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Is Standard Model enough ? 

Standard Model is a perfectly consistent theory,  and it 
very well describes a wide range of phenomena in collider 
and many other experiments

 
However, it is certainly not the ultimate theory of nature



• Neutrino 
Oscillations 


• Dark Matter


• Baryon 
Asymmetry


• Inflation

A number of observations 
cannot be explained  
within the framework of  
the Standard Model:

All of them 
experimental 

facts!  

Why BSM?



• Small cosmological constant


• Fermion generation structure and mass/mixing hierarchies


• Vacuum metastability 


• Gauge coupling unification


• Strong CP problem


• Higgs naturalness problem

Certain features of the Standard Model  
appear ad-hoc or fine-tuned:

4

FIG. 3. Comparison of the measured distance modulus
with its expected value for the best fit accelerating uni-
verse (⇤CDM) and a universe expanding at constant velocity
(Milne). The error bars include both experimental uncertain-
ties and intrinsic dispersion. The bottom panel shows the
residuals relative to the Milne model.

lier16,22–24. We have confirmed this by a rigorous sta-
tistical analysis, using the JLA catalogue of 740 SN Ia
processed by the SALT2 method. We find marginal (i.e.
. 3�) evidence for the widely accepted claim that the
expansion of the universe is presently accelerating3.

The Bayesian equivalent of this method (a “Bayesian
Hierarchical Model”) has been presented elsewhere13.
We note that a Bayesian consistency test25 has been ap-
plied (albeit using the flawed ‘likelihood’ (equation 12)
and ‘constrained �

2’ (equation 13) methods) to deter-
mine the consistency between the SN Ia data sets ac-
quired with di↵erent telescopes26. These authors do find
inconsistencies in the UNION2 catalogue but none in
JLA. This test had been applied earlier to the UNION2.1
compilation finding no contamination, but those au-
thors27 fixed the light curve fit ‘nuisance’ parameters, so
their result is inconclusive. Including a ‘mass step’ cor-

rection for the host galaxies of SN Ia11 has little e↵ect.
While our gaussian model (4) is not perfect, it appears

to be an adequate first step towards understanding SN
Ia standardisation. One might be concerned that various
selection e↵ects (e.g. Malmquist bias) a↵ect the data.
However to address this adequately is beyond the scope
of this work. We are concerned here solely with per-
forming the statistical analysis in an unbiased manner in
order to highlight the di↵erent conclusion from previous
analyses11 of the same data.
We wish to emphasise that whether the expansion rate

is accelerating or not is a kinematic test and it is sim-
ply for ease of comparison with previous results that we
choose to show the impact of doing the correct statistical
analysis in the usual ⇤CDM framework. In particular the
‘Milne model’ should not be taken literally to mean an
empty universe since the deceleration due to gravity can
in principle be countered e.g. by bulk viscosity associated
with the formation of structure, resulting in expansion at
approximately constant velocity even in an universe con-
taining matter but no dark energy28. Such a cosmology
is not prima facie in conflict with observations of the an-
gular scale of fluctuations in the cosmic microwave back-
ground or of baryonic acoustic oscillations, although this
does require further investigation. In any case, both of
these are geometric rather than dynamical measures and
do not provide compelling direct evidence for a cosmo-
logical constant — rather its value is inferred from the
assumed ‘cosmic sum rule’: ⌦⇤ = 1 � ⌦m + ⌦k. This
would be altered if additional terms due to the back re-
action of inhomogeneities are included in the Friedmann
equations29.
The CODEX experiment on the European Extremely

Large Telescope aims to measure the ‘redshift drift’ over
a 10-15 year period to determine whether the expansion
rate is really accelerating30.

FIG. 4. Distribution of pulls (14) for the best-fit model, com-
pared to a normal distribution.

Why BSM?



What do we know about BSM ?
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Physics beyond the Standard Model  
according to H. Murayama

We are not short of  ideas  
about what could be discovered ;) 



More systematic, less ambitious  approach

 SM Lagrangian
Higher-dimensional 

SU(3)C x SU(2)L x U(1)Y invariant  
interactions added to the SM

ℒSMEFT = ℒD=2 + ℒD=3 + ℒD=4 + ℒD=5 + ℒD=6 + ℒD=7 + ℒD=8 + …

If these assumptions are true we can organize the EFT as an expansion in 1/Λ,  
where  is identified with the mass scale of the UV completion of the SMEFT,  
and each term is a linear combination of SU(3)xSU(2)xU(1) invariant operators 

of a given canonical dimension D  

Λ

In the spirit of EFT, each  should include a complete and non-redundant set of interactionsℒD

1. Locality, unitarity, Poincaré symmetry 
2. Mass gap: absence of non-SM degrees of freedom  

at or below the electroweak scale 
3. Gauge symmetry: local SU(3)xSU(2)xU(1) symmetry 

strictly respected by all interactions
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Some recent production 

Correlations between  
lepton-flavor-violating observables:
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Fig. 16 General overview of cLFV observables (correlations) in the “3+2 toy model” parameter space. All active-sterile mixing angles, as well
as Dirac and Majorana CP phases, are randomly varied (see detailed description in the text). In all panels, m4 = 1 TeV, with m5 − m4 ∈
[40 MeV, 210 GeV]. Blue points correspond to vanishing phases, while orange denote random values of all phases (δαi and ϕi , with α = e, µ, τ
and i = 4, 5). Dotted (dashed) lines denote current bounds (future sensitivity) as given in Table 1

non-vanishing values of the phases (P′
i ):

P1 : s14 = 0.0023 , s15 = −0.0024 , s24 = 0.0035 ,

s25 = 0.0037 , s34 = 0.0670 , s35 = −0.0654 ,

P2 : s14 = 0.0006 , s15 = −0.0006 , s24 = 0.008 ,

s25 = 0.008 , s34 = 0.038 , s35 = 0.038 ,

P3 : s14 = 0.003 , s15 = 0.003 , s24 = 0.023 ,

s25 = 0.023 , s34 = 0.068 , s35 = 0.068 . (32)

The variants P′
i have identical mixing angles, but in associa-

tion with the following phase configurations:

P′
1 : δ14 = π

2
,ϕ4 = 3π

4
;

P′
2 : δ24 = 3π

4
, δ34 = π

2
,ϕ4 = π√

8
;

P′
3 : δ14 ≈ π ,ϕ4 ≈ π

2
. (33)

We have chosen m4 = m5 = 5 TeV for all three benchmark
points.

The first point (P1) represents a case for which only
two cLFV observables would be within future experimen-

tal reach, µ → 3e and µ − e conversion in Aluminium;
however, in the presence of CP phases (P′

1), the predictions
for the different considered observables are now all within
future sensitivity.

The points P2 and P′
2 correspond to a similar scenario,

but for which only the two considered µ− τ observables lie
within future reach in the case of vanishing phases.

The third and final point (P3) clearly illustrates the impor-
tance of taking into account the possibility of CP violating
phases upon interpretation of experimental data. Negative
search results for the different µ − e flavour violating tran-
sitions would lead to the exclusion of the associated mixing
angles (for heavy masses ∼ 5 TeV); however, and should
CPV phases be present, the considered active-sterile mixing
regime can be readily reconciled with current bounds18 (with
µ → eγ now even lying beyond experimental reach). A sim-
ilar exercise could be carried for other heavy mass regimes,
leading to analogous conclusions.

18 A similar approach was pursued in Ref. [88], albeit for the 3 × 3
PMNS mixing matrix.
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Gravitational production of dark matter during reheating

Yann Mambrini 1,* and Keith A. Olive2,†
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We consider the direct s-channel gravitational production of dark matter during the reheating process.
Independent of the identity of the dark matter candidate or its nongravitational interactions, the
gravitational process is always present and provides a minimal production mechanism. During reheating,
a thermal bath is quickly generated with a maximum temperature Tmax, and the temperature decreases as
the inflaton continues to decay until the energy densities of radiation and inflaton oscillations are equal, at
TRH. During these oscillations, s-channel gravitational production of dark matter occurs. We show that the
abundance of dark matter (fermionic or scalar) depends primarily on the combination T4

max=TRHM3
P.

We find that a sufficient density of dark matter can be produced over a wide range of dark matter masses:
from 1 GeV to 1 ZeV.

DOI: 10.1103/PhysRevD.103.115009

I. INTRODUCTION

While we have considerable certainty in the existence of
dark matter (DM), its identity and interactions with the
Standard Model are entirely unknown. The lack of a signal
in direct detection experiments [1–3] sets strong limits on
the DM-proton cross section. Furthermore, the lack of
detection at the LHC [4] also seems also to point towards
more massive candidates and perhaps a more massive
beyond-the-Standard-Model sector than was originally
envisioned [5–7].
The mechanism by which dark matter particles populate

the Universe is also unknown. Commonly, GeV–TeV DM
candidates are assumed to exist in equilibrium as part of the
thermal bath. As the temperature falls below the DM mass,
they drop out of equilibrium, and their relic density freezes
out [5,8–11]. However, it is quite possible that DM particles
never attain thermal equilibrium. They may either be too
massive, or their interactions with the Standard Model may
be too weak. For example, particles which interact with
the Standard Model primarily through gravity, such as the
gravitino, never achieve equilibrium, though they are
produced by the thermal bath at reheating after inflation
[7,12–14]. Very roughly, their abundance Y ∼ n3=2=nγ can

be estimated from their production rate, Y ∼ Γp=H∼
TRH=MP, where H is the Hubble parameter, TRH is the
reheating temperature after inflation, andMP ¼ 1=

ffiffiffiffiffiffiffiffiffiffiffiffi
8πGN

p

is the (reduced) Planck mass. This mechanism, now
generally referred to as freeze-in, applies to a wider class
of dark matter candidates known as feebly interacting
massive particles or FIMPs [15–19]. Other examples
include dark matter particles produced by the exchange
of a massive Z0 [20] or massive spin-2 [21].
It is also possible that DM is produced in the decay of the

inflaton, either directly [22–25] or radiatively [26]. It has
also been observed that annihilation-like processes such as
ϕϕ → SS, where ϕ is the inflaton and S is a dark matter
scalar, mediated by gravity, can produce a sufficient
abundance of dark matter [27]. Indeed, the production of
dark matter solely mediated by gravity is a minimal
contribution which is nearly model independent, as we
discuss in more detail below. The production of dark matter
mediated by gravity from the thermal bath is subdominant
[21,28–31].
Often, reheating is characterized by a single temperature,

TRH, which may be defined when the energy density in the
newly produced thermal bath becomes equal to the energy
density still stored in inflaton oscillations. However, when
one drops the approximation of instantaneous reheating,
one finds that initially, the Universe reheats to a potentially
much higher temperature, Tmax, though very little of the
total energy density of the Universe is in the form of
radiation [23–25,32–34]. For all models in which dark
matter is produced during the reheating process after
inflation, the dark matter abundance may be sensitive to
the evolution of the temperature between Tmax and TRH.

*yann.mambrini@th.u-psud.fr
†olive@physics.umn.edu

Published by the American Physical Society under the terms of
the Creative Commons Attribution 4.0 International license.
Further distribution of this work must maintain attribution to
the author(s) and the published article’s title, journal citation,
and DOI. Funded by SCOAP3.
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Gravitational production can be responsible for all 
dark matter,  

for a wide range of dark matter masses: 

thermal bath during the reheating process. In any concrete
model of inflation, these temperatures can be traced to two
quantities: the coupling of the inflaton to the Standard
Model, which ultimately determines the reheating temper-
ature, and the initial energy density of the inflaton at the end
of the inflationary phase, which allows one to determine the
amount of energy available for the thermal bath, and hence
the maximum temperature. If one supposes a simple
effective coupling of the inflaton to the Standard Model
fermions of the type

Ly
ϕ−SM ¼ yϕf̄f; ð33Þ

leading to

Γϕ ¼ y2

8π
mϕ; ð34Þ

and using Eq. (21), we can write the ratio

!
Tmax

TRH

"
4

¼
25π

ffiffiffiffiffi
ρe

p

2
ffiffiffi
3

p
y2mϕMP

!
3

8

"
3=5

$
1 −

!
ae
aRH

"
5=2

%−2
:

ð35Þ

In models which are dominated by a quadratic term after
inflation, we expect ρe ∼m2

ϕM
2
P, and for example, in

the Starobinsky model of inflation [40], ρ1=4e ∼
0.65m1=2

ϕ M1=2
P ¼ 5.5 × 1015 GeV [41]. For sufficiently

large coupling, y ≃ :67ðρ1=4e =1015 GeVÞ, Tmax=TRH ¼ 1,
and reheating is nearly instantaneous. If reheating is
primarily due to a coupling of the inflaton to bosons,

Lμ
ϕ−SM ¼ μϕbb, equivalent results are obtained by sub-

stituting y → μ=mϕ.
Similarly, we can also compute TRH by combining

Eqs. (18) and (33):

T4
RH ¼

!
3y4

400απ2

"
m2

ϕM
2
P

$
1 −

!
αT4

RH

ρe

"
5=6%2

: ð36Þ

For sufficiently large ρe, the second term in the bracket can
be neglected; otherwise, TRH can be solved for iteratively.
We can now express the relic density in terms of the
coupling y using Eqs. (35) and (36) in Eqs. (26) and (27).
When aRH ≫ amax, we can write relatively compact
expressions by combining Eqs. (29), (31), (35), and
(36), and one obtains for mS;χ ≪ mϕ

ΩSh2

0.1
¼ y

10−7

ffiffiffiffiffiffiffiffiffi
ρe
1064

r ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
3 × 1013

mϕ

s
mS

5.2 × 109
; ð37Þ

Ωχh2

0.1
¼ y
10−7

ffiffiffiffiffiffiffiffiffi
ρe
1064

r !
mχ

2.6×1012

"
3
!
3×1013

mϕ

"
3=2

; ð38Þ

where as before, dimensions for mass are in GeV, with
GeV4 for ρe. We see that for a given Standard Model
coupling (y ¼ 10−7 for example), the dark matter mass
needed to reach a reasonable relic abundance is much
higher in the fermionic case than in the scalar case, bearing
in mind the minimality of the model being considered.
We plot in Fig. 3 the required relation betweenmS;χ and y

to obtain ΩS;χh2 ¼ 0.12. Values of Ωh2 > 0.12 are

FIG. 2. Points yielding the Planck relic density ΩS;χh2 ¼ 0.12
for scalar (blue, dashed) and fermionic (red, solid) dark matter, in
the (mS;χ , TRH) plane for several values of Tmax=TRH as labeled.

FIG. 3. Points in the (mS;χ , y) plane yielding the Planck-
determined relic density ΩS;χh2 ¼ 0.12 in the case of a scalar
dark matter (blue, dashed) and a fermionic dark matter (red, solid)
for two values of ρe as labeled.
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Abstract In extensions of the standard model by Majorana
fermions, the presence of additional CP violating phases has
been shown to play a crucial role in lepton number violat-
ing processes. In this work we show that (Dirac and Majo-
rana) CP violating phases can also lead to important effects
in charged lepton flavour violating (cLFV) transitions and
decays, in some cases with a significant impact for the pre-
dicted rates of cLFV observables. We conduct a thorough
exploration of these effects in several cLFV observables, and
discuss the implications for future observation. We empha-
sise how the presence of leptonic CP violating phases might
lead to modified cLFV rates, and to a possible loss of corre-
lation between cLFV observables.

1 Introduction

Neutrino oscillations signal the presence of physics beyond
the Standard Model (SM). Moreover, leptonic mixings and
massive neutrinos open the door to the violation of charged
lepton flavour. Present in several New Physics (NP) models,
heavy neutral Majorana fermions (such as right-handed neu-
trinos) are among the most appealing extensions of the SM,
often in association with a neutrino mass generation mecha-
nism, as for example in the case of a fermionic seesaw [1–5].
Such sterile states (singlets under the SM gauge group) can
also be present in more complete NP frameworks as SO(10)
and its extensions. Depending on their mass scale and interac-
tions with the SM fields, these new neutral fermions can offer
a minimal framework to address the SM observational prob-
lems: account for neutrino oscillation data, offer an expla-
nation to the baryon asymmetry of the Universe via lepto-
genesis, and possibly contribute to explain the dark matter
problem.

a e-mail: jonathan.kriewald@clermont.in2p3.fr (corresponding author)

Heavy neutral leptons (HNL), with masses ranging from
the GeV to the tens of TeV, are among the most interesting
minimal extensions of the SM, as they can be at the source
of significant contributions to numerous observables, both
at high-intensities and at colliders. Interestingly, the most
minimal tree-level mechanism for neutrino mass generation –
the type-I seesaw – calls upon the introduction of at least two
such states to account for oscillation data. The type-I seesaw
[1–5] and its low-scale variants, such as the Inverse Seesaw
(ISS) [6–8], the Linear Seesaw (LSS) [9,10] and the ν-MSM
[11–13], all call upon extending the SM via additional sterile
fermions, allowing for Dirac and Majorana mass terms for
the neutral lepton sector. Irrespective of the actual mechanism
of neutrino mass generation under consideration, the mixings
of the new states with the active left-handed neutrinos will
lead to modifications in both leptonic charged and neutral
currents, with a deep phenomenological impact. To study
and numerically assess the impact of the heavy states, it is
often convenient to consider simplified “ad-hoc” models, in
which one adds ns sterile fermions to the SM field content.
Such an approach allows to identify the most relevant effects
and the consequences for the observables under scrutiny, and
paves the way to a subsequent thorough study of complete
models of neutrino mass generation via sterile fermions.

The role of heavy neutral leptons in what concerns charged
lepton flavour violation (cLFV) (see for instance [7,14–30])
and lepton number violation (LNV) – see for instance [31–
42] - has been extensively explored in recent years, be it in
the context of mechanisms of neutrino mass generation, or
then in the framework of the above mentioned minimal ad-
hoc extensions by one or more heavy states. Several of these
studies revealed a promising potential of SM extensions via
HNL in what concerns cLFV: depending on the mass regime
and mixings with the active states, one could expect signif-
icant contributions to several observables, well within the
future experimental sensitivity (with particularly interesting
prospects in the µ − e sector). Moreover, in given scenar-
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Rigorous treatment of the S1=Z2 orbifold model with brane-Higgs couplings

Ruifeng Leng ,* Grégory Moreau ,† and Florian Nortier ‡

1Université Paris-Saclay, CNRS/IN2P3, IJCLab, 91405 Orsay, France

(Received 25 January 2021; accepted 16 March 2021; published 12 April 2021)

We build rigorously the attractive five-dimensional model where bulk fermions propagate along the
S1=Z2 orbifold and interact with a Higgs boson localized at a fixed point of the extra dimension. The
analytical calculation of the fermion mass spectrum and effective Yukawa couplings is shown to require the
introduction of either essential boundary conditions (EBC) imposed by the model definition or certain
bilinear brane terms (BBT) in the action, instead of the usual brane-Higgs regularizations. The obtained
fermion profiles along the extra dimension turn out to undergo some discontinuities, in particular at the
Higgs brane, which can be mathematically consistent if the action is well written with improper integrals.
We also show that the Z2 parity transformations in the bulk do not affect the fermion chiralities, masses and
couplings, in contrast with the EBC and the BBT, but when extended to the fixed points, they can generate
the chiral nature of the theory and even select the Standard Model chirality setup while fixing as well the
fermion masses and couplings. Thanks to the strict analysis developed, the duality with the interval model
is scrutinized.

DOI: 10.1103/PhysRevD.103.075010

I. INTRODUCTION

As it is well known since the 2000s, the paradigm of
models with additional spatial dimensions1 constitutes an
attractive alternative to supersymmetry for addressing the
Standard Model (SM) puzzle of the gauge hierarchy.
Furthermore, the warped dimension framework [1] with
SM fermions in the whole bulk [2] offers an elegant
geometrical principle of fermion profile overlap generating
the SM fermion mass hierarchy [3] (see concrete applica-
tion models, e.g., in Refs. [4–9]). In order to realize these
two hierarchical features, the Brout-Englert-Higgs scalar
field [10,11], which is at the origin of the SM particle
masses through the electroweak symmetry breaking, must
be stuck at the so-called TeV-brane2 (or located in the bulk
with a wave function strongly peaked at this brane). The
TeV-brane is a 3-brane (three spatial dimensions) possibly

at a boundary of the finite warped extra dimension.3 More
generally, a brane is an hypersurface located in an higher-
dimensional space. It can arise in the context of string
theories as D-branes which are dynamical objects with
quantum properties [28,29] (see also Refs. [30,31] for the
supergravity limit of string theories).4

In this paper, we will study the original version [1] of the
warped dimension scenario based on the S1=Z2 orbifold
[34,35] where the extra space is compactified on a circle
respecting a spatial parity of the Lagrangian.5 Focusing our
attention on the subtle bulk fermion interactions with the
brane-Higgs field localized at a fixed point, we will analyze
the toy model with a flat extra dimension and the minimal
field content: the results obtained on the fermion-Higgs
coupling structure are directly applicable to the realistic
warped model.
We will clarify the treatment of the bulk fermion

couplings to the brane-localized Higgs boson, within
the S1=Z2 orbifold background, by building rigorously
the four-dimensional (4D)6 effective Lagrangian of the
minimal model, that is by calculating consistently the

*ruifeng.leng@ijclab.in2p3.fr
†moreau@ijclab.in2p3.fr
‡nortier@ijclab.in2p3.fr
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1Together with the composite Higgs models which are dual
models via the AdS=CFT correspondance.

2Let us mention here other possible phenomenological moti-
vations, as from neutrino mass models, for the Higgs boson to be
stuck at the boundary of an interval [12–16] or for fermions to
propagate in the bulk [17,18].

3See for instance Ref. [19–26] for its phenomenology and
Ref. [27] in a supersymmetric context.

4See Ref. [32,33] for brane-world effective field theories.
5An orbifold O being defined as an extra compact manifold C

with so-called fixed points where the introduced spatial trans-
formation (element from a discrete group G)—letting the
Lagrangian invariant—is just equivalent to the identity. It is
noted O ¼ C=G and possesses thus singularities, not like a
smooth manifold [36,37].

6Including time.
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the two regions—so that only consistent action defi-
nition arguments were considered here.
Finally, the Lagrangians of the whole expression (2.4)

will respect the Z2 symmetry since the Lagrangian
Lkin will fulfill the condition (2.2) and the brane action
will exclusively involve Lagrangians taken at fixed points
like for example [see Eq. (2.13)], Sbranes ∋ SY ¼R
d4xLYðxμ; πRÞ.

B. Field content and complete action

1. Bulk fermion fields

Let us introduce the minimal spin-1=2 field content
which allows to write down a SM Yukawa-like coupling
between zero mode fermions (of different chiralities) and a
spin-0 field (see Sec. II B 3). It is constituted by a pair of
fermion fields called Q and D. Those particles propagate
along the circle S1, as we have in mind an extension of this
toy model to a realistic scenario with bulk matter (cf.,
Sec. II B 4) where Q, D will represent respectively the
SUð2ÞL gauge doublet down-component quark and the
singlet down-quark.
The 5D fields Qðxμ; yÞ and Dðxμ; yÞ—of mass dimen-

sion 2—have the following kinetic terms [entering
Eq. (2.4)] which allow to recover canonical covariant

kinetic terms for the associated fermions in the 4D effective
action (as imposed by the argument of decoupling limit12):

Lkin ¼
i
2
ðQ̄ΓM∂M

⟷
Qþ D̄ΓM∂M

⟷
DÞ; ð2:5Þ

using the standard notations ∂M

⟷
¼ ∂⃗M − ∂M

 !
, ∂M ¼

∂=∂xM, xM ¼ ðxμ; yÞ with M ∈ ⟦0; 4⟧ for the coordinates
xM ∈ M4 × S1=Z2 and ΓM for the 5D Dirac matrices
(cf., Appendix A). In the used conventions, the 5D Dirac
spinor, being in the irreducible representation of the
Lorentz group, reads for example for Q as,

Q ¼ QL þQR with QL ¼
"
QL

0

#
; QR ¼

"
0

QR

#
;

ð2:6Þ

in terms of the two two-component Weyl spinors QL, QR,
L=R standing for the left/right chirality, and as usu-
ally Q̄ ¼ Q†γ0.

FIG. 3. Zero-mode and excitation wave functions qnL=RðyÞ, dnL=RðyÞ, with n ¼ 0, 1, 2, along the S1=Z2 orbifold domain,
y ∈ ½−πRþ; 0−& ∪ ½0; πR&, corresponding to the Yukawa-coupled solutions (5.18), presented in Table II, for the simplified case,
αY ¼ αn0 ¼ 0, and the two different types of Z2 transformations, I, II from Eqs. (5.7)–(3.9). The two fixed points at, y ¼ 0,
y ¼ πR≡ −πR, the BC, ð−Þ=ðþÞ=ð×Þ, the BBT and Yukawa coupling brane-locations are indicated on the graph.

12From the theoretical consistency and phenomenological
points of view, the SM must be approximately recovered at
low-energies in the limit of infinitely heavy KK excitations.
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Abstract: Precision measurements in allowed nuclear beta decays and neutron decay
are reviewed and analyzed both within the Standard Model and looking for new physics.
The analysis incorporates the most recent experimental and theoretical developments. The
results are interpreted in terms of Wilson coefficients describing the effective interactions
between leptons and nucleons (or quarks) that are responsible for beta decay. New global
fits are performed incorporating a comprehensive list of precision measurements in neutron
decay, superallowed 0+ → 0+ transitions, and other nuclear decays that include, for the
first time, data from mirror beta transitions. The results confirm the V -A character of
the interaction and translate into updated values for Vud and gA at the 10−4 level. We
also place new stringent limits on exotic couplings involving left-handed and right-handed
neutrinos, which benefit significantly from the inclusion of mirror decays in the analysis.
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Figure 2. 1σ constraints on scalar and tensor coefficients using different subsets of beta decay
data. The measurement of ã(6He) does not exclude any portion of the region shown in this plot.
See appendix B for details about the various data sets.

describing the running of εX between the hadronic and mW scales in the WEFT have
also been written down [71]. Using those, the results below can be easily translated into
constraints on the Wilson coefficients in the SMEFT.

Since the data require |εX | ! 1, we will work to linear order in εX . Then the dictionary
in eq. (2.3) reduces to

C+
V = V̂ud

v2

√
1 + ∆V

R gV , C+
A ≈ − V̂ud

v2

√
1 + ∆A

R gA
(
1 − 2εR

)
,

C+
T ≈ V̂ud

v2
gT εT , C+

S ≈ V̂ud

v2
gSεS , (4.6)

where we defined the “polluted” CKM element V̂ud ≡ Vud
(
1 + εL + εR

)
. It is important

to realize that, using the nuclear data alone, it is not possible to disentangle the true
CKM element Vud from the new physics corrections parameterized by εL + εR. Indeed,
the data independently constrain four Wilson coefficients C+

V,A,S,T , which however depend
on five quark-level parameters Vud and εL,R,S,T , leaving one flat direction. Note that, for
εL+εR %= 0, V̂ud is not an element of a unitary matrix, and thus it is not tied by the unitarity
relation to Vus measured in kaon decays. Conversely, a conclusive proof that V̂ 2

ud+V 2
us %= 1

would be an evidence for the existence of new physics, manifesting as εL + εR %= 0 in the
quark-level effective Lagrangian.9 Furthermore, in the presence of new physics, the nuclear

9In reality the issue is slightly more complicated, because kaon decays also probe a “polluted” V̂us rather
than the original CKM element Vus. Thus, evidence for V̂ 2

ud + V̂ 2
us != 1 can be interpreted as new physics in

the ud sectors, or in the us sector, or both [72, 73].
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Abstract We analyze relevant signals expected at the LHC
for a stop as the lightest supersymmetric particle (LSP). The
discussion is carried out in the framework of the µνSSM,
where the presence of R-parity violating couplings involv-
ing right-handed neutrinos solves the µ-problem and repro-
duces neutrino data. The stops are pair produced at the LHC,
decaying with displaced vertices to a lepton and a bottom
quark or a neutrino and a top quark. We compare the pre-
dictions of this scenario with ATLAS and CMS searches for
long-lived particles. To analyze the parameter space we sam-
ple the µνSSM for a stop LSP using a likelihood data-driven
method, and paying special attention to reproduce the current
experimental data on neutrino and Higgs physics, as well as
flavor observables. Our results translate into a lower limit on
the mass of the left (right) stop LSP of 1068 GeV (1341 GeV),
corresponding to a decay length of 1.86 mm (6.61 mm).
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1 Introduction

The ‘µ from ν’ Supersymmetric Standard Model (µνSSM)
[1] is a highly predictive model (for a recent review, see Ref.
[2]), alternative to the Minimal Supersymmetric Standard
Model (MSSM) [3–7]. The µνSSM solves the µ-problem
and the ν-problem (neutrino masses) simultaneously with-
out the need to introduce additional energy scales beyond
the supersymmetry (SUSY)-breaking scale. In contrast to
the MSSM, and to the Next-to-MSSM (NMSSM) [8,9], R-
parity and lepton number are not conserved, leading to a
completely different phenomenology characterized by dis-
tinct prompt or displaced decays of the lightest supersymmet-
ric particle (LSP), producing multi-leptons/jets/photons with
small/moderate missing transverse energy (MET) from neu-
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We consider the effects of nonminimal couplings to curvature of the form ξSS2R for three types of
scalars: the Higgs boson, the inflaton, and a scalar dark matter candidate. We compute the abundance of
dark matter produced by these nonminimal couplings to gravity and compare to similar results with
minimal couplings. We also compute the contribution to the radiation bath during reheating. The main
effect is a potential augmentation of the maximum temperature during reheating. A model independent
limit of Oð1012Þ GeV is obtained. For couplings ξS ≳Oð1Þ, these dominate over minimal gravitational
interactions.
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I. INTRODUCTION

Promoting a field theory Lagrangian from a Lorentz-
invariant one to a generally covariant one necessarily leads
to an interaction between the fields of the theory and the
gravitational field. In the case of a scalar field, S, the natural
generalization of this minimal interaction scenario is to
introduce a nonminimal coupling term of the form

∝ ξSS2R: ð1Þ

Here R is the Ricci scalar and ξS is a nonminimal coupling
constant. This nonminimal coupling to gravity proved to be
useful in many applications to cosmology. Examples
include Higgs inflation [1,2], where S is associated with
the Higgs field degree of freedom h—the only scalar degree
of freedom in the Standard Model, preheating [3], where S
is associated with the inflaton field ϕ, and nonperturbative
production of dark matter [4], where S represents the scalar
dark matter particle X.
In the general case, when the fields ϕ, h, and X are all

different, the question arises as to what extent they must
interact with each other in order to successfully reheat the

Universe and generate the right amount of dark matter.
Recent studies have shown that interactions via gravity
alone, to which the fields are coupled minimally, is enough
for these purposes. Indeed, the perturbative gravitational
production of dark matter through graviton exchange
can play a dominant role during reheating with processes
involving the inflaton [5–7] as well as thermal bath
particles [6,8]. Further, the minimal gravitational coupling
can lead to the completion of the reheating process for
certain types of the inflationary potential, VðϕÞ ∼ ϕk with
k > 2 [6,9]. Thus, gravity is strong enough to mediate per-
turbative channels of reheating and dark matter production.
The purpose of this work is to study how the inclusion of

the nonminimal coupling terms of the form (1) affect the
gravitational production of dark matter and radiation during
reheating. Note that the presence of these terms is unavoid-
able: if there were no such couplings at tree level, they
would still be generated by quantum corrections [10]. We
study particle production in the processes hh → XX,
ϕϕ → hh, and ϕϕ → XX, which are induced by the non-
minimal couplings. Here ϕ represents the inflaton back-
ground oscillating around its minimum after the end of
inflation [11]. Since the scalar fields couple directly to the
curvature scalar R, the oscillating background causes the
effective masses of the fields to change nonadiabatically
and leads to particle production. This regime of particle
creation has been considered in several different contexts,
including gravitational production of scalar [12,13], fer-
mion [14], and vector dark matter [15].
Our main interest is to compare the (dark) matter

production channels induced by the nonminimal couplings
with the production via the s-channel graviton exchange
that sets minimal possible production rates. We will see for
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We study the possibility that, after inflation,the inflaton reaches thermal equilibrium with the Standard
Model thermal bath and eventually freezes out in the nonrelativistic regime. When the inflaton decay is the
sole source of (nonthermal) dark matter, its relic density is automatically suppressed. We delineate
parameter space leading to the correct dark matter abundance. The model allows for a significant Higgs-
inflaton coupling which may lead to invisible Higgs decay into inflaton pairs at the LHC.
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I. INTRODUCTION

The Standard Model (SM) of particle physics is chal-
lenged by the existence of dark matter (DM) and an
inflationary paradigm. One of the minimalistic options to
address these cosmological issues is to extend the SM with
just 2 degrees of freedom in the form of 2 real scalars. One
scalar would then be responsible for driving inflation, while
the other would be stable and play the role of dark matter.
The inflationary energy must subsequently be converted
into SM radiation, which necessitates a coupling between
the inflaton and some SM fields. The leading renormaliz-
able couplings are provided by the “Higgs portal” [1,2],

ΔV ¼ 1

2
λϕhϕ2H†H þ σϕhϕH†H; ð1Þ

where ϕ is the inflaton and λϕh; σϕh are some coupling
constants. On general grounds, these interactions are
expected to be responsible for reheating the Universe.
Analogous couplings can be written down for the dark
matter field, which would lead to DM production directly
by the inflaton.
The absence of the direct DM detection signal motivates

one to consider seriously the possibility that dark matter
couples feebly to normal matter. It may have never been in
thermal equilibrium and its current abundance could be
determined directly by its coupling to the inflaton. This
framework has been analyzed in detail in [3] and reviewed
in [4]. In our work, we extend the previous studies by

considering inflaton thermalization due to its interaction
with the Higgs field and subsequent inflaton freeze-out.
This suppresses the inflaton energy density compared to
that of the SM thermal bath. If inflaton decay is the only
source of nonthermal dark matter, the relic abundance of
the latter will consequently be suppressed, as required by
observations. In what follows, we discuss the technical
aspects of this mechanism and delineate parameter space
leading to the correct DM abundance.

II. HIGGS PORTAL FRAMEWORK

The minimal Standard Model extension that accommo-
dates dark matter and inflation includes two real scalars, ϕ
(inflaton) and s (dark matter).1 This framework is reviewed
in [4]. The only renormalizable inflaton couplings to the
Standard Model are

Vϕh ¼
1

4
λϕhϕ2h2 þ 1

2
σϕhϕh2; ð2Þ

where we have assumed the unitary gauge for the Higgs
field H ¼ ð0; h=

ffiffiffi
2

p
ÞT. The inflaton mass is denoted by mϕ

and ϕ is taken to have a zero VEV. The DM couplings to
the inflaton are given by

Vϕs ¼
1

4
λϕsϕ2s2 þ 1

2
σϕsϕs2; ð3Þ

where a stabilizing Z2 symmetry s → −s has been
imposed. The DM mass is denoted by ms. In what follows,
we study the possibility that dark matter is nonthermal and
the Higgs-DM interactionPublished by the American Physical Society under the terms of

the Creative Commons Attribution 4.0 International license.
Further distribution of this work must maintain attribution to
the author(s) and the published article’s title, journal citation,
and DOI. Funded by SCOAP3.

1It is possible that the inflaton also plays the role of dark matter
[5,6], yet the minimal option is strongly constrained [7].
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Abstract: We study the capabilities of the DUNE near detector to probe deviations from
unitarity of the leptonic mixing matrix, the 3+1 sterile formalism and Non-Standard Inter-
actions affecting neutrino production and detection. We clarify the relation and possible
mappings among the three formalisms at short-baseline experiments, and we add to cur-
rent analyses in the literature the study of the νµ → ντ appearance channel. We study
in detail the impact of spectral uncertainties on the sensitivity to new physics using the
DUNE near detector, which has been widely overlooked in the literature. Our analysis
shows that this plays an important role on the results and, in particular, that it can lead to
a strong reduction in the sensitivity to sterile neutrinos from νµ → νe transitions, by more
than two orders of magnitude. This stresses the importance of a joint experimental and
theoretical effort to improve our understanding of neutrino nucleus cross sections, as well
as hadron production uncertainties and beam focusing effects. Nevertheless, even with our
conservative and more realistic implementation of systematic uncertainties, we find that an
improvement over current bounds in the new physics frameworks considered is generally
expected if spectral uncertainties are below the 5% level.
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Abstract With very few exceptions, the large amount of
available experimental bounds on heavy neutral leptons –
HNL – have been derived relying on the assumption of the
existence of a single (usually Majorana) sterile fermion state
that mixes with only one lepton flavour. However, most of the
extensions of the Standard Model involving sterile fermions
predict the existence of several HNLs, with complex mixing
patterns to all flavours. Consequently, most of the experimen-
tal bounds for HNLs need to be recast before being applied to
a generic scenario. In this work, we focus on LHC searches
of heavy neutral leptons and discuss how to reinterpret the
available bounds when it comes to consider mixings to all
active flavours, not only in the case with a single HNL, but
also in the case when more heavy neutral leptons are involved.
In the latter case, we also consider the possibility of inter-
ference effects and show how the bounds on the parameter
space should be recast.
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1 Introduction

Generating neutrino masses and their mixing as observed in
neutrino oscillation phenomena requires to go for beyond
the Standard Model of Particles (BSM). Many options are
presently explored as extensions of the Higgs and/or gauge
sectors, most of the time with new fields within the particle
content. In particular heavy neutral fermions, such as right-
handed neutrinos νR , are often present as building blocks of
several neutrino mass generation mechanisms. For instance,
at least two νR are required to accommodate light neutrino
masses via the type-I seesaw mechanism [1–5]. Moreover,
in several variants of the type-I seesaw realized at low scale,
other sterile (from SM gauge interactions) fermions νS are
considered, as in the case for the Inverse [6–8] and Linear
[9,10] seesaw mechanisms; these variants allow to have large
neutrino Yukawa couplings with a comparatively low seesaw
scale, potentially within reach at colliders. From now on, we
will refer to these states (νR,S) as Heavy Neutral Leptons
(HNL).

Due to the presence of HNLs, the charged and neutral cur-
rents are modified, with the leptonic mixing matrix encoding
now not only the PMNS mixing matrix [11,12], but also the
active-HNL mixings UαN , α = e, µ, τ . With these modifi-
cations and depending on the mass scale of these new neutral
leptons, one expects an impact on numerous observables and
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Abstract: We study causality in gravitational systems beyond the classical limit. Using
on-shell methods, we consider the 1-loop corrections from charged particles to the photon
energy-momentum tensor — the self-stress — that controls the quantum interaction between
two on-shell photons and one off-shell graviton. The self-stress determines in turn the
phase shift and time delay in the scattering of photons against a spectator particle of any
spin in the eikonal regime. We show that the sign of the β-function associated to the
running gauge coupling is related to the sign of time delay at small impact parameter. Our
results show that, at first post-Minkowskian order, asymptotic causality, where the time
delay experienced by any particle must be positive, is respected quantum mechanically.
Contrasted with asymptotic causality, we explore a local notion of causality, where the time
delay is longer than the one of gravitons, which is seemingly violated by quantum effects.
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1
Questions

Is there CP violation  

in the neutrino sector? 

ℒ5 =
1

Λ5
(HL)Yν(HL)… →

1
2Λ5

νYνν
Neutrino masses and mixing show that 

 for  Λ5 ∼ 1015 GeV 𝒪(1) Yν

ν’s 
oscillations
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DUNE mission and concept

2

✔ New neutrino beam facility at Fermilab 
✔ A highly capable Near Detector at Fermilab to measure the unoscillated neutrino

spectrum and flux constraints
✔ A large LArTPC deep underground at SURF (Lead (SD) 1300 km baseline) to

measure oscillations and non-beam physics
✔ Exposure of ~10 years to ν / ν modes (50% / 50%)

E. Kemp | DUNE: The precision era of neutrino physics 

● What is the origin of the matter-antimatter asymmetry in the universe?
● What are the fundamental underlying symmetries of the universe?
● Is there a Grand Unified Theory of the Universe?
● How do supernovae explode? New physics from a neutrino burst?



2
Questions

What is the scale of  

dimension-6 SMEFT operators  ?
So far only limits:

Cduu(dcuc)(ucec) |Cduu | ≤ ( 1
3.5 × 1015 GeV )

2

.

[CeB]12(L̄1Hσ̄αβμ̄c)Bαβ
[CeB]12 ≤

1

(65 PeV)2 .

[Cdd]2121(scσμd̄c)(scσμd̄c) −
1

(25 PeV)2
≲ Im[Cdd]2121 ≲

1
(44 PeV)2

,

CH |H |6 |CH | ≲
1

(1 TeV)2



3
Questions

Are there additional   

light weakly interacting particles?
For example sterile neutrinos, or axions  

If yes, that would imply a slight modification  
of the particle physics framework  used to describe our experiments  

ℒ = ℒ1 + ℒ2 + ℒ3 + ℒ4 + ℒ5 + ℒ6 + …

add new terms with the new degrees of freedom



4
Questions

What is the nature of dark matter?

1) galaxy rotation curves

Be
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(1
99

1)

ΩM ! 0.1

vc(r) ∼ const ⇒ ρM (r) ∼
1

r2

The Evidence for DM

vc(r) =

r
GNM(r)

r

m
v2

c (r)
r

=
GNmM(r)

r2

‘centrifugal’ ‘centripetal’

with M(r) = 4⇡

Z
⇢(r) r2dr

However, so far we only see gravitational effects of dark matter,  
and we know almost nothing about it's particle (or another) nature



5
Questions

Is there another formulation

of quantum field theory?

Recent attempts at alternative formulations  
where spacetime and locality is emergent rather than fundamental concept 

Unitarity, causality, locality, Lorentz invariance 
impose unexpected constraints on  
consistent quantum field theories

UV-IR connections? 

Connections to classical physics
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Thank you


