be able to resolve a double-kink depends on its energy resolution and

on the LNV parameters defining the LISS model, thus on the mass splitting between the two

sterile states.

In the case of the presence of a kink in the beta decay energy spectrum and no positive

signal in 0⌫2�, nor in other low energy experiment, KATRIN would help exploring this model

by studying in detail the observed kink. If the mass splitting between the two sterile neutrinos is

below KATRIN’s energy resolution15, the experimental signature would be a single kink with a

size of |Ue4|
2+ |Ue5|

2. On the other hand, if the resolution is high enough to resolve the double-

kink, KATRIN would be able to provide information on the mass splitting and, therefore, on

the LNV parameters of the model.

In Fig. 6(b) we show viable solutions complying with neutrino data and constraints for NO

(red) and IO (green) orderings of the light neutrino spectrum. We choose |Ue4|
2 + |Ue5|

2 for the

15For the discussion in this section, we will use 200 eV as a benchmark, although a dedicated study would be

needed.
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a length of flight larger than a realistic detector size, thus rendering the LNV decay processes
invisible. Whenever relevant, the derived bounds take into account the requirement that the
heavy neutrino decays within a finite detector (i.e. imposing that its length of flight does not

exceed a nominal value Lflight
ν4 = 10 m), as described in Section 2.2.2. The final results are then

compared to the experimental limits listed in Tables 2 and 5.
Working under the same assumptions as those leading to Fig. 3, we thus display in Figs. 4 and 5

the bounds on active-sterile mixing angles, as a function of the (mostly) sterile heavy neutrino
mass, arising from LNV meson and tau decays. When present, dashed lines denote the bounds
derived taking into account the requirement of having the heavy neutrino decaying within 10 m
(see discussion above). These constraints will be subsequently used in our numerical analysis.

Figure 4: Updated constraints on the relevant combination of leptonic mixing matrix elements
(|Uℓα4Uℓβ4|) arising from LNV pseudoscalar meson decays, as a function of the heavy sterile
neutrino mass (GeV). Same assumptions on Uℓα4 as leading to Fig. 3. Dashed lines denote the

bounds derived under the requirement Lflight
ν4 ! 10 m.

As expected, given the current experimental bounds, the most stringent LNV constraints on
the active-sterile mixing angles arise from semileptonic kaon decays (K+ → ℓ+α ℓ

+
β π

−), leading to

constraints on (combinations of) mixings of O(10−9). Even when corrected to account for a finite
detector size (within-detector decay), semileptonic kaon decays - especially leading to a final state
containing at least one electron - are still the most stringent ones.

In recent years, similar analyses have led to the derivation of increasingly stronger bounds
on the sterile fermion parameter space. Although very recent works already include updated
experimental bounds in their results, our study considers the most recent data for all the LNV
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New physics models: from theory to colliders

New Physics is required! From observational and theoretical arguments:  
hierarchy problem(s), naturalness, gauge unification, ...  new states & interactions ⇒

2-8D. Becirevic, A.M. Teixeira

At colliders: discovery of new "exotic" resonances or  
         deviation from SM predictions (EW precision observables, Higgs/top couplings, ...)

 Phenomenological studies of well-motivated models  
               (SUSY, extra-dims, compositeness, ...)  

 Proposal of new signals/search strategies 
 Interpretation of LHC data (and model constraining!) 
 High-precision SM calculations (reduce theory uncertainties) 

⇒

⇒
⇒
⇒

Changes in paradigm: from preferred TeV-scale realisations towards a  
         signal-oriented approach, considering difficult and non-standard scenarios, ...

@ IN2P3: A. Abada, A. Falkowski, G. Moreau, O. Sumensari (IJCLab) 
A. Arbey, G. Cacciapaglia, A. Deandrea, F.N. Mahmoudi (IP2I) 

M. Rausch de Traubenberg (IPHC), A. Goudelis, A.M. Teixeira (LPC),  
   S. Kraml, I. Schienbein, J. Quevillon, C. Smith (LPSC),  

F. Brümmer, C. Hugonie (LUPM),...

Intense activity, in close contact with experimental searches 



New physics models: from theory to colliders (2)

2-9D. Becirevic, A.M. Teixeira

 Phenomenological studies of well-motivated models⇒
Models with (large) extra spatial dimensions: 

explain   (weak & Planck scales), address hierarchy problem! 
      Conceptual problems, new DM candidates, Higgs prospects, 

     phenomenological studies of new heavy particles (KK excitations, ...)

ΛEW ≪ ΛPlanck
⇒

Successful gauge-Yukawa unification!
International Workshop on Discovery Physics at the LHC (Kruger2018)
IOP Conf. Series: Journal of Physics: Conf. Series 1271 (2019) 012016

IOP Publishing
doi:10.1088/1742-6596/1271/1/012016
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Figure 1. Running of the normalised gauge and Yukawa couplings for the SU(3) model, with
1/R = 5 TeV. The first KK mode is at the scale tKK ⇠ 4.0.

group. The couplings follow the SM evolution up to the scale of the first KK resonances:

tKK = ln
1

MZR
. (2)

and from there the running is modified by the extra-dimensions and the gauge couplings
asymptotically tend to the same value.

In figure 2 we show an estimate of the 5-dimensional loop factor based on naive dimensional
analysis (NDA) [13, 14]:

↵NDA

i (µ) ⇠ g2i (µ)

8⇡
µR . (3)

The loop factor, which can be thought of as a 5D ’t Hooft coupling, can be used as an indication
of the energy where the extra-dimensional theory becomes unreliable. The value stays actually
small suggesting that the theory may have a more extended validity than usually estimated.

The strong coupling also falls very close as actually the GHU model contains two SU(3)
gauge structures, one associated to QCD and the other one to the EW gauge sector, and the
bulk fermion is a bi-fundamental. This allows a Z2 exchange symmetry between the two sectors
at high energy that implies equal couplings.

The initial value of the Yukawa coupling (y(mZ) = 0.51), is selected to achieve unification
in the UV. This value depends mildly on the scale of the extra-dimension 1/R. The running of
the Yukawa coupling does not follow the gauge ones at high energy, as the compactification of
the extra-dimension singles out the scalar component of the gauge field in the bulk. The e↵ect
of the running shows that the value of the Yukawa coupling at low energy is larger than the
values at unification, y = g2/

p
2, even if the enhancement is not enough to explain the Yukawa

coupling of the top, y = 1 in this toy model. Two loop corrections, the embedding of the top
in a more realistic model, or even a di↵erent choice of the compactified geometry, may further
improve the agreement.

We also performed the running in a di↵erent set-up, following the same technique. Using a
larger representation that contains a singlet with the correct hypercharge to match the right-

[Phys.Conf.Ser.1271(2019)1] Asymptotic unification (gauge) 
non-SUSY SU(5) in compact  orbifoldS1/(Z2 × Z′ �2)

As the KK modes tend to appear in complete multiplets of SU(5) (more precisely, adding

the KK states of adjacent even and odd KK tiers), all gauge couplings receive the same

beta function, given by

b5 = �
52
3

+
16
3
ng , (3.3)

where ng is the number of fermion generations in the bulk. For 3 families, as we will

consider in the following, we find bSU(5) = �4/3. Note that this value allows for the 5D

theory to have an UV fixed point [14, 15], a fact that will play a crucial role for the

asymptotic unification.

Using the RGEs for 3 families of fermions we show in Fig. 1 the one-loop evolution of

the three gauge couplings in terms of

↵̃i = w↵i(t) for µ < 1/R ,

↵i(t)S(t) for µ > 1/R .
(3.4)

At energies above the compactification scale we consider an e↵ective ’t Hooft coupling,

which takes into account the number of KK modes below the energy scale µ. We start

the running at the Z mass with the SM values {g01, g02, g03} = {0.45, 0.66, 1.2}, while the

matching to the 5D running takes place at the scale 1/R, indicated by the point where the

running changes sharply. Because of the absence of baryon and lepton number violation,

this scale can be low, so we choose 1/R = 10 TeV as a benchmark in the plot. We can see

that the couplings never cross, however, they do get very close and tend to a unified value

asymptotically at high energies. In fact, this value corresponds to the UV safe fixed point

of the 5D theory. At t ⌅ 10 the couplings are e↵ectively unified. This scale is well below

the 5D reduced Planck mass Mò
Pl [48], which corresponds to the largest value of t shown

in the plot. Increasing 1/R does not change the picture qualitatively.
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Figure 1. Running of the gauge couplings using one-loop factors, with R�1 = 10 TeV. The range
of t corresponds to the Z mass (t = 0) and the reduced 5D Planck mass.

The asymptotic behavior of the gauge couplings can be understood once the RGEs are

rewritten in terms of ↵̃i at large energies. Keeping the leading terms in 1/µR, the RGE is

– 9 –

[2012.14732]

Attempts at Unification (interactions, ...):

@ IN2P3: G. Moreau (IJCLab), G. Cacciapaglia, A. Deandrea (IP2I), ...



New physics models: from theory to colliders (3)

2-10D. Becirevic, A.M. Teixeira

Supersymmetric models: 
minimal SM-extensions, address hierarchy problem, gauge coupling unification, ... 
      intensive studies on a variety of models and realisations 

From general Minimal Supersymmetric Standard Model (MSSM),  
to constrained MSSM, phenomenological MSSM (pMSSM), input-Higgs MSSM (hMSSM), 
next-to-minimal SSM (NMSSM), R-parity violating MSSM, Dirac-gaugino realisations, ...   

⇒

Next-to-minimal supersymmetric models:  
difficult scenarios, new signatures 

 combined constraints from LHC  
       and DM searches 

⇒

[1806.09478]

@ IN2P3: G. Moreau (IJCLab), A. Arbey, F.N. Mahmoudi (IP2I), A.M. Teixeira (LPC), 
   S. Kraml, J. Quevillon, I. Schienbein (LPSC), C. Hugonie (LUPM), ...

Reconstructing / constraining  SUSY parameter space 
 complementarity of Higgs and SUSY searches 
 constraints from numerous flavour and CP observables

⇒
⇒
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Figure 2: Exclusions from the CMS displaced electron-muon pair search [20] in the M -�m plane.
The dashed line corresponds to electroweak mass splitting of 0.49 GeV. The coloured heat-map
shows the value of the test statistic Q, defined in appendix A. The bottom hatched red area
refers to limits from heavy stable charged track search whereas the grey vertical area refers to
the LEP excluded region up to m ++ = 103 GeV.

the corresponding Wilson coe�cient is negative such that the mass di↵erence between  ++ and
 

+ drops below the charged pion mass. In that case the  ++ width will be dominated by the
three-body decays  ++

!  
+
e
+
⌫̄e and possibly  

++
!  

+
µ

+
⌫̄µ. Alternatively, the mass

di↵erence can be negative, making the  ++ the lightest quintuplet-like particle and leaving open
only five-body decay modes.

In either of these cases, the doubly charged fermion becomes stable on collider scales. The most
sensitive search to this scenario is a CMS search from 2016 [22] for a Dirac fermion of hypercharge
0 and weak isospin 2. On reinterpreting the exclusion limits we find that this case, i.e. when the
Wilson coe�cient is negative such that the  ++ is stable on collider scales, is excluded for the
entire mass range we are considering.

Both the quintuplet and the triplet model can give rise to long-lived singly charged states  +

if the cuto↵ scale at which e↵ective  +
�1W couplings are mediated is su�ciently high or the

corresponding Wilson coe�cient is su�ciently small. This happens for mixing angles ✓ . 10�5

for the quintuplet and ✓ . 10�3 for the triplet. At ✓ . 10�6, the lifetime of the  + would be
determined entirely by the mass di↵erence between  

+ and �2, which is 0.16 GeV at one-loop
from EW corrections, similar to Winos in supersymmetry. The most sensitive search for this
signature to date is the ATLAS analysis of [24], which provides an interpretation in the context
of Wino-like charginos and neutralinos in minimal anomaly-mediated supersymmetry breaking,
and whose exclusion bounds therefore immediately apply to our triplet model. In the quintuplet,
a further contribution to the signal can be from  

++ decay discussed previously — either when
�m is small giving doubly charged disappearing tracks or when �m > 0.6 which leads to prompt
decays into long lived  +. However, here we only present results for the conservative assumption
of direct production modes of the  +.

The exclusions on the mixing angle ✓, as a function of m + , from the ATLAS disappearing track

10

[1804.02357]

New physics models: from theory to colliders (4)

2-11D. Becirevic, A.M. Teixeira

Multi-Higgs doublet models & extended Higgs sector 
Two-Higgs doublet models (2HDM) & Inert doublet models,  

additional singlets, triplet scalars, (and pseudoscalars), ...

LHC phenomenology of (non-SUSY) "exotics": 
 heavy vector-like fermions, LQs, top partners, HNL, 
(generic) light pseudoscalars (& axions), composite-states, ... 

Exploring (generic) LHC windows into New Physics: 
- promising production modes & channels (sensitive to NP)  
- difficult and/or stealth scenarios 
- peculiar signatures (displaced vertices, long lived particles, ...)

High-precision calculations: NLO calculations, RGEs at higher orders, ... 
[Tools: PBZp, PBVp, PyR@TE, ... ]

Dark matter searches at LHC: complementary probes! 
 minimal scenarios (singlet & SU(2) n-plet fermions) ⇒

@ IN2P3: A. Abada, A. Falkowski, G. Moreau, O. Sumensari (IJCLab), A. Goudelis, A.M. Teixeira (LPC) 
A. Arbey, G. Cacciapaglia, A. Deandrea, F.N. Mahmoudi (IP2I), F. Brümmer, C. Hugonie (LUPM) 

   S. Kraml, I. Schienbein, J. Quevillon, C. Smith (LPSC), ...



NP searches: (re)interpretation of LHC results 

2-12D. Becirevic, A.M. Teixeira

  Fully explore LHC potential! ⇒

S. Kraml - 7/06/2021

Théorie 
@The challenge 
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We need a global view of what all the experimental data tell us about new physics.

Precise measurements of SM processes and direct searches for new physics in a vast variety of channels. 
Despite the multitude of BSM scenarios tested this way by the LHC experiments, it still constitutes only a 
small subset of the possible theories and parameter combinations to which the experiments are sensitive.

Phenomenological studies, model-dedicated/independent,  
new search strategies (close interaction of exp. and th.) 
ensuring & preserving availability of data for all! 

S. Kraml, APT2I

@ IN2P3: S. Kraml, J. Quevillon, I. Schienbein (LPSC), F.N. Mahmoudi (IP2I)

Many BSM constructions explored (but only tiny subset)... 
What information does data actually convey about the NP model? 
Are models efficiently constrained? Are certain realisations really excluded? 



among many others!

2-13D. Becirevic, A.M. Teixeira

S. Kraml - 7/06/2021

Théorie 
@Reinterpretation methods and public tools

4

CONTUR 
method

Public analysis database

Global analysis  
based on statistical learning

Reproduce exp. analyses in 
Monte Carlo event simulation

Use simplified-model results  
to constrain full BSM models

Use SM precision measurements 
(fiducial differential distributions)    
to constrain new physics

Combined likelihood analysis 
from Higgs measurements
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@Reinterpretation methods and public tools
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CONTUR 
method

Public analysis database
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Reproduce exp. analyses in 
Monte Carlo event simulation

Use simplified-model results  
to constrain full BSM models

Use SM precision measurements 
(fiducial differential distributions)    
to constrain new physics
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[S.Kraml, in progress]

NP searches: (re)interpretation of LHC results (2) 

Constrain full-BSM constructions 
from simplified model results 

Figure 1: Fit of CF versus CV for the data from the ATLAS H→γγ analysis HIGG-2016-21 (4 production
modes including their correlations), on the left using the ordinary Gaussian approximation, on the right
with the improved treatment of asymmetric uncertainties incorporated in Lilith-2. Ref: 1908.03952

Figure 2: Examples of model constraints with SModelS 2.0, on the left chargino/neutralino limits in the
MSSM, on the right limits on long-lived charged scalars in the Inert Doublet Model. DT stands for
disappearing track, HSCP for Heavy Stable Charged Particle searches. WH, WW, WZ are the decay
channels considered in the prompt SUSY searches. SModelS is so far the only tool that can treat
constraints from prompt and LLP searches simultaneously. -work in progress-

Inert Doublet Model & SModelS 2.0 
simultaneous constraints  
from LLP and prompt searches

Novel statistical algorithm to identify  
"dispersed signals" in LHC data  
(in agreement with constraints) Constrain BSM extensions from  

125 GeV Higgs signal strength  
measurements



S. Kraml - 7/06/2021

Théorie 
@F.A.I.R. principles … for theorists

15

Pheno studies are usually 
findable and accessible 
(arXiv)

However, they are often hard 
to reproduce in practice

Would like to organise a FAIR data workshop for theorists

Joint theory-experiment endeavours

Public likelihoods: availability of full statistical model (used in analyses 
collaborations); benefit re-use of experimental results. 

FAIR principles: reproduce analysis and results; ensure preservation of data 

2-14D. Becirevic, A.M. Teixeira

@ IN2P3: S. Kraml(LPSC), F.N. Mahmoudi (IP2I), ...

NP searches: (re)interpretation of LHC results (3) 



Back to more formal approaches



And back to more formal approaches 

Formal Quantum Field Theory studies - integral part of particle physics studies! 
 correct, precise description of phenomena 
 alternative ways to address or understand problems of the SM

⇒
⇒

2-15D. Becirevic, A.M. Teixeira

Renormalisation group equations (RGEs):  
general renormalisable gauge theories at higher loop order 
revision of two-loop RGEs, impact for the running of dimensionful parameters  

Public tool: PyR@TE (running of the Lagrangian parameters )ΛEW ↔ ΛNP

New regularisation/renormalisation schemes: 
finite elementary amplitudes in physical conditions  
application to SM naturalness problems (Higgs mass fine-tuning and axial anomaly) 

Revisit "Multiple Point Principle", "Asymptotic Safety"  
tackle naturalness problems, explain Higgs mass and apparent fine-tuning 

@ IN2P3: I. Schienbein (LPSC), J.-F. Mathiot (LPC), ...



TH particle physics @ IN2P3: outlook



Outlook 

2-16D. Becirevic, A.M. Teixeira

Fruitful long-standing dialogue between theory and experiment: 
new theory ideas emerge to understand data 

theoretical proposals help paving the way to new experimental quests  

Purely theoretical approaches: source of new ideas, and methods! 

Despite extensive SM's success in describing particle physics phenomena 
 many fundamental theoretical questions remain to be answered 
 cannot explain observational problems ( , BAU, DM, flavour "anomalies", ...) 

⇒
⇒ mν

Need to go beyond the SM: New Physics! But which model? At which scale? 
Many appealing well-motivated constructions... 

Powerful model-independent methods (EFTs)

Particle Physics Theory @ IN2P3: intense activity on numerous fields 
        Higgs physics, neutrino physics, flavour physics, BSM phenomenology,  

searches at colliders, precision observables, ... 

Closely following & contributing to the experimental developments on several frontiers  
LHC,  physics, flavour physics, ... and actively preparing future experiments! ν



Further information 



TH particle physics at IN2P3 Laboratories

 A2D. Becirevic, A.M. Teixeira

Flavour and searches for New Physics:

muons and neutrons at high-intensities

Ana M. Teixeira

Laboratoire de Physique de Clermont - LPC

PSI User’s Meeting 2020, 28 January 2020

A TH Particle Physics in IN2P3 Laboratories

A.1 People and Laboratories

Research in Theoretical Particle Physics (theory and phenomenology) is currently carried in
several IN2P3 Laboratories, by circa 30 researchers (CNRS and University associates). In
addition to the permanent members listed in Table 1, several emeritus researchers as well as
numerous postdocs and Ph.D. students compose the di↵erent teams.

Laboratory People

APC Paris D. Semikoz, J. Serreau, M. C. Volpe

(UMR 7164)

IJCLab Orsay A. Abada, D. Bečirević, V. Bernard,

(UMR 9012) B. Blossier, S. Descotes-Genon, A. Falkowski,

S. Friot, E. Kou, G. Moreau, O. Sumensari

IP2I Lyon A. Arbey, G. Cacciapaglia,

(UMR 5822) A. Deandrea, F. N. Mahmoudi

IPHC Strasbourg M. Rausch de Traubenberg

(UMR 7178)

LPC Clermont A. Goudelis, J.-F. Mathiot, V. Morénas,

(UMR 6533) J. Orlo↵, A. M. Teixeira

LPSC Grenoble S. Kraml, M. Mangin-Brinet, J. Quevillon,

(UMR 5821) I. Schienbein, C. Smith

LUPM Montpellier F. Brümmer, S. Davidson, C. Hugonie

(UMR 5299)

Table 1: Summary of IN2P3 Theory Particle Physics teams and members.

A.2 Collaborations

The IN2P3 theorists working in particle physics have extensive collaborations, both within
France and at the international level. Certain activities are recognised by the IN2P3 by “Master
Projets Théorie”.

Particle theorists also belong to (and are active members of) numerous research federations
and international platforms, further working in the framework of large international collabora-
tions (theory, phenomenology and experiment).

A.2.1 IN2P3 “Master projects”

• “Speedy Charmonia” (PI: B. Blossier, IJCLab) [2020 - 2022]: B. Blossier (IJCLab), M.
Mangin-Brinet (LPSC), Zafeiropoulos (CPT), ...

• “SlowSUGRA” (PI: M. Rausch de Traubenberg, IPHC) [2018 - 2020]: R. Ducrocq,
E. Conte, M. Rausch de Traubenberg (IPHC), C. Hugonie, J. Lavalle, G. Facchinetti
(LUPM), G. Moultaka (L2C), V. Venin (APC)

• “Lepton flavours: probes of New Physics” (PI: A. M. Teixeira, LPC) [2017-2019]: A.
Abada (LPT Orsay), S. Monteil, J. Orlo↵, A. M. Teixeira (LPC)
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Further information - Atelier PT2I 



Atelier Physique Théorique deux Infinis

Numerous contributions!

Lively participation and discussion, 7-8 June 2021

A4D. Becirevic, A.M. Teixeira



Further information - Master Projects 
                  Research federations 

           International collaborations



IN2P3 Theory "Master Projects"  (2017-2021)

• “Speedy Charmonia” (PI: B. Blossier, IJCLab) [2020 - 2022]:  
B. Blossier (IJCLab), M. Mangin-Brinet (LPSC), S. Zafeiropoulos (CPT), ...  

• “Lattice calculations in hadronic physics” (PI: V. Morénas, LPC [2017-2020]:  
M. Mangin- Brinet (LPSC), B. Blossier, O. Pène (LPT Orsay), V. Morénas (LPC),  
S. Zafeiropoulos (CPT)  

• “SlowSUGRA” (PI: M. Rausch de Traubenberg, IPHC) [2018 - 2020]:  
R. Ducrocq, E. Conte, M. Rausch de Traubenberg (IPHC), C. Hugonie, J. Lavalle, G. 
Facchinetti (LUPM), G. Moultaka (L2C), V. Venin (APC)  

• “LHCiTools” (PI: S. Kraml, LPSC) [2017 – 2019]:  
S. Kraml, J. Quevillon, I. Schienbein (LPSC)  

• “BSMGA” (PI: S. Kraml, LPSC) [2020 - 2022]:  
S. Kraml, J. Quevillon, I. Schienbein (LPSC)  

• “Lepton flavours: probes of New Physics” (PI: A. M. Teixeira, LPC) [2017-2019]:  
A. Abada (LPT Orsay), S. Monteil, J. Orloff, A. M. Teixeira (LPC)  

• “Flavour probes: lepton sector and beyond” (PI: A. M. Teixeira, LPC) [2020-2022]:  
A. Abada (IJCLab), A. Goudelis, S. Monteil, V. Morénas, J. Orloff, A. M. Teixeira (LPC)  

A6D. Becirevic, A.M. Teixeira



Research Federations and Platforms

Groupements de Recherche & International Research Networks

A7D. Becirevic, A.M. Teixeira

GdR “Intensity Frontier”  
Scientific steering: S. Descotes-Genon (IJCLab), F. N. Mahmoudi (IP2I), C. Smith (LPSC)  
W.G. responsibilities: E. Kou (IJCLab, “Heavy flavour production and spectroscopy”),  
                                 C. Smith (LPSC, “CP violation”),  
                                 O. Sumensari (IJCLab, “Quark-lepton interplay”),  
                                 A.M. Teixeira (LPC, “Quark-lepton interplay”)  

IRN “QCD” 
W.G. responsibilities: B. Blossier (IJCLab, “Low energy QCD”)  

IRN “Neutrino” 
Scientific steering: A. Abada (IJCLab), A. M. Teixeira (LPC)  
W.G. responsibilities: A. M. Teixeira (LPC, “BSM”)  

IRN “Terascale” 
Scientific steering: C. Hugonie (LUPM), J. Orloff (LPC)  
W.G. responsibilities: J. Quevillon (LPSC, “BSM”), A. M. Teixeira (LPC, “BSM”)  



Research Federations and Platforms

European Networks

 A8D. Becirevic, A.M. Teixeira

EU ITN “Elusives” & EU RISE “Invisibles Plus” 
Steering (CNRS node): A. Abada (LPT)  

EU ITN “HIDDeN” 
Steering (CNRS node): A. Abada (IJCLab) 

International Platforms and Forums
“Forum on the Interpretation of the LHC Results for BSM studies” CERN (Th-Exp) 

Founder and main coordinator: S. Kraml (LPSC) 
Scientific steering: F. N. Mahmoudi (IP2I)  

RAMP “Reinterpretation: Auxiliary Material Presentation” (Th-Exp)  
Organiser: S. Kraml (LPSC) 

Updates of EU and USA Particle Physics Strategies (10 year)
SNOWMASS 2021 (USA) 

Topical steering “cLFV”: S. Davidson (LUPM) 
Coordination of “White Paper on analysis preservation and reuse” S. Kraml (LPSC)  

European Particle Physics Strategy Update 2020 (EPPSU2020) 
Scientific secretariat (and co-authorship) of “Flavour Physics”: A. M. Teixeira (LPC)  
IN2P3’s contribution to EPPSU 2020 (co-author): A. M. Teixeira (LPC) 



International collaborations (theory & experiment)

A9D. Becirevic, A.M. Teixeira

Alpha Collaboration (Th, LQCD) 
B. Blossier (IJCLab)  

ETM Collaboration (Th, LQCD) 
D. Becirevic, B. Blossier (IJCLab), M. Mangin-Brinet (LPSC), V. Morénas (LPC)  

CKMFitter Collaboration (Th-Exp, Flavour) 
S. Descotes-Genon (IJCLab), J. Orloff (LPC)  

Belle II Collaboration (Exp, Flavours) 
E. Kou (IJCLab)  

COMET Collaboration (Exp, cLFV)  
A.M. Teixeira (LPC)  

JUNO Collaboration (Exp, Neutrinos)  
M. C. Volpe (APC)  

SModelS Collaboration (Th, LHC results)  
S. Kraml (LPSC)  



Further information - Public Tools 



Public Tool development

A11D. Becirevic, A.M. Teixeira

“NMSSMTools”: https://www.lupm.univ-montp2.fr/users/nmssm/index.html  

“SuperIso”: http://superiso.in2p3.fr/  

“SModelS”: https://smodels.github.io/  

“MadAnalysis5 PAD”: http://madanalysis.irmp.ucl.ac.be/wiki/PublicAnalysisDatabase  

“Lilith”: https://lpsc.in2p3.fr/projects-th/lilith/  

“Proto-model builder”: https://smodels.github.io/protomodels/  

“PBZp”: provide K factors to ATLAS and CMS collaborations for heavy-resonance  
searches using top-quark pair observables (available on demand)  

“PBVp”: inclusion of NLO QCD corrections to the hadroproduction of top-quark pairs  
for new heavy spin-1 resonances; implemented in the CONTUR/RIVET framework  

“PyR@TE 3.0”: https://github.com/LSartore/pyrate  



Further information - Contributions 



Contributions

APC

A13D. Becirevic, A.M. Teixeira

A likelihood analysis of the events in a galactic supernova
shows the gravitational binding energy can be reconstructed
with  11% accuracy in Super-K, 3% accuracy in Hyper-K 

Gallo Rosso, Vissani, Volpe, JCAP11, 2017; JCAP 04, 2018

Pr
ob

ab
ili
ty

Eb (1053 ergs)

Chatelain and Volpe, Phys. Lett. B 801 (2020)

Neutrino wave packet decoherence in presence of strong
 gravitational field nearby a compact object. 

E = 11 MeV rP = 10 km �x = 4⇥ 10�12cm

Theoretical Neutrino Physics  
and Astrophysics 

M.C. Volpe 

Investigation of standard and non-standard  
neutrino properties and interactions:  
impact on astrophysical environments and  
the Early Universe

Derivations of extended neutrino evolution  
equations, for dense environments, in flat  
and curved spacetime, decoherence effects 
in presence of strong gravitational fields  
and formal connections to other domains  
such as condensed matter and atomic nuclei

Predictions for (and physics potential of) upcoming 
neutrino experiments, including  
   Super-Kamiokande, Hyper-K, JUNO, DUNE  
(also important in relation with future kilonova 
observations)

Chatelain, Volpe, PRD95 (2017) ; Chatelain, Volpe, PRD98 (2018) 
Froustey, Pitrou, Volpe, JCAP 12 (2020) 

Volpe, Väänänen, Espinoza, PRD87 (2013)
Volpe, Int. J. Mod. Phys. E24 (2015)

Schwarzschild metric   
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A. Abada 
1) Effects of HNL at very low energy (beta and neutrinoless double 
beta decay) 
A) explore the viability of minimal extensions of the SM with N HNL  (one 
of them in KeV mass regime) with  possible impact in both the beta energy 
spectrum and the neutrinoless double beta decay effective mass, for the two 
possible ordering cases for the light neutrino; 
B) In the case we have N= 2 that are embedded in a  Seesaw realization 
(Type I and ISS+LSS variants) with one of the two RH neutrinos is within 
KATRIN’s sensitivity (a kink in the energy spectrum, i.e in the KeV) 
[1807.01331]

2) Displaced Vertices HNL
HNL they can be long-lived and lead to events with displaced vertices, 
giving rise to promising signatures due to the low background. We revisit 
the opportunities offered by the LHC to discover these long-lived states via 
searches with displaced vertices. Study implication on the parameter space 
sensitivity when all mixings to active flavours are taken into account 
[1807.10024]

3) EDMS in the Scotogenic model: light  neutrino masses (radiative 
masses), dark matter and  electron EDM within ACME sensitivity 
[1802.00007]

4) Neutrino masses, leptogenesis and dark matter from small 
lepton number violation?
A) improved parametrisation of seesaw models and derive a 
linearised system of Boltzmann equations to describe the 
leptogenesis process; perform a systematic study of the strong 
washout regime of leptogenesis. Successful leptogenesis at the 
temperature of the electroweak scale through oscillations 
between two sterile states with a 
natural origin of the (necessary) strong degeneracy in their mass 
spectrum [1709.00415] 
 B) Considered the case of 3 RH neutrinos, qualitatively new 
behaviours as a result of LNV oscillations and decays, strong 
flavour effects in the washout and a resonant enhancement due 
to matter effects. Particularly efficient for large heavy neutrino 
mixing angles near the current experimental limits, a regime in 
which leptogenesis is not feasible in the minimal scenario with 
two heavy neutrinos (low-scale leptogenesis is testable by the 
LHC and other existing experiments). [1810.12463]

Freeze-in leptogenesis with 3 right-handed neutrinos Michele Lucente

3. Results and conclusion

We report in Fig. 1 the active-sterile mixing in the muon flavour as a function of the heavy

neutrino mass, for the viable solutions reproducing both active neutrino parameters and the BAU.

Similar results are obtained for the other flavours [1]. It is evident from Fig. 1 that solutions with

f.t.
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Figure 1: Active-sterile mixing in the muon flavour for the viable BAU solutions as a function of the heavy

neutrino mass, for a normal (left) and inverted (right) ordering in the light neutrino mass spectrum. The grey

region is experimentally excluded, while the lines show the expected sensitivities for ongoing experiments.

large mixings (up to the current experimental bounds) are viable in the considered mass range

[0.1,50] GeV, and no fine-tuning is required despite of the large value of the active-sterile mixing.

This is possible due to a number of new effects, including lepton number violating oscillations and

decays, flavour asymmetric washouts and a resonant enhancement due to matter effects (similar

to the Mikheyev-Smirnov-Wolfenstein effect), cf. [1] for a detailed discussion. In conclusion, the

freeze-in leptogenesis scenario with three right-handed neutrinos provides a viable solution to the

BAU, compatible with constraints from neutrino physics, and exhibits a very rich phenomenology,

allowing for (not fine-tuned) solutions with comparably large heavy neutrino mixing angles that can

be probed at the LHC and can also give a sizeable contribution to neutrinoless double b decay [1].
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S. Descotes-Genon 
1. Research activities: 
- CP-violation in the quark sector : metrology of the CKM matrix in the SM, 
studies of generic NP models, global fits and associated statistical methods

- rare B-decays in the SM and  beyond : global fits to b->s ll data ("B-anomalies"), 
determination of hadronic inputs, study of new hadronic modes and design of additional 
observables with  improved sensitivity to NP, model building and connection to other 
families, hadronic penguin modes

Tools: EFT; nonperturbative methods (dispersion relations, sum rules...); statistical tools

2. Recent highlights
- Global fits to b->sll decays
* consistency of the patterns of deviations in the context of simple NP scenarios 
involving one or two operators in weak EFT
* relevance of the LFUV observable Q_5 (difference of P_5' in e and mu) to 
separate these scenarios
* role of lepton-flavour universal contributions of NP in these fits

- New observables to probe flavour anomalies: 
* time-dependent analysis of rare B decays (with mixing) B_d->K*ll, B_d-K_Sll, B_s->phill
* Lambda_b-> Lambda(1520)ll and study of prospects at LHCb
* huge NP enhancement of b->s tau tau in the context of simple NP models for b->c l nu 
anomalies
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G. Moreau
Model building in scenarii with extra spatial dimensions aimed at addressing one of the deepest problems of the Standard Model of 
elementary particles, by unifying the Gravity scale (Planck energy) and the ElectroWeak symmetry breaking scale: 
- conceptual problems in higher-dimensional field theories (e.g. about boundary  
  localization of scalar fields, coupled to bulk fermions, like the Higgs boson), 
- classification of compact spaces and dual geometries,  
- studying quantum field theories in curved spaces. 

Research at HL/HE-LHC and futur Linear Colliders (LC) of direct or indirect effects of new heavy particles like Kaluza-Klein 
excitations of bosons and fermions arising from specific extra-dimensional models constructed [see above] or of Vector-Like fermions 
[single/pair productions] for an effective probe of more general field contents covering bounded states issued from composite Higgs 
models. 

In particular, precise calculations of the contributions of heavy fermion exchanges in the triangular loops contributing to 
deviations to SM-like Higgs couplings like H-digluon or H-diphoton. The motivation being that future LC could be sensitive to tiny 
deviations of the Higgs couplings: those colliders are indeed expected to reach uncertainties at the percent level in the precision 
measurement of the H-diphoton  
interaction for instance. 

Improving the fits of the data on the Higgs rates/couplings, combining the HL/HE-LHC and LC result expectations, by careful 
implementations of the correlation matrices among the theoretical errors (of mainly QCD origin: PDF uncertainties, factorization/
renormalization scale dependences of the strong coupling g_s and Higgs production cross sections at hadron colliders...), since these 
theoretical uncertainties will become progressively dominant as the statistics and systematics errors will be improved in the next 
generation ofhigh-energy colliders. 

Scrutinizing the data and models to find some light (down to a few ten's of GeV or even lower) effective scalar φ [extra Higgs, 
radion, dilaton, axion,...] at colliders which would have been missed so far by the LEP, Tevatron and LHC investigations. Several 
reactions are relevant in this context like pp → Zφ  
[to tag the Z], pp → qqφ (vector boson fusion) or the rare decay H → φZ(∗) where 'q' denotes a quark, 'p' a proton, 'H' the Higgs 
boson and Z(∗) the (virtual) neutral electroweak gauge boson. 

A16D. Becirevic, A.M. Teixeira
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Lattice QCD effort in flavour physics at IJCLab Orsay

Aim: extract hadronic quantities (spectrum, hadronic
matrix elements) using Monte-Carlo simulations of QCD

Ab-initio method to solve QCD in the non-perturbative
regime

Effort put in B physics, theoretical inputs to New Physics
tests in the quark sector

Cut-off Effects cut-off effects

b quark delicate to simulate: big cut-off
effects or very expensive in computer time

Investigate different strategies
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Simulate the b quark in Heavy Quark Effective Theory (HQET)

Effective theory derived from QCD by an expansion in
ΛQCD

mb

At leading order, the b quark is a static source of colour, Heavy Quark Symmetry

• Probe the internal structure of B meson [B. Blossier and A. Gérardin: 2016]

Correlation functions show similar patterns to the wave functions of quantum
mechanics regarding radial excitations. Understanding of the dynamics to explain
values of soft pion couplings to B.
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Simulate heavy quarks Q, mc ! mQ < mb: Step scaling in mass

Series of heavy quarks tuned by setting meson masses mhi , i = 0, ..., N − 1, as
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❖ New physics search at Belle II with Radiative B decay  
Photon polarisation determination using the B→Kππγ decay 

❖ Charmed baryon Magnetic Moment measurement at LHCb and SMOG 
Λc polarisation measurement using Λc→pKπ decay 

❖ CKM unitarity triangle angle γ measurement at LHCb 
Λb baryon multi body decay to determine the CKM unitarity triangle angle γ 

❖ Charmonium investigation using its hadronic final state at LHCb 
Bs→3 ϕ decay to investigate the charmonium nature 

❖ Top quark anomalous coupling determination at ILC 
NLO electroweak correction for e+e- →t tbar decay 

E. Kou Collaboration with IJCLab  
LHCb - Belle II - ILC groups

❖ Dispersive method to determine CKM unitarity triangle angle γ at Belle II  
D→Kππ decay in dispersive method (with B. Moussallam (Theory-IJCLab))

Collaboration with IJCLab theorist

The projects in red use the “Amplitude Analysis method”, which determines simultaneously the physics 
parameters in question (e.g. BSM parameters) and the parameters coming from the hadronic effects (form 
factors etc). Together with ILC/Belle II group in IJCLab, we have developed a multidimensional fit method 
and we are currently applying this technique to various other projects. A GDR workshop/school was 
organised on this topic in December 2020 (with Theory/LHCb-IJCLab & CEA). 

❖ PRC Russia (Moscow state university with H.Sazdjian (Theory-IJCLab))  
Charm penguin contribution to b→sγ in QCD sum rule 

❖ TYL France-Japan (KEK/Niigata U. with Z. Huang (Postdoc IN2P3) & Belle II-IJCLab) 
Hadronic τ decays, New physics search with B→D* lν, Belle II Physics book 

❖ Melbourne U. - CNRS agreement (Melbourne University with Z. Huang) 
New physics search with B→D*lν, ALPs search at Belle II, Belle II Physics book

International Collaboration



showed the possibility of gauge-Yukawa unification. We have studied the flavour constraints on 
composite models and models with extra dimensions. We also participate in the development 
of GAMBIT, a comprehensive software tool for performing global statistical fits of generic BSM 
physics models, which was released in 2017, after five years of efforts. Recently we have 
proposed a new approach to unification, called Asymptotic Unification, based on the idea of 
reaching asymptotically a common fixed point rather than a crossing of gauge couplings at a 
particular high energy scale. 
 
Astroparticles: Our activities focus on searches for new particles by direct or indirect detection, 
relic density of dark matter, and the links with collider physics. The code SuperIso Relic was 
developed in order to provide a calculational tool for different observables in connection with 
dark matter and particle physics. Until recently devoted to supersymmetry, the code allows a 
flexible and generic implementation of all types of scenarios of BSM physics. Moreover, we 
have studied the links with primordial cosmology and shown that the discovery of new particles 
will allow to obtain information on the content of the universe before primordial 
nucleosynthesis, despite the fact that this era is currently unobservable. 
 
 

2. Recent (5 years) highlights - plots, etc are very welcome! 
 
2021: “On the new LHCb angular analysis of B→K∗μ+μ−: Hadronic effects or New 
Physics?” by Mahmoudi et al. Phys. Rev. D 102, 055001 (2020) and 
Phys.Rev.D 103 (2021) 095020 
 
 

 
 

 
2020: “Higgs boson emerging from the dark” by Cacciapaglia et al. 
Phys.Rev.Lett. 125 (2020) : Introducing a new non-thermal mechanism of dark matter 
production based on vacuum misalignment.  
 
2020: “A new mechanism for symmetry breaking from nilmanifolds” by Deandrea, 
Tsimpis et al.  JHEP 05 (2020) 122 : Introducing a method to obtain a scalar potential at 
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Theoretical Particle Physics at IP2I (G. Cacciapaglia, A. Deandrea, N. Mahmoudi, A. Arbey) 
 

1. Research activities carried in the group (2016-2021) 
 
The group has a wide range of activities in particle theory, all strongly linked among 
them and with the experimental research programs present in the IN2P3 laboratories, 
including collider physics, dark matter, astroparticle physics and cosmology. 
We are involved in the scientific preparation of future colliders, and eagerly awaiting the 
start of the HL-LHC. Different new physics scenarios are studied by the different 
members, such as supersymmetry, models with extended Higgs sectors, composite 
models and extra-dimensional scenarios. In addition, in recent years, flavour physics has 
become an emerging sector to probe new phenomena, mainly due to the appearance of 
several discrepancies with the Standard Model in the semileptonic decays of B mesons. 
The theory group will continue to play a major role in this respect, and to further 
develop the SuperIso code, which is a public tool to reinterpret the experimental results 
in new physics models. Furthermore, the links with astroparticle physics and cosmology 
are of great importance to understand the properties of physics beyond the SM, in 
particular through its relation with dark matter.  

 
 
Higgs physics: The discovery of the Higgs particle gave us new tools for the study of the physics 
of the spontaneous breaking of electroweak symmetry. We have proposed a parameterization 
of the Higgs couplings, which allows to directly extract the loop contributions of the New 
Physics. We have extended our studies with the inclusion of a second Higgs boson, and are 
collaborating with CMS in the interpretation of the low mass results. We are working on the 
characterization of the Higgs sector beyond the standard model and the prospects for future 
colliders, in particular for their link with composite Higgs models and flavour observables. 
 
Collider phenomenology: High energy proton collisions continue to furnish new high-precision 
results in energy regions hitherto unexplored. These results can be used to test theories beyond 
the Standard Model. We have developed international level expertise in the phenomenology of 
heavy vector quarks and supersymmetry, and have developed several numerical tools for the 
detection of such particles at LHC. We have implemented vector quarks with generic couplings 
in Monte Carlo tools such as MadGraph and FeynRules, allowing for model independent 
studies. NLO effects in QCD are also included and our tools are routinely used by experimental 
collaborations, such as CMS, for the production of Monte Carlo data.  
 
Physics Beyond the Standard Model: We have developed expertise in various classes of models: 
extra dimensions, composite models, extended scalar sectors, dark matter. N. Mahmoudi has 
specific and internationally recognized expertise in flavour physics. In particular, the public code 
SuperIso for the calculation of flavour physics observables has been vastly improved in recent 
years. G.Cacciapaglia and A.Deandrea  have proposed new models with extra dimensions for 
dark matter candidates arising from geometric symmetries. We have developed composite 
Higgs, and dark matter models. We have studied “Gauge-Higgs Unification” models, and 
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have studied the links with primordial cosmology and shown that the discovery of new particles 
will allow to obtain information on the content of the universe before primordial 
nucleosynthesis, despite the fact that this era is currently unobservable. 
 
 

2. Recent (5 years) highlights - plots, etc are very welcome! 
 
2021: “On the new LHCb angular analysis of B→K∗μ+μ−: Hadronic effects or New 
Physics?” by Mahmoudi et al. Phys. Rev. D 102, 055001 (2020) and 
Phys.Rev.D 103 (2021) 095020 
 
 

 
 

 
2020: “Higgs boson emerging from the dark” by Cacciapaglia et al. 
Phys.Rev.Lett. 125 (2020) : Introducing a new non-thermal mechanism of dark matter 
production based on vacuum misalignment.  
 
2020: “A new mechanism for symmetry breaking from nilmanifolds” by Deandrea, 
Tsimpis et al.  JHEP 05 (2020) 122 : Introducing a method to obtain a scalar potential at 
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Regularisation/renormalisation: 
Development of a new schemes leading to completely finite elementary
amplitudes in physical conditions.  Application to the naturalness of the 
SM and to the understanding of anomalies. Application of the Taylor-
Lagrange renormalization/regularization scheme to the fine-tuning of the 
Higgs mass and axial anomaly

Lattice QCD: 
Study of charmonium  states. Computation of the spectroscopy of the 
non-orbitally  excited   pseudo-scalar   and  vectorial   
states (as well as the corresponding first radially excited states (  
and ) within the framework of LQCD. Theoretical predictions of 
associated decay constants
Heavy Flavours and relativistic quark models:
Using covariant Bakamjian-Thomas matrix elements construction, and 
realistic description of heavy baryon bound states, study of the 
semileptonic decays  in the infinite mass limit for the 
heavy baryons. Derivation of integral formulae for the decay form factors 
and computation of physical observables

cc̄
(L = 0) ηc(1S) J/Ψ

ηc(2S)
Ψ(2S)

Λb → Λc(1/2± 1)ℓν̄

A19D. Becirevic, A.M. Teixeira

SM extensions via sterile fermions: cLFV and LNV
If  mixings  of  heavy  sterile  with  the  active  (light)  neutrinos  is  not 
negligible,  and  their  mass  not  excessively  heavy,  the  presence  of  the 
sterile fermions can lead to modifications of the leptonic charged current 
interaction (W±lν), manifest as a deviation from unitarity of the leptonic 
mixing matrix, UPMNS. Impact of new active-sterile mixings, and new 
sources of CPV (for simplified models or associated with neutrino mass 
generation  mechanisms)  for  signatures  both  at  hight  intensities  and  at 
colliders; study of transitions occurring in the presence of muonic atoms, 
such  as  muon-electron  conversion  in  nuclei  CR(μ  −  e,  N),  decays  of 
muonic atoms into a pair of electrons, Muonium conversion and decay, 
Mu −  Mu and Mu →  e+e−.  Study of cLFV and LNV destructive and 
constructive  interferences  in  kaon  semileptonic  decays;  impact  for 
interpretation upon future observation of kaon decays at NA62. Update on 
the bounds on the active-sterile mixing elements, ; proposal 
of enlarged definition of 3×3 “effective” Majorana neutrino mass matrix 

, and extraction of constraints on all its entries.  

|Uℓα4 Uℓβ4 |

mαβ

LFUV (B-meson anomalies and beyond): 
Model-independent  (generic)  fits,  and  phenomenological  studies  of 
several  (simplified  and  complete)  models.  Interpretation  of  a  possible 
ATOMKI anomaly and LFUV in anomalous magnetic moments (e and 
mu).  Phenomenology of  SM extensions  (via  two scalar  SU(2)L triplet 
leptoquarks and three triplet Majorana fermions): explanation of RK(∗), 
(radiative) neutrino masses and viable DM candidate. SM extensions via a 
single vector leptoquark to simultaneously account for RK(∗) and RD(∗), 
from effectively nonunitary LQ-q-l mixings (presence of heavy fermions). 
Viable isodoublet heavy lepton realisations testable via mu-e conversion. 

Production scientifique – highlights II
“The fate of vector leptoquarks: the impact of future flavour data’’ & “Leptoquarks facing 
flavour tests and ) → *ℓℓ after Moriond 2021’’: model-independent study of NP scenarios 
accommodating the B-meson anomalies, and phenomenological studies of vector LQ models

C. Hati, J. Kriewald, J. Orloff, A. M. Teixeira, arXiv:2012.05883 & 2104.00015 [hep-ph]

B-meson decay 
anomalies:

Model-independent fits 
of new physics 
Wilson coefficients: 

∆ -!"#$$ = −∆ -%&"#$$
vs. ∆ -!'()*.

LHCb data sets: from 
Moriond EW 2019  to 

Moriond EW 2021 !
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A. Goudelis, J.F. Mathiot, V. Morénas, J. Orloff, A.M. Teixeira

Collider phenomenology: NMSSM studies
Peculiar features of the NMSSM leading to very different signatures at 
colliders - “difficult scenarios”, associated with specific decay cascades 
and  low  MET,  as  well  as  light  LSPs;  proposal  of  dedicated  search 
strategies to discover the stealth scenarios (in association with CMS)

Collider phenomenology: DM and LLPs at the LHC
Study  of  numerous  signatures  of  dark  matter  models  at  the  LHC 
(kinematic  observables  to  disentangle  different  frameworks  effectively 
giving  rise  to  a  diphoton-like  signature);  existence  of  the  so-called 
“threshold  enhancement  mechanism”;  Collider  searches  for  long-lived 
particles: set of simple freeze-in DM models predicting the existence of 
charged long-lived particles at the LHC. Feasibility of observation and 
reconstruction of LLPs properties (masses, lifetimes, …) at the HL-LHC; 
Reconstruction of the LLPs lifetime – as well as several other properties – 
of  long-lived  particles;  feasibility  of  study  both  for  specific  SM 
extensions and for model-independent reconstructions.

Production scientifique – highlights IV
”Determining the lifetime of long-lived particles at the  LHC” : potential for reconstruction the 
lifetime and other properties of LLPs arising from several well-motivated BSMs at the HL-LHC

S. Banerjee, B. Bhattacherjee, A. Goudelis et al, Eur. Phys. J. C81 (2021) no.2

Many NP scenarios predict the existence of LLPs
with masses accessible at the LHC.

The HL-LHC may be able to reconstruct 
numerous LLP properties, notably the lifetime, 
in many BSM settings!

Model-independent LLP lifetime reconstruction
for a “kinked track” signatures

Freeze-in dark matter scenarios:

LHC LLP searches constrain parameter space         
Prompt searches are also relevant! 

Both highly complementary in constraining 
freeze-in models! 

[2002.12220]

LPC (excerpts!)
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Contribution TH@LPSC Grenoble:
Re-interpretation of LHC results for new physics

Sabine Kraml

1. Research activities

- BSM collider phenomenology (mostly SUSY, non-standard Higgs and dark matter)
- Re-interpretation of LHC results to evaluate limits and loopholes for new physics beyond

the (often simplified/vanilla) scenarios considered by the experimental collaborations
- development of methods and public tools for this purpose

The fundamental question is the quest for new physics at the TeV scale. This includes the
question what the current data really tell us about new physics, how they constrain particular
models, what scenarios still elude us (often despite the experimental summary plots suggestion
otherwise) and, last but not least, how we can ensure that the LHC results can be
used/re-assessed in the future when perhaps new theoretical ideas emerge.

Public tools: SModelS, MadAnalysis5 PAD, Lilith, Proto-model builder
More recently also contributing to CONTUR1

2. Recent (3 years) highlights

- The LHC Reinterpretation Forum Report [Aug 2020]: an extensive document signed
by 142 physicists which reviews the “Status and Recommendations after Run 2”.
Published in SciPost Phys. 9, 022 (arXiv:2003.07868). This was a milestone for the
Reinterpretation Forum.

- Release of Lilith-2 [July 2019]
Lilith is a light and easy-to-use Python tool for constraining new physics from signal
strength measurements of the 125 GeV Higgs boson. From version 2.0 onwards, it
includes the full set of published ATLAS and CMS Run 2 results for 36 fb-1, with the
full-luminosity Run 2 results being added. A major set forward is the use of variable
Gaussian and generalized Poisson likelihoods for a better treatment of asymmetric
uncertainties, including correlations. This is essential to capture (part of) non-Gaussian
effects in the measurements reported by ATLAS and CMS, see Figure 1, and has since
then also been incorporated by other groups going global fits.

1 See contribution by Ingo Schienbein on precision calculations for BSM physics

Figure 1: Fit of CF versus CV for the data from the ATLAS H→γγ analysis HIGG-2016-21 (4 production
modes including their correlations), on the left using the ordinary Gaussian approximation, on the right
with the improved treatment of asymmetric uncertainties incorporated in Lilith-2. Ref: 1908.03952

Figure 2: Examples of model constraints with SModelS 2.0, on the left chargino/neutralino limits in the
MSSM, on the right limits on long-lived charged scalars in the Inert Doublet Model. DT stands for
disappearing track, HSCP for Heavy Stable Charged Particle searches. WH, WW, WZ are the decay
channels considered in the prompt SUSY searches. SModelS is so far the only tool that can treat
constraints from prompt and LLP searches simultaneously. -work in progress-

Figure 1: Fit of CF versus CV for the data from the ATLAS H→γγ analysis HIGG-2016-21 (4 production
modes including their correlations), on the left using the ordinary Gaussian approximation, on the right
with the improved treatment of asymmetric uncertainties incorporated in Lilith-2. Ref: 1908.03952

Figure 2: Examples of model constraints with SModelS 2.0, on the left chargino/neutralino limits in the
MSSM, on the right limits on long-lived charged scalars in the Inert Doublet Model. DT stands for
disappearing track, HSCP for Heavy Stable Charged Particle searches. WH, WW, WZ are the decay
channels considered in the prompt SUSY searches. SModelS is so far the only tool that can treat
constraints from prompt and LLP searches simultaneously. -work in progress-

Contribution TH@LPSC Grenoble:  
Precise calculations for BSM physics 

 
Ingo Schienbein 

 
1. Research activities 
 

- Precise calculations for LHC observables in the presence of W’/Z’ resonances 
- Renormalization group equations for general renormalisable gauge theories 
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sensitivities calculated by Contur for each grid point can be then expressed as a 2D heatmap
showing the overall sensitivity. This will show where our BSM signal can be excluded due to
existing LHC measurements available in Rivet and which part of the phase space is still open.
The 2D heatmap can be plotted by issuing the command contu-plot on the .map file while
specifying the parameters of the x-axis (mZp) and of the y-axis (GZp) respectively. The result of
our example case is shown in Figure 4.2, where, as specified in param_file.dat, the mass of
Z 0 (x-axis) ranges between 1000 and 5000 GeV and its total decay width (y-axis) between 30 and
150 GeV. The exclusion limits are shown in yellow at 95% CL and in green at 68% CL. Here we
are using the default null hypothesis approach (background = data). Furthermore, Contur can
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Figure 4.2: Contur 2D heatmap for the leptophobic TC model, in the Z 0 mass (GeV) versus the Z 0

total decay width (GeV). The 95% CL (yellow) and 68% CL (green) exclusion limits are
superimposed considering the data as background.

plot the heatmap while indicating which analysis pool has the most significant exclusion limit in
every scan point. In our case, this can be seen from Figure 4.3 where the region on the left of
the white solid (dashed) line is excluded at 95% (68%) CL, and the terms LMETJET; METJET;
TTHAD; JETS at the end of each pool name stand for lepton, missing transverse momentum,
plus optional jets; missing transverse momentum plus jets; Fully hadronic top events; Inclusive
hadronic final states respectively.

In order to test our model using the most complete approach (background = SM predictions)
we first simulated the background for all the measurements included in the contributing pools
(see Figure 4.3) [154, 159–169] except the ones in ATLAS_13_JETS. We used the hvq POWHEG
package [126] to simulate the SM QCD background and our PBZp package for the EW part, and
added the two together to obtain an EW+QCD SM background. The scale and PDF variations

88 Constraining models with Z0 bosons using LHC fiducial measurements

Figure 4.3: The breakdown of Figure 4.2 into the most sensitive analysis pool for each scan point.

1000 2000 3000 4000 5000
mZp

40

60

80

100

120

140

G
Z
p

1000 2000 3000 4000 5000
mZp

ConturTC –th –to

0.0

0.2

0.4

0.6

0.8

1.0

C
L

s
Figure 4.4: Same as Figure 4.2 but using the SM theoretical predictions as background.

were both taken into account. Then, we created the ANALYSIS directory using the command

contur -g myscan## -th -to

where -th tells Contur to use theory as the background if available (fall back to using data
otherwise), and -to to only use measurements where theory is available (but still use data as the
background by default). Thus, to get a .map file where we (i) use only measurements where we
have a theory prediction and (ii) actually use that prediction, we need both flags together. Finally,
the 2D heatmap and the one indicating the contribution of each pool can be generated exactly

 
 
2. Recent (5 years) highlights  
 

- Release of PBZp (2015) based on the calculation in arXiv:1511/08185. This code has 
been used to provide K-factors to the ATLAS and CMS groups in their heavy resonance 
searches using top-quark pair observables. Available by contacting Tomas Jezo. 

- Release of PBVp (2021) based on the calculation in arXiv:2012.14855. This code 
generales and improves the older calculation from 2015 in various respects. The code has 
been renamed to PBVp since W’ contributions are now included. It has been implemented 
into the public CONTUR framework (see arXiv:2012.04377). It will soon be made publicly 
available (once the documentation has been written). 

- Release of PyR@TE 3.0 (2020), arXiv:2007.12700, https://github.com/LSartore/pyrate 
The new code has many important improvements over the previous versions of PyR@TE, 
in particular it is faster by factors of order 10000 which has important practical 
consequences concerning the complexity of models that can be studied. 
 

3. Connection to experimental programmes of the IN2P3 
 
The work around PBVp is fully connected to the IN2P3’s engagement in the LHC physics 
program which is also visible by the fact that the work with CONTUR is done in collaboration 
with an experimentalist from the ATLAS collaboration (Jon Butterworth, UCL London). The 
renormalization group equations are mainly needed for model building purposes which of 
course is relevant for the experimental programmes of the IN2P3 as well. 
 
4. Further information   

Figure 3: The running of di↵erent quartic couplings in the THDM-III with and without the

contributions of o↵-diagonal wave-function renormalisation to the �-functions of the quartic

couplings. Here, we have used the input parameters �1 = �3 = �4 = 0.5, �5 = �0.05,

�6 = �7 = �0.45, tan� = 2 and M12 = 5002 GeV2 at Q = mt. On the left, we have used

✏U,33 = 0.5, �2 = 0.5, tan� = 2, and on the right ✏U,33 = 1, �2 = 0.15, tan� = 50. All

other ✏i are zero.
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The underlined terms stem from the o↵-diagonal wave-function renormalisation and are

missing in the results of Refs. [1–3, 7]. In Fig. 3 we show the numerical impact of the

additional one-loop contributions on the running of the quartic couplings for two di↵erent

points. The chosen sets of the quartic couplings, tan � and M12 result in a tree-level Higgs

mass of 125 GeV 3. We see that the additional terms can lead to sizeable di↵erences already

for ✏u,33 = 0.5 and small tan� = 2. This is due to Tr(✏uY
†
u ). When increasing ✏u,33 to

1 and tan� = 50, one obtains Tr(✏uY
†
u ) ' 1 and the impact on the running couplings is

tremendous.

Of course, there are also di↵erences at the two-loop level. Those read within the same

3
While it is in principle possible to renormalise the Higgs sector of the THDM-III on-shell, large radiative

corrections can occur when extracting the MS parameters which enter the RGEs [23]. Therefore, the given

example is meant as an illustration on the di↵erence in the running, but the input parameters in the running

will change when including those corrections.

– 25 –
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Effective theories: Construction and application 
 

J. Quevillon, C. Smith, S. Touati, H. Vuong 

 

EFTs have always played a prominent role in particle phenomenology. From early applications in the 
Heisenberg-Euler action of QED, the Fermi theory of weak interactions, or the chiral Lagrangian of 
pions, the framework has since been used to describe neutrino, nuclear, flavor, electroweak and Higgs 
physics, to name but a few examples. More recent developments include EFTs for dark matter, 
inflation and cosmology, as well as the Standard Model EFT. 

The applications of EFT have seen a resurgence lately in particle physics, due in part to the lack of new 
physics at the weak scale. If new physics is indeed decoupled at heavier scales, as nature seems to be 
indicating, then the SM should be properly considered as an EFT supplemented by higher-dimensional 
operators. The coefficients of these higher-dimensional operators encapsulate the new physics that 
we are looking for, that is integrated out at some heavier energy scale. Calculating these coefficients 
is crucial since they link the UV theories to a distortion of the SM that might be observable and has 
traditionally been performed using Feynman diagrams, where amplitudes involving the heavy degrees 
of freedom are ``matched'' to the EFT amplitudes. A more elegant approach (because there are fewer 
redundancies) is to ``integrate out'' the heavy particles by evaluating the path integral directly. 
However, its adoption for practical calculations has been limited in the past by cumbersome expansion 
techniques.  

Currently, part of our work on effective theories falls within the context of axion physics, and is 
described separately. Our recent works purely in the context of effective theories are listed below. 

 
1. In the past few years, we have been developing new methods to evaluate the path integral at 

one loop more efficiently, using more appropriate expansion techniques. Compared to the 
traditional approach of matching Feynman diagrams, such path integral methods have the 
advantage of being easier to automate. The calculations can moreover be performed more 
generally, directly and systematically when computing a set of operator coefficients. 
Ultimately, it was pointed out that the one-loop effective action has a universal structure 
which makes repeated evaluation of the path integral redundant. It is this set of universal 
terms and coefficients, evaluated once-and-for-all, that forms the so-called Universal One-
Loop Effective Action (UOLEA). Starting from the UOLEA, a one-loop matching calculation is 
reduced to an algebraic manipulation of the trace of a matrix.  The goal is to develop a novel 
and efficient approach to connect experimental measurements with constraints on new 
masses and couplings for BSM models, so that one can fully appreciate and interpret 
experimental accuracy on theoretical predictions.  
 

 
 

C. Smith, S. Touati, Nucl. Phys. B 924 (2017) 417, arXiv:1707.06805 
Electric dipole moments with and beyond flavor invariants. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Axions : from Particle Physics to Cosmology 
 

LPSC : Killian Martineau, Jérémie Quevillon, Christopher Smith, Hoa Vuong. 

LUPM: Sacha Davidson, Marco Ardu.  

 

Postdoc du labex Enigmass : Fernando Arias Aragon (2021-2023). 

 

Experimental collaborations: this project has strong connection with the GrAHal experiment at Néel 
Institute and LNCMI (INP), aiming at building and operating a new haloscope in Grenoble. Also, 
collaborations are expected with the local experimental teams, for example ATLAS (on the ALP 
aspects), the MIcro-tpc MAtrix of Chambers (MIMAC) aiming at operating as an helioscope, and the 
Ultra Cold Neutron (UCN) involved in the n2EDM experiment, and planning to search for transcient 
axion effects. 

 

Abstract 

New light particles such as axions, which address the strong CP problem of the Standard Model, have 
a variety of curious, potentially observable effects in experiments, as well as a complex and eventful 
cosmological history that requires study at almost every timescale and can result in axion dark matter. 
In addition, axions are naturally present in string theory. In space, on earth and deep underground, 
experiments probing axions are flourishing: we propose theoretical and phenomenological efforts to 
improve theory predictions and identify promising benchmarks. 

 

Description 

This IN2P3 project aims to advance understanding in all directions of axion searches: directly, in 
particular at the LHC, through a full investigation of the axion-electroweak gauge couplings; indirectly, 
via the low energy imprints of heavy particles arising from the axion sector, captured by Effective Field 
Theory; and using new methods and analyses to discover axions in the cosmos. 

We have set out a resourceful research plan to theoretically investigate new aspects of axion physics, 
and will study the relevant phenomenology so that one can fully exploit the current and future large 
experimental programs aiming to discover new light particles. 

"Astroparticle physics" ...
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Research group “Particules, Astroparticules et Cosmologie / Théorie (PACT, ex-IFAC)

Summary of Research Activities in Particle Theory

1. Research activities

Lepton flavour violation (mu → e in particular), effective field theories, axion dark matter (Sacha
Davidson);  phenomenology  of  the  next-to-minimal  supersymmetric  standard  model  (Cyril
Hugonie);  dark matter  (models and collider physics),  new approaches to the hierarchy problem
(Felix Brümmer);  Higgs triplet  models (Michel Capdequi-Peyranère,  emeritus);  QCD sum rules
(Stephan  Narison,  emeritus);  mathematical  aspects  of  quantum  field  theory  (Pierre  Grangé,
emeritus).

2. Recent highlights

“Axion absorption and the spin temperature of primordial hydrogen,” A Auriol,  S Davidson, G
Raffelt, PRD 99 (2019) 2, 023013, investigating a possible link between DM axions and the 21cm
line, written together with an M1 master student.

“The higgsino–singlino sector of  the NMSSM: combined constraints  from dark matter and the

LHC,” Ulrich Ellwanger and Cyril Hugonie, Eur.Phys.J.C 78 (2018) 9, 735
Abstract:  A light  singlino  is  a  promising
candidate  for  dark  matter,  and  a  light
higgsino is natural in the parameter space of
the  NMSSM.  We  study  the  combined
constraints  on  this  scenario  resulting  from
the dark matter relic density, the most recent
results  from  direct  detection  experiments,
LEP and the LHC. In particular limits from a
recent search for electroweak production of
charginos  and  neutralinos  at  sqrt(s)  =  13
TeV after 35.9 fb−1 by CMS and constraints
on  spin-  independent  dark  matter-nucleon
cross  sections  from  XENON1T  after  one
tonne×year  exposure  are  considered.  We

∼ ∼find that scenarios with higgsino masses below  250 GeV as well as singlino masses below  100
GeV are strongly constrained depending, however, on assumptions on the bino mass parameter M1.
Benchmark points and branching fractions for future searches at the LHC are proposed. 

“Next-to-minimal dark matter at the LHC,” A. Bharucha, F. Brümmer, N. Desai, JHEP 11 (2018)
195.  

3. Connection to the experimental programmes of the IN2P3

COMET (Sacha Davidson)

4. Other information

• Master projects: none at the moment
• National/international  platforms:  CS  INR  Terascale  (Cyril  Hugonie),  CS  GDR  Deep

Underground Physics (Sacha Davidson)
• Experimental collaborations: none
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charginos  and  neutralinos  at  sqrt(s)  =  13
TeV after 35.9 fb−1 by CMS and constraints
on  spin-  independent  dark  matter-nucleon
cross  sections  from  XENON1T  after  one
tonne×year  exposure  are  considered.  We

∼ ∼find that scenarios with higgsino masses below  250 GeV as well as singlino masses below  100
GeV are strongly constrained depending, however, on assumptions on the bino mass parameter M1.
Benchmark points and branching fractions for future searches at the LHC are proposed. 

“Next-to-minimal dark matter at the LHC,” A. Bharucha, F. Brümmer, N. Desai, JHEP 11 (2018)
195.  
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