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

appointment  with  the  German  Electron  Synchrotron  (DESY)  a

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

Standard  Model"

to  be  filled  as  soon  as  possible.

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

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

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

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

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

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

phenomenology  of  particle  physics  to  lattice  gauge  theory.

Candidates  /  students  should  be  expelled  through  excellence  with  international  recognition

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

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

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

model  extensions  and  phenomenological  studies  of  experimental  verification  to  be  carried

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

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

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

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

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

research  program.

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

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

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

for  qualified  scientists  urgently  to  apply.  Severely  disabled  applicants  /  will  be  given
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in Hamburg

Theory Jamboree
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The SM and... the LHC data so far
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Status: July 2018

ATLAS Preliminary

Run 1,2
p
s = 7,8,13 TeV

Theory

LHC pp
p
s = 7 TeV

Data 4.5 � 4.9 fb
�1

LHC pp
p
s = 8 TeV

Data 20.2 � 20.3 fb
�1

LHC pp
p
s = 13 TeV

Data 3.2 � 79.8 fb
�1

Standard Model Production Cross Section Measurements
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The SM and... the LHC data so far

rules the world!
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[and we, HEP practitioners, are all entitled for some royalties!]

The SM and... the LHC data so far

rules the world!
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The SM and... the rest of the Universe

[and we all have to return our royalties!]

+...

is not enough
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The SM and... the rest of the Universe

[and we all have to return our royalties!]

+...

Planck Collaboration: Cosmological parameters

Fig. 1. Planck foreground-subtracted temperature power spectrum (with foreground and other “nuisance” parameters fixed to their
best-fit values for the base ⇤CDM model). The power spectrum at low multipoles (` = 2–49, plotted on a logarithmic multi-
pole scale) is determined by the Commander algorithm applied to the Planck maps in the frequency range 30–353 GHz over
91% of the sky. This is used to construct a low-multipole temperature likelihood using a Blackwell-Rao estimator, as described
in Planck Collaboration XV (2013). The asymmetric error bars show 68% confidence limits and include the contribution from un-
certainties in foreground subtraction. At multipoles 50  `  2500 (plotted on a linear multipole scale) we show the best-fit CMB
spectrum computed from the CamSpec likelihood (see Planck Collaboration XV 2013) after removal of unresolved foreground com-
ponents. The light grey points show the power spectrum multipole-by-multipole. The blue points show averages in bands of width
�` ⇡ 31 together with 1� errors computed from the diagonal components of the band-averaged covariance matrix (which includes
contributions from beam and foreground uncertainties). The red line shows the temperature spectrum for the best-fit base ⇤CDM
cosmology. The lower panel shows the power spectrum residuals with respect to this theoretical model. The green lines show the
±1� errors on the individual power spectrum estimates at high multipoles computed from the CamSpec covariance matrix. Note the
change in vertical scale in the lower panel at ` = 50.

3

 Neutrino masses
 Matter-antimatter asymmetry

 Dark Matter
 Dark Energy

 Quantum gravity
{

is not enough
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With Higgs boson, SM is self-consistent 
but doesn’t provide a complete description of matter

Where and how does the SM break down?
Which machine(s) will reveal (best)  this breakdown?

Energy Frontier or Intensity Frontier?
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Baryon number violation(s)

Why are we expecting B violation(s)?
   1) Global symmetry are not consistent with quantum gravity 
   2) Need to generate matter-antimatter imbalance
   3) Why not? Neutral meson oscillations, neutral lepton oscillations (very likely), why not neutral baryon oscillations?
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Baryon number violation(s)

Why are we expecting B violation(s)?
   1) Global symmetry are not consistent with quantum gravity 
   2) Need to generate matter-antimatter imbalance
   3) Why not? Neutral meson oscillations, neutral lepton oscillations (very likely), why not neutral baryon oscillations?

conservation of angular momentum ⇒ spin of nucleon should be transferred to another fermion

Selection rule
  

1) ΔB=ΔL (nucleon → antilepton)
2) ΔB=-ΔL (nucleon → lepton)
3) ΔL=±2 (0νββ)
4) ΔB=±2 (nn oscillations)
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EW Baryogenesis?
Strong bounds on proton decay → BNV at high scale?

EW baryogenesis requires first order EW phase transition implying large deviation of Higgs self-coupling   
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EW Baryogenesis?
Strong bounds on proton decay → BNV at high scale?

EW baryogenesis requires first order EW phase transition implying large deviation of Higgs self-coupling   
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Figure 12: A summary of the bounds on ”Ÿ⁄ from global fits for various future collider scenarios.
For the “1h only” scenario, only single Higgs measurements at lepton colliders are included.

deviations of O(1) in the Higgs self-coupling. As one can see from Fig. 12, this precision
is comparable to (or better than) the one achievable at low-energy lepton colliders with
low integrated luminosity at 350 GeV runs. This is the case for our circular collider
benchmarks with 200 fb≠1 integrated luminosity at 350 GeV, as well as for the low-energy
runs of the ILC. In these scenarios the HL-LHC data will still play a major role in the
determination of ”Ÿ⁄, while lepton colliders always help constraining large positive ”Ÿ⁄

that the HL-LHC fails to exclude beyond the one-sigma level. On the other hand, with
1 ab≠1 of luminosity collected at 350 GeV, the lepton collider data starts dominating the
combination.

The situation is instead di�erent at high-energy hadron colliders which can benefit
from a sizable cross section in double Higgs production through gluon fusion. A pp

collider with 100 TeV center-of-mass energy is expected to determine ”Ÿ⁄ with a precision
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EW Baryogenesis?
Strong bounds on proton decay → BNV at high scale?

EW baryogenesis requires first order EW phase transition implying large deviation of Higgs self-coupling   
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even hZZ measurements alone are a powerful test of PT!
(hZZ and hhh is better)

Huang,	AL,	&	Wang	(1608.06619)	
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C
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20	

electroweak baryogenesis requires 1st order EWPT

• Huang, Long, Wang, Phys. Rev. D 94, no. 7, 075008 (2016)  
• see also: Kotwal, Ramsey-Musolf, No, Winslow, Phys. Rev. D 94, no. 3, 035022 (2016)

ElectroWeak Phase Transition (EWPT)
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EWPT is 1st order giving rise to GW stochastic background
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Figure 12: A summary of the bounds on ”Ÿ⁄ from global fits for various future collider scenarios.
For the “1h only” scenario, only single Higgs measurements at lepton colliders are included.

deviations of O(1) in the Higgs self-coupling. As one can see from Fig. 12, this precision
is comparable to (or better than) the one achievable at low-energy lepton colliders with
low integrated luminosity at 350 GeV runs. This is the case for our circular collider
benchmarks with 200 fb≠1 integrated luminosity at 350 GeV, as well as for the low-energy
runs of the ILC. In these scenarios the HL-LHC data will still play a major role in the
determination of ”Ÿ⁄, while lepton colliders always help constraining large positive ”Ÿ⁄

that the HL-LHC fails to exclude beyond the one-sigma level. On the other hand, with
1 ab≠1 of luminosity collected at 350 GeV, the lepton collider data starts dominating the
combination.

The situation is instead di�erent at high-energy hadron colliders which can benefit
from a sizable cross section in double Higgs production through gluon fusion. A pp

collider with 100 TeV center-of-mass energy is expected to determine ”Ÿ⁄ with a precision
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A strong first order phase transition
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However in the SM:
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We require new (EW-scale) physics!
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Yukawa couplings are controlled by the VEV of some scalar
fields (the so-called “flavons”) and it is natural to wonder
about their cosmological dynamics. Our working assumption
is that the flavon couples to the Higgs and therefore the flavon
and the Higgs VEV dynamics are intertwined, motivating the
possibility that the Yukawas vary during the EWPT. The vari-
ous implications of this framework for electroweak baryogen-
esis will be presented in a series of papers. We will in particu-
lar discuss the CKM matrix as the unique CP-violating source
[31] as well as specific models of varying Yukawas [32, 33].

In this letter, the key point we want to make is that we do not
need to specify the dynamics responsible for the evolution of
the Yukawas to derive the nature of the EWPT. In fact, even if
the dynamics of the scalar potential of the flavon-Higgs cou-
pled system would correspond to a second order EW phase
transition when ignoring the variation of fermion masses, the
fact that the Yukawas of the SM were large during the EWPT
is enough to completely change the nature of the EWPT, while
relying only on the SM degrees of freedom (dof).

III. EFFECT OF FERMIONIC MASSES ON THE EWPT

The physics of the effect of varying Yukawas is related to
the contribution of effective relativistic dof g⇤ to the effec-
tive potential Ve↵ � �g⇤⇡2T 4/90. Regions in Higgs space
in which species are massive correspond to a decrease in g⇤
and hence an increase in Ve↵ . The effect of species coupled to
the Higgs is therefore to delay and hence strengthen the phase
transition. In the usually assumed case where the Yukawas
have the same values during the EWPT as today, all Yukawas
except the one of the top quark are small and therefore al-
most all fermions are light even in the broken phase during the
EWPT. Therefore there is no significant change in g⇤ during
the EWPT and the effect of the light fermions is negligible.
Crucially, the contribution of bosonic species to the finite-T
effective potential also includes a term cubic in the mass and
hence bosonic dof not only delay the phase transition but also
create a barrier between the two minima. However, the effect
of the SM bosons is insufficient to provide a strong first-order
phase transition [1]. Thus, the common lore consists of adding
additional bosonic degrees of freedom to strengthen the phase
transition. As mentioned in the introduction, this has been
severely constrained at the LHC.

On the other hand, it was shown in [34] that adding new
strongly-coupled fermions with constant Yukawa couplings
can also help to strengthen the EWPT. Though these do not
create a thermal barrier on their own, they can lead to a de-
crease in g⇤ between the symmetric and broken phases and
hence delay and strengthen the phase transition. However,
these models are far from minimal. They suffer from a vac-
uum instability near the EW scale due to the strong coupling
of the new fermions and new bosons are also needed to cure
this instability.

In our approach of varying Yukawas, these problems are
alleviated. We are interested in models where the variation
of the Yukawa couplings is due to the VEV of a flavon field,
coupled to the Higgs, whose VEV therefore also varies during

FIG. 1: The mass of a fermionic species as a function of � for a
constant Yukawa coupling, n = 0, and varying Yukawas. In the
constant Yukawa case we take y(�) = 1. For the varying Yukawa
cases we take y1 = 1 and y0 = 0 (see Eq. 2).

the EWPT. If the Yukawa couplings decrease with the Higgs
background value �, the SM fermions can be massless both
in the symmetric phase, at � = 0, as well as at � ⇠ v due to
the falling couplings, but be massive somewhere in between,
i.e in the region 0 < � < v. This raises the potential in this
area and can therefore create a barrier. The quantitative size of
this effect is encoded in the effective potential which we shall
study below.

We stress that this does not mean that the Yukawa couplings
are controlled solely by the Higgs field, i.e. the Higgs need not
itself be the flavon (such a scenario is strongly constrained by
various Higgs and flavour measurements, see [20, 21, 26, 27]).
The variation of the Yukawas is related to the variation of the
Higgs VEV during the EWPT (during which the flavon VEV
may also change) but the Yukawas today do not depend on
the Higgs VEV v = 246 GeV nor are the Higgs-fermion cou-
plings sizeably affected. Model-dependent implementations
will be presented elsewhere [32, 33].

The aim of this letter is to stress the model-independent
features of the physics of Yukawa variation. We will therefore
present results using the following ansatz for the variation of
the Yukawa related to the variation of the Higgs VEV itself:

y(�) =

(
y1

⇣
1�

h
�
v

in⌘
+ y0 for �  v,

y0 for � � v.
(2)

The mass of the fermion species is given by

mf =
y(�)�
p
2

(3)

and we illustrate the dependence of mf on � in Fig. 1. Equa-
tion (2) just expresses the fact that before the EWPT, the
Yukawas take values y1 and after the EWPT they take their
present value y0. The power n is just a parametrisation of how
fast the variation is taking place and is therefore encoding the
model dependence. Depending on the underlying model, the
Higgs field variation will follow the flavon field variation at

3

FIG. 2: The evolution of the effective potential with temperature
in the SM (top) and with varying Yukawas (bottom). The vary-
ing Yukawa calculation includes all SM fermions with y1 = 1,
n1 = 1 and their respective y0, chosen to return the observed fermion
masses today (for the neutrinos we have assumed Dirac neutrinos and
m⌫ = 0.05 eV). In the varying Yukawa case we find a first-order
phase transition with �c = 230 GeV and Tc = 128 GeV (second
order transition at Tc = 163 GeV for the constant Yukawa case).

different speeds. Large values of n mean the Yukawa cou-
pling remain large for a greater range of � away from zero.
We will see that large n strengthen the phase transition.

We study the strength of the EWPT for different choices of
n, y1 ⇠ O(1) and the number of degrees of freedom, g, of the
species with the �-dependent Yukawa coupling. The results
do not depend strongly on the choice of y0 as long as y0 ⌧ 1.
The top Yukawa is assumed to be constant and take its SM
value.

Of course, in a realistic model the different fermion species
will take on different values of n, y1 and y0 (also the underly-
ing model determines whether only quarks, only leptons or all
fermion masses are controlled by the same flavon). Our aim
here is to simply illustrate the effect through a simple ansatz
and an overall variation of n, g and y1.

The possibility that the Yukawa couplings could change
during the EWPT was raised in [35] but the impact on the na-
ture of the EWPT was ignored, the emphasis was on the pos-
sibility to get large CP violation from the CKM matrix during
the EWPT. We show in the next section the three main effects

FIG. 3: Solid lines: Contours of �c/Tc = 1 for different choices of
y1 and y0 = 0.02, areas above these lines allow for EW baryoge-
nesis. Dashed lines: areas above these lines are disallowed (for the
indicated choices of y1 and y0) due to the EW minimum not being
the global one.

that Eq. (2) has on the Higgs effective potential.

IV. EFFECTIVE HIGGS POTENTIAL WITH VARYING
YUKAWAS

We consider the effective potential given by the sum of the
tree level potential, the one-loop zero temperature correction,
the one-loop finite temperature correction and the daisy cor-
rection [36]

Ve↵ = Vtree(�) + V 0
1 (�) + V T

1 (�, T ) + VDaisy(�, T ). (4)

In the framework we have in mind, this potential depends
as well on the additional flavon field(s) coupling to the
Higgs. However, for the generic points we want to stress,
we should ignore the flavon(s) degrees of freedom and take
the SM tree level potential. We study the evolution of the
effective potential with temperature numerically, including
the SM fermionic dof with varying Yukawas, in addition to
the usual bosonic SM fields. An example of the evolution of
the effective potential with varying Yukawa couplings, with a
comparison to the SM case (constant Yukawas), is shown in
Fig. 2. We next scan over n and g for different choices of y1
and find the strength of the phase transition, as characterised
by the ratio of the critical VEV to temperature, �c/Tc

(successful EW baryogenesis requires �c/Tc & 1 [37]).
Our results are summarised in Fig. 3. Below we discuss
the different terms of the effective potential and identify the
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The evolution of the effective potential with temperature in the SM (left) and with varying Yukawas (right)  
The varying Yukawa calculation includes all SM fermions with y1=1, n=1 and their respective y0, chosen to 

return the observed fermion masses today (the neutrinos are assumed to have a Dirac m=0.05eV).  

In the varying Yukawa case, there is a first-order phase transition with 𝝓c=230GeV and Tc=128GeV  
(vs. second order transition at Tc=163GeV for the constant Yukawa case).

1st order phase transition +  enhanced source of CP 
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We study the nature of the electroweak phase transition (EWPT) in models where the Higgs emerges as a
pseudo-Nambu-Goldstone boson of an approximate global symmetry of a new strongly-interacting sector con-
fining around the TeV scale. Our analysis focusses for the first time on the case where the EWPT is accompanied
by the confinement phase transition of the strong sector. We describe the confinement in terms of the dilaton,
the pseudo-Nambu-Goldstone boson of spontaneously broken conformal invariance of the strong sector. The
dilaton can either be a meson-like or a glueball-like state and we demonstrate a significant qualitative difference
in their dynamics. We show that the EWPT can naturally be strongly first-order, due to the nearly-conformal
nature of the dilaton potential. Furthermore, we examine the sizeable scale variation of the Higgs potential pa-
rameters during the EWPT. In particular, we consider in detail the case of a varying top quark Yukawa coupling,
and show that the resulting CP violation is sufficient for successful electroweak baryogenesis. We demonstrate
that this source of CP violation is compatible with existing flavour and CP constraints. Our scenario can be
tested in complementary ways: by measuring the CP-odd top Yukawa coupling in electron EDM experiments,
by searching for dilaton production and deviations in Higgs couplings at colliders, and through gravitational
waves at LISA.

INTRODUCTION

Deciphering the origin of the Higgs potential and its stabi-
lization against quantum corrections is an essential step to-
wards the microscopic understanding of electroweak (EW)
symmetry breaking. One of very few known options for a
natural underlying dynamics is that the Higgs boson is a com-
posite object, a bound state of a new strongly interacting sec-
tor which confines around the TeV scale [1]. The mass gap
between the Higgs and the yet unobserved other composite
resonances can be explained if the Higgs is a pseudo-Nambu-
Goldstone boson of a global symmetry G of the strong sector
which breaks down to a subgroup H due to a strong conden-
sate �. The Higgs mass is then protected by a shift symmetry.

Another question left unanswered by the Standard Model
(SM) is the origin of the matter-antimatter asymmetry of the
universe. One fascinating framework, the EW baryogenesis
mechanism [2, 3], fails in the SM due to the absence of a
first-order EW phase transition (EWPT) and of sufficient CP-
violation. Determining the nature of the EWPT is an indis-
pensable step to investigate whether EW baryogenesis is the
correct explanation for the baryon asymmetry of the universe.

In Composite Higgs (CH) models, since the Higgs arises
only when a non-zero condensate � forms, the confinement
phase transition and the EWPT are closely linked. Neverthe-
less, so far, studies of the EWPT in CH models considered
them separately. They either focussed on the confinement
phase transition, relying on a 5D description [4–12], or as-
sumed that the EWPT takes place after confinement of the
strong sector [13–16]. The novelty of our work is to con-
sider the interlinked dynamics between the Higgs and the con-
densate during the EWPT. We present a detailed analysis of
the EWPT associated with the confinement phase transition,
within a purely four-dimensional framework, and show that
often both phase transitions happen simultaneously. We ob-

tain a strong first-order EWPT, thus solving the first prob-
lem of EW baryogenesis in the SM. Complementing previous
studies based on 5D-dual models in which the condensate is
a glueball, we also treat the meson case (motivated by lattice
studies [17, 18]).

An additional attractive feature of CH models is the ex-
planation of the hierarchy of SM Yukawa couplings as orig-
inating from the mixing between elementary and composite
fermions [19, 20]. The resulting Yukawa couplings effectively
depend on the confinement scale and are therefore expected
to vary during the phase transition. CH models thus automati-
cally incorporate the possibility of varying Yukawa couplings
during the EWPT, which was shown to bring sufficient CP vi-
olation for EW baryogenesis [21, 22]. Furthermore, the Higgs
potential in CH models is intimately tied to the top quark
Yukawa coupling. Its variation then leads to a large variation
of the Higgs potential, making the coupled Higgs-� dynamics
non-trivial. We show that sufficient CP violation is naturally
induced from the varying top Yukawa, thus solving the second
problem of EW baryogenesis in the SM. We therefore demon-
strate that CH models can naturally give rise to EW baryoge-
nesis, even Minimal Composite Higgs Models [23].

HIGGS + DILATON PHASE TRANSITION

The Higgs potential at present times can be parametrised as
a sum of trigonometric functions of h [24],

V 0[h] = ↵0 sin2

✓
h

f

◆
+ �0 sin4

✓
h

f

◆
, (1)

where ↵0 and �0 are generated by sources which explicitly
break G and are fixed to reproduce the mass and vacuum ex-
pectation value (vev) of the Higgs. The scale f , balancing
the Higgs field in the trigonometric functions, is generated by

NEW: We promote f to a dynamical field χ (the dilaton); 

<χ>=f today
3

Figure 1: Examples of transition trajectories. Solid lines show the
tunnelling path to the release point, while dotted lines indicate the
subsequent rolling trajectory towards the minimum of the potential
at Tn, indicated by a bullet.

singlet scalar field [15], and in a 5D model [29]. Here we do
not rely on these extra ingredients. In CH models, the fermion
masses originate from linear interactions between the elemen-
tary fermions qi and composite sector operators: yiq̄iOi.

The dimensionless coefficients yi are assumed to be of or-
der one in the UV, where the mixings are generated. They run
subject to an RG equation with �-function �iyi + ciy3

i /g2
⇤ ,

where ci are order-one coefficients and the scaling dimension
of the operator Oi is given by 5/2 + �i. The anomalous di-
mensions �i can remain sizeable over a large energy range due
to an approximate conformal symmetry (see e.g. [26]). The
RG evolution stops at the confinement scale ⇠ �, where the
operators map to composite states. This makes the mixings
yi dependent on �. Integrating out the composite states, one
obtains the effective SM Yukawa couplings

�q[�] ⇠ yqL[�] yqR[�]/g⇤ , (7)

where L and R denote the mixings of the left- and right-
handed elementary fermions, respectively. In this framework,
the SM fermion mass hierarchy is then explained by order-
one differences in the scaling dimensions of the operators Oi.
This also offers a natural way to make the top Yukawa �t vary
during the phase transition, as the condensation scale then
changes.

For the CP-violating source to be non-vanishing, how-
ever, �t needs to vary not only in absolute value but also in
phase [21]. To achieve this, we will assume that the right-
handed top couples to two different operators in the UV:

y(1)
tR t̄RO1 + y(2)

tR t̄RO2 ) �t ⇠ ytL(y(1)
tR + y(2)

tR )/g⇤. (8)

Provided that y(1,2)
tR are complex and O1,2 have different scal-

ing dimensions (which we assume to be the case), the phase
of �t changes with �. This provides a source of CP viola-
tion, but also has another crucial effect on the phase transition
which we now explain.

The largest contribution to the Higgs potential in CH mod-
els typically arises from the top quark mixings. We assume
that only one of the mixings y(1,2)

tR , which we denote as y,

varies sizeably with the dilaton vev. Its one-loop contribution
to the coefficients ↵0 and �0 in Eq. (1) reads

↵[�] = c↵
3y2[�]g2

⇤
(4⇡)2

f4, �[�] = c�
3y2[�]g2

⇤
(4⇡)2

f4

✓
y[�]

g⇤

◆p�

,

(9)
where c↵ and c� are free parameters of our effective field the-
ory, expected to be of order one. Furthermore, p� = 0, 2
depending on the structure of the elementary-composite mix-
ings [24, 33] (we choose p� = 0 for definiteness).

Notice that this makes the coefficients explicitly depend on
�. In order to take this into account, we make the replace-
ment [24]

↵0
! ↵0+(↵[�]�↵[�0]), �0

! �0+(�[�]��[�0]) (10)

in Eq. (1). Furthermore, since the mixings explicitly break
the conformal invariance of the CH sector, we include an ad-
ditional contribution / y2�4 in the dilaton potential (which
only plays a subdominant role though).

To have the minimum of the Higgs potential at h0 ⌧ f at
present times requires that |↵0/�0

| ⌧ 1. From Eq. (9), on the
other hand, we see that generically |↵[�]/�[�]| & 1. This is a
manifestation of the well-known tuning required to obtain the
observed Higgs mass and vev in CH models.

For � somewhat away from �0, the contributions in Eq. (9)
typically dominate over ↵0 and �0 in Eq. (10) and the Higgs
potential instead has a global minimum at h = 0 (for c↵,� >
0) or h = f⇡/2 (for c↵,� < 0). This minimum leads to a
valley in the Higgs-dilaton potential which can attract the tun-
neling trajectory during a first-order phase transition. How
closely the tunneling trajectory follows this valley is con-
trolled by its relative depth (in particular determined by m�

and N ) and the value of � for which it becomes deeper than
the valley along h = h0 that results from the tuned Higgs
potential (1) (influenced by |c↵,� |, �y, y[0], y[�0]). Differ-
ent tunnelling trajectories are shown in Fig. 1. The form
of the trajectory has major implications for EW baryogen-
esis. In particular, trajectories which closely follow h =
0 or h = f⇡/2 need to be avoided since the top mass
/ sin[h/f ]1+m cos[h/f ]n [34] (with m, n being model-
dependent) and thus the CP-violating source vanishes along
such trajectories (at h = f⇡/2 only if n 6= 0).

The top mixings are already quite large at � = �0 to ensure
a large top Yukawa. Provided that the anomalous dimension
�y for the mixing y is negative, it grows for decreasing � until
it reaches a fixed point whose size is controlled by the constant
cy in the �-function. To obtain a sufficient amount of y varia-
tion and CP violation, we choose �y = �0.3 and fix cy so that
y[0] = 0.4g⇤ in the unbroken phase, while y[�0] = 0.6

p
�tg⇤

in the broken phase. We also set c↵ = c� = �0.3 in which
case the detuned valley is along h = f⇡/2. We have cal-
culated the action for tunneling along straight lines with con-
stant Higgs vev h which well approximates the exact tunneling
paths (cf. Fig. 1). In the central panel of Fig. 2, we plot the
Higgs vev havg which minimizes the action at the transition
temperature. We see that, depending on m� and N , different
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We study the nature of the electroweak phase transition (EWPT) in models where the Higgs emerges as a
pseudo-Nambu-Goldstone boson of an approximate global symmetry of a new strongly-interacting sector con-
fining around the TeV scale. Our analysis focusses for the first time on the case where the EWPT is accompanied
by the confinement phase transition of the strong sector. We describe the confinement in terms of the dilaton,
the pseudo-Nambu-Goldstone boson of spontaneously broken conformal invariance of the strong sector. The
dilaton can either be a meson-like or a glueball-like state and we demonstrate a significant qualitative difference
in their dynamics. We show that the EWPT can naturally be strongly first-order, due to the nearly-conformal
nature of the dilaton potential. Furthermore, we examine the sizeable scale variation of the Higgs potential pa-
rameters during the EWPT. In particular, we consider in detail the case of a varying top quark Yukawa coupling,
and show that the resulting CP violation is sufficient for successful electroweak baryogenesis. We demonstrate
that this source of CP violation is compatible with existing flavour and CP constraints. Our scenario can be
tested in complementary ways: by measuring the CP-odd top Yukawa coupling in electron EDM experiments,
by searching for dilaton production and deviations in Higgs couplings at colliders, and through gravitational
waves at LISA.

INTRODUCTION

Deciphering the origin of the Higgs potential and its stabi-
lization against quantum corrections is an essential step to-
wards the microscopic understanding of electroweak (EW)
symmetry breaking. One of very few known options for a
natural underlying dynamics is that the Higgs boson is a com-
posite object, a bound state of a new strongly interacting sec-
tor which confines around the TeV scale [1]. The mass gap
between the Higgs and the yet unobserved other composite
resonances can be explained if the Higgs is a pseudo-Nambu-
Goldstone boson of a global symmetry G of the strong sector
which breaks down to a subgroup H due to a strong conden-
sate �. The Higgs mass is then protected by a shift symmetry.

Another question left unanswered by the Standard Model
(SM) is the origin of the matter-antimatter asymmetry of the
universe. One fascinating framework, the EW baryogenesis
mechanism [2, 3], fails in the SM due to the absence of a
first-order EW phase transition (EWPT) and of sufficient CP-
violation. Determining the nature of the EWPT is an indis-
pensable step to investigate whether EW baryogenesis is the
correct explanation for the baryon asymmetry of the universe.

In Composite Higgs (CH) models, since the Higgs arises
only when a non-zero condensate � forms, the confinement
phase transition and the EWPT are closely linked. Neverthe-
less, so far, studies of the EWPT in CH models considered
them separately. They either focussed on the confinement
phase transition, relying on a 5D description [4–12], or as-
sumed that the EWPT takes place after confinement of the
strong sector [13–16]. The novelty of our work is to con-
sider the interlinked dynamics between the Higgs and the con-
densate during the EWPT. We present a detailed analysis of
the EWPT associated with the confinement phase transition,
within a purely four-dimensional framework, and show that
often both phase transitions happen simultaneously. We ob-

tain a strong first-order EWPT, thus solving the first prob-
lem of EW baryogenesis in the SM. Complementing previous
studies based on 5D-dual models in which the condensate is
a glueball, we also treat the meson case (motivated by lattice
studies [17, 18]).

An additional attractive feature of CH models is the ex-
planation of the hierarchy of SM Yukawa couplings as orig-
inating from the mixing between elementary and composite
fermions [19, 20]. The resulting Yukawa couplings effectively
depend on the confinement scale and are therefore expected
to vary during the phase transition. CH models thus automati-
cally incorporate the possibility of varying Yukawa couplings
during the EWPT, which was shown to bring sufficient CP vi-
olation for EW baryogenesis [21, 22]. Furthermore, the Higgs
potential in CH models is intimately tied to the top quark
Yukawa coupling. Its variation then leads to a large variation
of the Higgs potential, making the coupled Higgs-� dynamics
non-trivial. We show that sufficient CP violation is naturally
induced from the varying top Yukawa, thus solving the second
problem of EW baryogenesis in the SM. We therefore demon-
strate that CH models can naturally give rise to EW baryoge-
nesis, even Minimal Composite Higgs Models [23].

HIGGS + DILATON PHASE TRANSITION

The Higgs potential at present times can be parametrised as
a sum of trigonometric functions of h [24],

V 0[h] = ↵0 sin2

✓
h

f

◆
+ �0 sin4

✓
h

f

◆
, (1)

where ↵0 and �0 are generated by sources which explicitly
break G and are fixed to reproduce the mass and vacuum ex-
pectation value (vev) of the Higgs. The scale f , balancing
the Higgs field in the trigonometric functions, is generated by

NEW: We promote f to a dynamical field χ (the dilaton); 

<χ>=f today
3

Figure 1: Examples of transition trajectories. Solid lines show the
tunnelling path to the release point, while dotted lines indicate the
subsequent rolling trajectory towards the minimum of the potential
at Tn, indicated by a bullet.

singlet scalar field [15], and in a 5D model [29]. Here we do
not rely on these extra ingredients. In CH models, the fermion
masses originate from linear interactions between the elemen-
tary fermions qi and composite sector operators: yiq̄iOi.

The dimensionless coefficients yi are assumed to be of or-
der one in the UV, where the mixings are generated. They run
subject to an RG equation with �-function �iyi + ciy3

i /g2
⇤ ,

where ci are order-one coefficients and the scaling dimension
of the operator Oi is given by 5/2 + �i. The anomalous di-
mensions �i can remain sizeable over a large energy range due
to an approximate conformal symmetry (see e.g. [26]). The
RG evolution stops at the confinement scale ⇠ �, where the
operators map to composite states. This makes the mixings
yi dependent on �. Integrating out the composite states, one
obtains the effective SM Yukawa couplings

�q[�] ⇠ yqL[�] yqR[�]/g⇤ , (7)

where L and R denote the mixings of the left- and right-
handed elementary fermions, respectively. In this framework,
the SM fermion mass hierarchy is then explained by order-
one differences in the scaling dimensions of the operators Oi.
This also offers a natural way to make the top Yukawa �t vary
during the phase transition, as the condensation scale then
changes.

For the CP-violating source to be non-vanishing, how-
ever, �t needs to vary not only in absolute value but also in
phase [21]. To achieve this, we will assume that the right-
handed top couples to two different operators in the UV:

y(1)
tR t̄RO1 + y(2)

tR t̄RO2 ) �t ⇠ ytL(y(1)
tR + y(2)

tR )/g⇤. (8)

Provided that y(1,2)
tR are complex and O1,2 have different scal-

ing dimensions (which we assume to be the case), the phase
of �t changes with �. This provides a source of CP viola-
tion, but also has another crucial effect on the phase transition
which we now explain.

The largest contribution to the Higgs potential in CH mod-
els typically arises from the top quark mixings. We assume
that only one of the mixings y(1,2)

tR , which we denote as y,

varies sizeably with the dilaton vev. Its one-loop contribution
to the coefficients ↵0 and �0 in Eq. (1) reads

↵[�] = c↵
3y2[�]g2

⇤
(4⇡)2

f4, �[�] = c�
3y2[�]g2

⇤
(4⇡)2

f4

✓
y[�]

g⇤

◆p�

,

(9)
where c↵ and c� are free parameters of our effective field the-
ory, expected to be of order one. Furthermore, p� = 0, 2
depending on the structure of the elementary-composite mix-
ings [24, 33] (we choose p� = 0 for definiteness).

Notice that this makes the coefficients explicitly depend on
�. In order to take this into account, we make the replace-
ment [24]

↵0
! ↵0+(↵[�]�↵[�0]), �0

! �0+(�[�]��[�0]) (10)

in Eq. (1). Furthermore, since the mixings explicitly break
the conformal invariance of the CH sector, we include an ad-
ditional contribution / y2�4 in the dilaton potential (which
only plays a subdominant role though).

To have the minimum of the Higgs potential at h0 ⌧ f at
present times requires that |↵0/�0

| ⌧ 1. From Eq. (9), on the
other hand, we see that generically |↵[�]/�[�]| & 1. This is a
manifestation of the well-known tuning required to obtain the
observed Higgs mass and vev in CH models.

For � somewhat away from �0, the contributions in Eq. (9)
typically dominate over ↵0 and �0 in Eq. (10) and the Higgs
potential instead has a global minimum at h = 0 (for c↵,� >
0) or h = f⇡/2 (for c↵,� < 0). This minimum leads to a
valley in the Higgs-dilaton potential which can attract the tun-
neling trajectory during a first-order phase transition. How
closely the tunneling trajectory follows this valley is con-
trolled by its relative depth (in particular determined by m�

and N ) and the value of � for which it becomes deeper than
the valley along h = h0 that results from the tuned Higgs
potential (1) (influenced by |c↵,� |, �y, y[0], y[�0]). Differ-
ent tunnelling trajectories are shown in Fig. 1. The form
of the trajectory has major implications for EW baryogen-
esis. In particular, trajectories which closely follow h =
0 or h = f⇡/2 need to be avoided since the top mass
/ sin[h/f ]1+m cos[h/f ]n [34] (with m, n being model-
dependent) and thus the CP-violating source vanishes along
such trajectories (at h = f⇡/2 only if n 6= 0).

The top mixings are already quite large at � = �0 to ensure
a large top Yukawa. Provided that the anomalous dimension
�y for the mixing y is negative, it grows for decreasing � until
it reaches a fixed point whose size is controlled by the constant
cy in the �-function. To obtain a sufficient amount of y varia-
tion and CP violation, we choose �y = �0.3 and fix cy so that
y[0] = 0.4g⇤ in the unbroken phase, while y[�0] = 0.6

p
�tg⇤

in the broken phase. We also set c↵ = c� = �0.3 in which
case the detuned valley is along h = f⇡/2. We have cal-
culated the action for tunneling along straight lines with con-
stant Higgs vev h which well approximates the exact tunneling
paths (cf. Fig. 1). In the central panel of Fig. 2, we plot the
Higgs vev havg which minimizes the action at the transition
temperature. We see that, depending on m� and N , different
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Figure 6: Left: Potential as a function of �1 and �2 for a meson-like dilaton with mass

m� = 600GeV and N = 4 and evaluated at the nucleation temperature Tn ' 95.8GeV.

The other parameters are as in Table 2. The solid blue line shows the tunnelling path

to the release point, while the red dotted line indicates the subsequent rolling trajectory

towards the minimum of the potential. Right: Potential at, from bottom to top, the

nucleation temperature Tn ' 95.8GeV, the critical temperature Tc ' 169.3GeV and T =

210GeV. The potential is plotted along the straight line parametrized by � connecting

the minimum at the origin with the second minimum at {�1,�2} ' {224GeV, 768GeV},

{3⇥ 10�1GeV, 804GeV} and {1⇥ 10�7GeV, 804GeV}, respectively.

5 CP violation from varying Yukawa interactions

In electroweak baryogenesis, the baryon asymmetry is produced during charge transport

in the vicinity of the Higgs bubble walls that form during a first-order electroweak phase

transition. In Ref. [14], it was shown that a new CP-violating source arises if the Yukawa

couplings vary across the Higgs bubble wall and that this new source can allow for enough CP-

violation to generate the observed baryon asymmetry. The kinetic equations incorporating

the variation of the Yukawa couplings across the Higgs bubble wall were derived and the

induced CP-violating force was extracted. The resulting produced baryon asymmetry was

predicted for a large set of parametrizations of the Yukawa variation. It was in particular

shown that successful electroweak baryogenesis can be realised from the variation of SM

Yukawa couplings using only the top and charm. In the present work, we will apply these

results using the precise Yukawa variation obtained in composite Higgs models.

The CP-violating source due to varying Yukawa couplings across the Higgs bubble wall

which can enable electroweak baryogenesis reads [14]

SCPV ⇠ Im[V †m†00mV ]ii , (5.1)

where m is the mass matrix of up- or down-type quarks (the leptons will not be important in

the following), V is the unitary matrix which diagonalizes m†m, i.e. V †m†mV = diagonal,
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CP violation for EW baryogenesis
In addition to out-of-equilibrium dynamics, extra sources of 

CP-violation beyond CKM are needed, e.g.

- Charginos/neutralinos/sfermions (MSSM)

- Varying phase in effective Top quark Yukawa:

SM+singlet (Fromme-Huber) 

Composite Higgs (Espinosa, Gripaios, Konstandin, Riva) 

2-Higgs doublet model (Konstandin et al, Cline et al)

Cline et al,  
Carena et al,  
Chung et al…

- Two recent alternatives: 

strong CP QCD axion (Servant ’15)
CP in DM sector (e.g. Cline’17)

- Varying phase in effective Top quark Yukawa:
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High Scale Baryogenesis?
In high-scale baryogenesis scenarios, B-L is likely to be broken  

Otherwise any B asymmetry created above EWSB scale is wiped out by active EW sphalerons 
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p MEAN LIFEp MEAN LIFEp MEAN LIFEp MEAN LIFE

Of the two astrophysical limits here, that of GEER 00D involves consider-
ably more refinements in its modeling. The other limits come from direct
observations of stored antiprotons. See also “p Partial Mean Lives” after
“p Partial Mean Lives,” below, for exclusive-mode limits. The best (life-

time/branching fraction) limit there is 7 × 105 years, for p → e−γ. We
advance only the exclusive-mode limits to our Summary Tables.

LIMIT
(years) CL% EVTS DOCUMENT ID TECN COMMENT

• • • We do not use the following data for averages, fits, limits, etc. • • •

>5.0 90 SELLNER 17 TRAP Penning trap

>8 × 105 90 1 GEER 00D p/p ratio, cosmic rays
>0.28 GABRIELSE 90 TRAP Penning trap
>0.08 90 1 BELL 79 CNTR Storage ring
>1 × 107 GOLDEN 79 SPEC p/p ratio, cosmic rays

>3.7 × 10−3 BREGMAN 78 CNTR Storage ring

1GEER 00D uses agreement between a model of galactic p production and propagation
and the observed p/p cosmic-ray spectrum to set this limit.

p DECAY MODESp DECAY MODESp DECAY MODESp DECAY MODES

See the “Note on Nucleon Decay” in our 1994 edition (Phys. Rev. D50D50D50D50,
1173) for a short review.

The “partial mean life” limits tabulated here are the limits on τ/Bi , where
τ is the total mean life and Bi is the branching fraction for the mode in
question. For N decays, p and n indicate proton and neutron partial
lifetimes.

Partial mean life
Mode (1030 years) Confidence level

Antilepton + mesonAntilepton + mesonAntilepton + mesonAntilepton + meson
τ1 N → e+π > 2000 (n), > 8200 (p) 90%

τ2 N → µ+π > 1000 (n), > 6600 (p) 90%

τ3 N → ν π > 1100 (n), > 390 (p) 90%

τ4 p → e+ η > 4200 90%

τ5 p → µ+ η > 1300 90%

τ6 n → ν η > 158 90%

τ7 N → e+ρ > 217 (n), > 710 (p) 90%

τ8 N → µ+ρ > 228 (n), > 160 (p) 90%

τ9 N → ν ρ > 19 (n), > 162 (p) 90%

τ10 p → e+ω > 320 90%

τ11 p → µ+ω > 780 90%

τ12 n → νω > 108 90%

τ13 N → e+K > 17 (n), > 1000 (p) 90%
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τ14 p → e+K0
S

τ15 p → e+K0
L

τ16 N → µ+K > 26 (n), > 1600 (p) 90%

τ17 p → µ+K0
S

τ18 p → µ+K0
L

τ19 N → νK > 86 (n), > 5900 (p) 90%

τ20 n → νK0
S > 260 90%

τ21 p → e+K∗(892)0 > 84 90%

τ22 N → νK∗(892) > 78 (n), > 51 (p) 90%

Antilepton + mesonsAntilepton + mesonsAntilepton + mesonsAntilepton + mesons
τ23 p → e+π+π− > 82 90%

τ24 p → e+π0π0 > 147 90%

τ25 n → e+π−π0 > 52 90%

τ26 p → µ+π+π− > 133 90%

τ27 p → µ+π0π0 > 101 90%

τ28 n → µ+π−π0 > 74 90%

τ29 n → e+K0π− > 18 90%

Lepton + mesonLepton + mesonLepton + mesonLepton + meson
τ30 n → e−π+ > 65 90%

τ31 n → µ−π+ > 49 90%

τ32 n → e−ρ+ > 62 90%

τ33 n → µ−ρ+ > 7 90%

τ34 n → e−K+ > 32 90%

τ35 n → µ−K+ > 57 90%

Lepton + mesonsLepton + mesonsLepton + mesonsLepton + mesons
τ36 p → e−π+π+ > 30 90%

τ37 n → e−π+π0 > 29 90%

τ38 p → µ−π+π+ > 17 90%

τ39 n → µ−π+π0 > 34 90%

τ40 p → e−π+K+ > 75 90%

τ41 p → µ−π+K+ > 245 90%

Antilepton + photon(s)Antilepton + photon(s)Antilepton + photon(s)Antilepton + photon(s)

τ42 p → e+γ > 670 90%

τ43 p → µ+γ > 478 90%

τ44 n → ν γ > 550 90%

τ45 p → e+γγ > 100 90%

τ46 n → ν γγ > 219 90%

Antilepton + single masslessAntilepton + single masslessAntilepton + single masslessAntilepton + single massless
τ47 p → e+X > 790 90%

τ48 p → µ+X > 410 90%
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p MEAN LIFEp MEAN LIFEp MEAN LIFEp MEAN LIFE

Of the two astrophysical limits here, that of GEER 00D involves consider-
ably more refinements in its modeling. The other limits come from direct
observations of stored antiprotons. See also “p Partial Mean Lives” after
“p Partial Mean Lives,” below, for exclusive-mode limits. The best (life-

time/branching fraction) limit there is 7 × 105 years, for p → e−γ. We
advance only the exclusive-mode limits to our Summary Tables.

LIMIT
(years) CL% EVTS DOCUMENT ID TECN COMMENT

• • • We do not use the following data for averages, fits, limits, etc. • • •

>5.0 90 SELLNER 17 TRAP Penning trap

>8 × 105 90 1 GEER 00D p/p ratio, cosmic rays
>0.28 GABRIELSE 90 TRAP Penning trap
>0.08 90 1 BELL 79 CNTR Storage ring
>1 × 107 GOLDEN 79 SPEC p/p ratio, cosmic rays

>3.7 × 10−3 BREGMAN 78 CNTR Storage ring

1GEER 00D uses agreement between a model of galactic p production and propagation
and the observed p/p cosmic-ray spectrum to set this limit.

p DECAY MODESp DECAY MODESp DECAY MODESp DECAY MODES

See the “Note on Nucleon Decay” in our 1994 edition (Phys. Rev. D50D50D50D50,
1173) for a short review.

The “partial mean life” limits tabulated here are the limits on τ/Bi , where
τ is the total mean life and Bi is the branching fraction for the mode in
question. For N decays, p and n indicate proton and neutron partial
lifetimes.

Partial mean life
Mode (1030 years) Confidence level

Antilepton + mesonAntilepton + mesonAntilepton + mesonAntilepton + meson
τ1 N → e+π > 2000 (n), > 8200 (p) 90%

τ2 N → µ+π > 1000 (n), > 6600 (p) 90%

τ3 N → ν π > 1100 (n), > 390 (p) 90%

τ4 p → e+ η > 4200 90%

τ5 p → µ+ η > 1300 90%

τ6 n → ν η > 158 90%

τ7 N → e+ρ > 217 (n), > 710 (p) 90%

τ8 N → µ+ρ > 228 (n), > 160 (p) 90%

τ9 N → ν ρ > 19 (n), > 162 (p) 90%

τ10 p → e+ω > 320 90%

τ11 p → µ+ω > 780 90%

τ12 n → νω > 108 90%

τ13 N → e+K > 17 (n), > 1000 (p) 90%
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Of the two astrophysical limits here, that of GEER 00D involves consider-
ably more refinements in its modeling. The other limits come from direct
observations of stored antiprotons. See also “p Partial Mean Lives” after
“p Partial Mean Lives,” below, for exclusive-mode limits. The best (life-

time/branching fraction) limit there is 7 × 105 years, for p → e−γ. We
advance only the exclusive-mode limits to our Summary Tables.

LIMIT
(years) CL% EVTS DOCUMENT ID TECN COMMENT

• • • We do not use the following data for averages, fits, limits, etc. • • •

>5.0 90 SELLNER 17 TRAP Penning trap

>8 × 105 90 1 GEER 00D p/p ratio, cosmic rays
>0.28 GABRIELSE 90 TRAP Penning trap
>0.08 90 1 BELL 79 CNTR Storage ring
>1 × 107 GOLDEN 79 SPEC p/p ratio, cosmic rays

>3.7 × 10−3 BREGMAN 78 CNTR Storage ring

1GEER 00D uses agreement between a model of galactic p production and propagation
and the observed p/p cosmic-ray spectrum to set this limit.

p DECAY MODESp DECAY MODESp DECAY MODESp DECAY MODES

See the “Note on Nucleon Decay” in our 1994 edition (Phys. Rev. D50D50D50D50,
1173) for a short review.

The “partial mean life” limits tabulated here are the limits on τ/Bi , where
τ is the total mean life and Bi is the branching fraction for the mode in
question. For N decays, p and n indicate proton and neutron partial
lifetimes.

Partial mean life
Mode (1030 years) Confidence level

Antilepton + mesonAntilepton + mesonAntilepton + mesonAntilepton + meson
τ1 N → e+π > 2000 (n), > 8200 (p) 90%

τ2 N → µ+π > 1000 (n), > 6600 (p) 90%

τ3 N → ν π > 1100 (n), > 390 (p) 90%

τ4 p → e+ η > 4200 90%

τ5 p → µ+ η > 1300 90%

τ6 n → ν η > 158 90%

τ7 N → e+ρ > 217 (n), > 710 (p) 90%

τ8 N → µ+ρ > 228 (n), > 160 (p) 90%

τ9 N → ν ρ > 19 (n), > 162 (p) 90%

τ10 p → e+ω > 320 90%

τ11 p → µ+ω > 780 90%

τ12 n → νω > 108 90%

τ13 N → e+K > 17 (n), > 1000 (p) 90%
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Three (or more) leptonsThree (or more) leptonsThree (or more) leptonsThree (or more) leptons

τ49 p → e+ e+ e− > 793 90%

τ50 p → e+µ+µ− > 359 90%

τ51 p → e+ ν ν > 170 90%

τ52 n → e+ e−ν > 257 90%

τ53 n → µ+ e−ν > 83 90%

τ54 n → µ+µ−ν > 79 90%

τ55 p → µ+ e+ e− > 529 90%

τ56 p → µ+µ+µ− > 675 90%

τ57 p → µ+ ν ν > 220 90%

τ58 p → e−µ+µ+ > 6 90%

τ59 n → 3ν > 5 × 10−4 90%

τ60 n → 5ν

Inclusive modesInclusive modesInclusive modesInclusive modes
τ61 N → e+ anything > 0.6 (n, p) 90%

τ62 N → µ+ anything > 12 (n, p) 90%

τ63 N → ν anything
τ64 N → e+π0 anything > 0.6 (n, p) 90%

τ65 N → 2 bodies, ν-free

∆B = 2 dinucleon modes∆B = 2 dinucleon modes∆B = 2 dinucleon modes∆B = 2 dinucleon modes

The following are lifetime limits per iron nucleus.

τ66 pp → π+π+ > 72.2 90%

τ67 pn → π+π0 > 170 90%

τ68 nn → π+π− > 0.7 90%

τ69 nn → π0π0 > 404 90%

τ70 pp → K+K+ > 170 90%

τ71 pp → e+ e+ > 5.8 90%

τ72 pp → e+µ+ > 3.6 90%

τ73 pp → µ+µ+ > 1.7 90%

τ74 pn → e+ ν > 260 90%

τ75 pn → µ+ ν > 200 90%

τ76 pn → τ+ ντ > 29 90%

τ77 nn → νe νe > 1.4 90%

τ78 nn → νµ νµ > 1.4 90%

τ79 pn → invisible > 2.1 × 10−5 90%

τ80 pp → invisible > 5 × 10−5 90%
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In high-scale baryogenesis scenarios, B-L is likely to be broken  

Otherwise any B asymmetry created above EWSB scale is wiped out by active EW sphalerons 

*For flavour universal models, nn gives the 
strongest constraints. For other flavour setups 

(e.g. MFV-RPV susy), dinucleon decays might win
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p MEAN LIFEp MEAN LIFEp MEAN LIFEp MEAN LIFE

Of the two astrophysical limits here, that of GEER 00D involves consider-
ably more refinements in its modeling. The other limits come from direct
observations of stored antiprotons. See also “p Partial Mean Lives” after
“p Partial Mean Lives,” below, for exclusive-mode limits. The best (life-

time/branching fraction) limit there is 7 × 105 years, for p → e−γ. We
advance only the exclusive-mode limits to our Summary Tables.

LIMIT
(years) CL% EVTS DOCUMENT ID TECN COMMENT

• • • We do not use the following data for averages, fits, limits, etc. • • •

>5.0 90 SELLNER 17 TRAP Penning trap

>8 × 105 90 1 GEER 00D p/p ratio, cosmic rays
>0.28 GABRIELSE 90 TRAP Penning trap
>0.08 90 1 BELL 79 CNTR Storage ring
>1 × 107 GOLDEN 79 SPEC p/p ratio, cosmic rays

>3.7 × 10−3 BREGMAN 78 CNTR Storage ring

1GEER 00D uses agreement between a model of galactic p production and propagation
and the observed p/p cosmic-ray spectrum to set this limit.

p DECAY MODESp DECAY MODESp DECAY MODESp DECAY MODES

See the “Note on Nucleon Decay” in our 1994 edition (Phys. Rev. D50D50D50D50,
1173) for a short review.

The “partial mean life” limits tabulated here are the limits on τ/Bi , where
τ is the total mean life and Bi is the branching fraction for the mode in
question. For N decays, p and n indicate proton and neutron partial
lifetimes.

Partial mean life
Mode (1030 years) Confidence level

Antilepton + mesonAntilepton + mesonAntilepton + mesonAntilepton + meson
τ1 N → e+π > 2000 (n), > 8200 (p) 90%

τ2 N → µ+π > 1000 (n), > 6600 (p) 90%

τ3 N → ν π > 1100 (n), > 390 (p) 90%

τ4 p → e+ η > 4200 90%

τ5 p → µ+ η > 1300 90%

τ6 n → ν η > 158 90%

τ7 N → e+ρ > 217 (n), > 710 (p) 90%

τ8 N → µ+ρ > 228 (n), > 160 (p) 90%

τ9 N → ν ρ > 19 (n), > 162 (p) 90%

τ10 p → e+ω > 320 90%

τ11 p → µ+ω > 780 90%

τ12 n → νω > 108 90%

τ13 N → e+K > 17 (n), > 1000 (p) 90%
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τ14 p → e+K0
S

τ15 p → e+K0
L

τ16 N → µ+K > 26 (n), > 1600 (p) 90%

τ17 p → µ+K0
S

τ18 p → µ+K0
L

τ19 N → νK > 86 (n), > 5900 (p) 90%

τ20 n → νK0
S > 260 90%

τ21 p → e+K∗(892)0 > 84 90%

τ22 N → νK∗(892) > 78 (n), > 51 (p) 90%

Antilepton + mesonsAntilepton + mesonsAntilepton + mesonsAntilepton + mesons
τ23 p → e+π+π− > 82 90%

τ24 p → e+π0π0 > 147 90%

τ25 n → e+π−π0 > 52 90%

τ26 p → µ+π+π− > 133 90%

τ27 p → µ+π0π0 > 101 90%

τ28 n → µ+π−π0 > 74 90%

τ29 n → e+K0π− > 18 90%

Lepton + mesonLepton + mesonLepton + mesonLepton + meson
τ30 n → e−π+ > 65 90%

τ31 n → µ−π+ > 49 90%

τ32 n → e−ρ+ > 62 90%

τ33 n → µ−ρ+ > 7 90%

τ34 n → e−K+ > 32 90%

τ35 n → µ−K+ > 57 90%

Lepton + mesonsLepton + mesonsLepton + mesonsLepton + mesons
τ36 p → e−π+π+ > 30 90%

τ37 n → e−π+π0 > 29 90%

τ38 p → µ−π+π+ > 17 90%

τ39 n → µ−π+π0 > 34 90%

τ40 p → e−π+K+ > 75 90%

τ41 p → µ−π+K+ > 245 90%

Antilepton + photon(s)Antilepton + photon(s)Antilepton + photon(s)Antilepton + photon(s)

τ42 p → e+γ > 670 90%

τ43 p → µ+γ > 478 90%

τ44 n → ν γ > 550 90%

τ45 p → e+γγ > 100 90%

τ46 n → ν γγ > 219 90%

Antilepton + single masslessAntilepton + single masslessAntilepton + single masslessAntilepton + single massless
τ47 p → e+X > 790 90%

τ48 p → µ+X > 410 90%
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τ14 p → e+K0
S

τ15 p → e+K0
L

τ16 N → µ+K > 26 (n), > 1600 (p) 90%

τ17 p → µ+K0
S

τ18 p → µ+K0
L

τ19 N → νK > 86 (n), > 5900 (p) 90%

τ20 n → νK0
S > 260 90%

τ21 p → e+K∗(892)0 > 84 90%

τ22 N → νK∗(892) > 78 (n), > 51 (p) 90%

Antilepton + mesonsAntilepton + mesonsAntilepton + mesonsAntilepton + mesons
τ23 p → e+π+π− > 82 90%

τ24 p → e+π0π0 > 147 90%

τ25 n → e+π−π0 > 52 90%

τ26 p → µ+π+π− > 133 90%

τ27 p → µ+π0π0 > 101 90%

τ28 n → µ+π−π0 > 74 90%

τ29 n → e+K0π− > 18 90%

Lepton + mesonLepton + mesonLepton + mesonLepton + meson
τ30 n → e−π+ > 65 90%

τ31 n → µ−π+ > 49 90%

τ32 n → e−ρ+ > 62 90%

τ33 n → µ−ρ+ > 7 90%

τ34 n → e−K+ > 32 90%

τ35 n → µ−K+ > 57 90%

Lepton + mesonsLepton + mesonsLepton + mesonsLepton + mesons
τ36 p → e−π+π+ > 30 90%

τ37 n → e−π+π0 > 29 90%

τ38 p → µ−π+π+ > 17 90%

τ39 n → µ−π+π0 > 34 90%

τ40 p → e−π+K+ > 75 90%

τ41 p → µ−π+K+ > 245 90%

Antilepton + photon(s)Antilepton + photon(s)Antilepton + photon(s)Antilepton + photon(s)

τ42 p → e+γ > 670 90%

τ43 p → µ+γ > 478 90%

τ44 n → ν γ > 550 90%

τ45 p → e+γγ > 100 90%

τ46 n → ν γγ > 219 90%

Antilepton + single masslessAntilepton + single masslessAntilepton + single masslessAntilepton + single massless
τ47 p → e+X > 790 90%

τ48 p → µ+X > 410 90%
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p MEAN LIFEp MEAN LIFEp MEAN LIFEp MEAN LIFE

Of the two astrophysical limits here, that of GEER 00D involves consider-
ably more refinements in its modeling. The other limits come from direct
observations of stored antiprotons. See also “p Partial Mean Lives” after
“p Partial Mean Lives,” below, for exclusive-mode limits. The best (life-

time/branching fraction) limit there is 7 × 105 years, for p → e−γ. We
advance only the exclusive-mode limits to our Summary Tables.

LIMIT
(years) CL% EVTS DOCUMENT ID TECN COMMENT

• • • We do not use the following data for averages, fits, limits, etc. • • •

>5.0 90 SELLNER 17 TRAP Penning trap

>8 × 105 90 1 GEER 00D p/p ratio, cosmic rays
>0.28 GABRIELSE 90 TRAP Penning trap
>0.08 90 1 BELL 79 CNTR Storage ring
>1 × 107 GOLDEN 79 SPEC p/p ratio, cosmic rays

>3.7 × 10−3 BREGMAN 78 CNTR Storage ring

1GEER 00D uses agreement between a model of galactic p production and propagation
and the observed p/p cosmic-ray spectrum to set this limit.

p DECAY MODESp DECAY MODESp DECAY MODESp DECAY MODES

See the “Note on Nucleon Decay” in our 1994 edition (Phys. Rev. D50D50D50D50,
1173) for a short review.

The “partial mean life” limits tabulated here are the limits on τ/Bi , where
τ is the total mean life and Bi is the branching fraction for the mode in
question. For N decays, p and n indicate proton and neutron partial
lifetimes.

Partial mean life
Mode (1030 years) Confidence level

Antilepton + mesonAntilepton + mesonAntilepton + mesonAntilepton + meson
τ1 N → e+π > 2000 (n), > 8200 (p) 90%

τ2 N → µ+π > 1000 (n), > 6600 (p) 90%

τ3 N → ν π > 1100 (n), > 390 (p) 90%

τ4 p → e+ η > 4200 90%

τ5 p → µ+ η > 1300 90%

τ6 n → ν η > 158 90%

τ7 N → e+ρ > 217 (n), > 710 (p) 90%

τ8 N → µ+ρ > 228 (n), > 160 (p) 90%

τ9 N → ν ρ > 19 (n), > 162 (p) 90%

τ10 p → e+ω > 320 90%

τ11 p → µ+ω > 780 90%

τ12 n → νω > 108 90%

τ13 N → e+K > 17 (n), > 1000 (p) 90%
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Of the two astrophysical limits here, that of GEER 00D involves consider-
ably more refinements in its modeling. The other limits come from direct
observations of stored antiprotons. See also “p Partial Mean Lives” after
“p Partial Mean Lives,” below, for exclusive-mode limits. The best (life-

time/branching fraction) limit there is 7 × 105 years, for p → e−γ. We
advance only the exclusive-mode limits to our Summary Tables.

LIMIT
(years) CL% EVTS DOCUMENT ID TECN COMMENT

• • • We do not use the following data for averages, fits, limits, etc. • • •

>5.0 90 SELLNER 17 TRAP Penning trap

>8 × 105 90 1 GEER 00D p/p ratio, cosmic rays
>0.28 GABRIELSE 90 TRAP Penning trap
>0.08 90 1 BELL 79 CNTR Storage ring
>1 × 107 GOLDEN 79 SPEC p/p ratio, cosmic rays

>3.7 × 10−3 BREGMAN 78 CNTR Storage ring

1GEER 00D uses agreement between a model of galactic p production and propagation
and the observed p/p cosmic-ray spectrum to set this limit.

p DECAY MODESp DECAY MODESp DECAY MODESp DECAY MODES

See the “Note on Nucleon Decay” in our 1994 edition (Phys. Rev. D50D50D50D50,
1173) for a short review.

The “partial mean life” limits tabulated here are the limits on τ/Bi , where
τ is the total mean life and Bi is the branching fraction for the mode in
question. For N decays, p and n indicate proton and neutron partial
lifetimes.

Partial mean life
Mode (1030 years) Confidence level

Antilepton + mesonAntilepton + mesonAntilepton + mesonAntilepton + meson
τ1 N → e+π > 2000 (n), > 8200 (p) 90%

τ2 N → µ+π > 1000 (n), > 6600 (p) 90%

τ3 N → ν π > 1100 (n), > 390 (p) 90%

τ4 p → e+ η > 4200 90%

τ5 p → µ+ η > 1300 90%

τ6 n → ν η > 158 90%

τ7 N → e+ρ > 217 (n), > 710 (p) 90%

τ8 N → µ+ρ > 228 (n), > 160 (p) 90%

τ9 N → ν ρ > 19 (n), > 162 (p) 90%

τ10 p → e+ω > 320 90%

τ11 p → µ+ω > 780 90%

τ12 n → νω > 108 90%

τ13 N → e+K > 17 (n), > 1000 (p) 90%
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Three (or more) leptonsThree (or more) leptonsThree (or more) leptonsThree (or more) leptons

τ49 p → e+ e+ e− > 793 90%

τ50 p → e+µ+µ− > 359 90%

τ51 p → e+ ν ν > 170 90%

τ52 n → e+ e−ν > 257 90%

τ53 n → µ+ e−ν > 83 90%

τ54 n → µ+µ−ν > 79 90%

τ55 p → µ+ e+ e− > 529 90%

τ56 p → µ+µ+µ− > 675 90%

τ57 p → µ+ ν ν > 220 90%

τ58 p → e−µ+µ+ > 6 90%

τ59 n → 3ν > 5 × 10−4 90%

τ60 n → 5ν

Inclusive modesInclusive modesInclusive modesInclusive modes
τ61 N → e+ anything > 0.6 (n, p) 90%

τ62 N → µ+ anything > 12 (n, p) 90%

τ63 N → ν anything
τ64 N → e+π0 anything > 0.6 (n, p) 90%

τ65 N → 2 bodies, ν-free

∆B = 2 dinucleon modes∆B = 2 dinucleon modes∆B = 2 dinucleon modes∆B = 2 dinucleon modes

The following are lifetime limits per iron nucleus.

τ66 pp → π+π+ > 72.2 90%

τ67 pn → π+π0 > 170 90%

τ68 nn → π+π− > 0.7 90%

τ69 nn → π0π0 > 404 90%

τ70 pp → K+K+ > 170 90%

τ71 pp → e+ e+ > 5.8 90%

τ72 pp → e+µ+ > 3.6 90%

τ73 pp → µ+µ+ > 1.7 90%

τ74 pn → e+ ν > 260 90%

τ75 pn → µ+ ν > 200 90%

τ76 pn → τ+ ντ > 29 90%

τ77 nn → νe νe > 1.4 90%

τ78 nn → νµ νµ > 1.4 90%

τ79 pn → invisible > 2.1 × 10−5 90%

τ80 pp → invisible > 5 × 10−5 90%
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Of the two astrophysical limits here, that of GEER 00D involves consider-
ably more refinements in its modeling. The other limits come from direct
observations of stored antiprotons. See also “p Partial Mean Lives” after
“p Partial Mean Lives,” below, for exclusive-mode limits. The best (life-

time/branching fraction) limit there is 7 × 105 years, for p → e−γ. We
advance only the exclusive-mode limits to our Summary Tables.

LIMIT
(years) CL% EVTS DOCUMENT ID TECN COMMENT

• • • We do not use the following data for averages, fits, limits, etc. • • •

>5.0 90 SELLNER 17 TRAP Penning trap

>8 × 105 90 1 GEER 00D p/p ratio, cosmic rays
>0.28 GABRIELSE 90 TRAP Penning trap
>0.08 90 1 BELL 79 CNTR Storage ring
>1 × 107 GOLDEN 79 SPEC p/p ratio, cosmic rays

>3.7 × 10−3 BREGMAN 78 CNTR Storage ring

1GEER 00D uses agreement between a model of galactic p production and propagation
and the observed p/p cosmic-ray spectrum to set this limit.

p DECAY MODESp DECAY MODESp DECAY MODESp DECAY MODES

See the “Note on Nucleon Decay” in our 1994 edition (Phys. Rev. D50D50D50D50,
1173) for a short review.

The “partial mean life” limits tabulated here are the limits on τ/Bi , where
τ is the total mean life and Bi is the branching fraction for the mode in
question. For N decays, p and n indicate proton and neutron partial
lifetimes.

Partial mean life
Mode (1030 years) Confidence level

Antilepton + mesonAntilepton + mesonAntilepton + mesonAntilepton + meson
τ1 N → e+π > 2000 (n), > 8200 (p) 90%

τ2 N → µ+π > 1000 (n), > 6600 (p) 90%

τ3 N → ν π > 1100 (n), > 390 (p) 90%

τ4 p → e+ η > 4200 90%

τ5 p → µ+ η > 1300 90%

τ6 n → ν η > 158 90%

τ7 N → e+ρ > 217 (n), > 710 (p) 90%

τ8 N → µ+ρ > 228 (n), > 160 (p) 90%

τ9 N → ν ρ > 19 (n), > 162 (p) 90%

τ10 p → e+ω > 320 90%

τ11 p → µ+ω > 780 90%

τ12 n → νω > 108 90%

τ13 N → e+K > 17 (n), > 1000 (p) 90%
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τ14 p → e+K0
S

τ15 p → e+K0
L

τ16 N → µ+K > 26 (n), > 1600 (p) 90%

τ17 p → µ+K0
S

τ18 p → µ+K0
L

τ19 N → νK > 86 (n), > 5900 (p) 90%

τ20 n → νK0
S > 260 90%

τ21 p → e+K∗(892)0 > 84 90%

τ22 N → νK∗(892) > 78 (n), > 51 (p) 90%

Antilepton + mesonsAntilepton + mesonsAntilepton + mesonsAntilepton + mesons
τ23 p → e+π+π− > 82 90%

τ24 p → e+π0π0 > 147 90%

τ25 n → e+π−π0 > 52 90%

τ26 p → µ+π+π− > 133 90%

τ27 p → µ+π0π0 > 101 90%

τ28 n → µ+π−π0 > 74 90%

τ29 n → e+K0π− > 18 90%

Lepton + mesonLepton + mesonLepton + mesonLepton + meson
τ30 n → e−π+ > 65 90%

τ31 n → µ−π+ > 49 90%

τ32 n → e−ρ+ > 62 90%

τ33 n → µ−ρ+ > 7 90%

τ34 n → e−K+ > 32 90%

τ35 n → µ−K+ > 57 90%

Lepton + mesonsLepton + mesonsLepton + mesonsLepton + mesons
τ36 p → e−π+π+ > 30 90%

τ37 n → e−π+π0 > 29 90%

τ38 p → µ−π+π+ > 17 90%

τ39 n → µ−π+π0 > 34 90%

τ40 p → e−π+K+ > 75 90%

τ41 p → µ−π+K+ > 245 90%

Antilepton + photon(s)Antilepton + photon(s)Antilepton + photon(s)Antilepton + photon(s)

τ42 p → e+γ > 670 90%

τ43 p → µ+γ > 478 90%

τ44 n → ν γ > 550 90%

τ45 p → e+γγ > 100 90%

τ46 n → ν γγ > 219 90%

Antilepton + single masslessAntilepton + single masslessAntilepton + single masslessAntilepton + single massless
τ47 p → e+X > 790 90%

τ48 p → µ+X > 410 90%
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p MEAN LIFEp MEAN LIFEp MEAN LIFEp MEAN LIFE

Of the two astrophysical limits here, that of GEER 00D involves consider-
ably more refinements in its modeling. The other limits come from direct
observations of stored antiprotons. See also “p Partial Mean Lives” after
“p Partial Mean Lives,” below, for exclusive-mode limits. The best (life-

time/branching fraction) limit there is 7 × 105 years, for p → e−γ. We
advance only the exclusive-mode limits to our Summary Tables.

LIMIT
(years) CL% EVTS DOCUMENT ID TECN COMMENT

• • • We do not use the following data for averages, fits, limits, etc. • • •

>5.0 90 SELLNER 17 TRAP Penning trap

>8 × 105 90 1 GEER 00D p/p ratio, cosmic rays
>0.28 GABRIELSE 90 TRAP Penning trap
>0.08 90 1 BELL 79 CNTR Storage ring
>1 × 107 GOLDEN 79 SPEC p/p ratio, cosmic rays

>3.7 × 10−3 BREGMAN 78 CNTR Storage ring

1GEER 00D uses agreement between a model of galactic p production and propagation
and the observed p/p cosmic-ray spectrum to set this limit.

p DECAY MODESp DECAY MODESp DECAY MODESp DECAY MODES

See the “Note on Nucleon Decay” in our 1994 edition (Phys. Rev. D50D50D50D50,
1173) for a short review.

The “partial mean life” limits tabulated here are the limits on τ/Bi , where
τ is the total mean life and Bi is the branching fraction for the mode in
question. For N decays, p and n indicate proton and neutron partial
lifetimes.

Partial mean life
Mode (1030 years) Confidence level

Antilepton + mesonAntilepton + mesonAntilepton + mesonAntilepton + meson
τ1 N → e+π > 2000 (n), > 8200 (p) 90%

τ2 N → µ+π > 1000 (n), > 6600 (p) 90%

τ3 N → ν π > 1100 (n), > 390 (p) 90%

τ4 p → e+ η > 4200 90%

τ5 p → µ+ η > 1300 90%

τ6 n → ν η > 158 90%

τ7 N → e+ρ > 217 (n), > 710 (p) 90%

τ8 N → µ+ρ > 228 (n), > 160 (p) 90%

τ9 N → ν ρ > 19 (n), > 162 (p) 90%

τ10 p → e+ω > 320 90%

τ11 p → µ+ω > 780 90%

τ12 n → νω > 108 90%

τ13 N → e+K > 17 (n), > 1000 (p) 90%

HTTP://PDG.LBL.GOV Page 9 Created: 6/5/2018 19:00ΔB=-ΔL=1 decay bounds

Citation: M. Tanabashi et al. (Particle Data Group), Phys. Rev. D 98, 030001 (2018)

p MEAN LIFEp MEAN LIFEp MEAN LIFEp MEAN LIFE

Of the two astrophysical limits here, that of GEER 00D involves consider-
ably more refinements in its modeling. The other limits come from direct
observations of stored antiprotons. See also “p Partial Mean Lives” after
“p Partial Mean Lives,” below, for exclusive-mode limits. The best (life-

time/branching fraction) limit there is 7 × 105 years, for p → e−γ. We
advance only the exclusive-mode limits to our Summary Tables.

LIMIT
(years) CL% EVTS DOCUMENT ID TECN COMMENT

• • • We do not use the following data for averages, fits, limits, etc. • • •

>5.0 90 SELLNER 17 TRAP Penning trap

>8 × 105 90 1 GEER 00D p/p ratio, cosmic rays
>0.28 GABRIELSE 90 TRAP Penning trap
>0.08 90 1 BELL 79 CNTR Storage ring
>1 × 107 GOLDEN 79 SPEC p/p ratio, cosmic rays

>3.7 × 10−3 BREGMAN 78 CNTR Storage ring

1GEER 00D uses agreement between a model of galactic p production and propagation
and the observed p/p cosmic-ray spectrum to set this limit.

p DECAY MODESp DECAY MODESp DECAY MODESp DECAY MODES

See the “Note on Nucleon Decay” in our 1994 edition (Phys. Rev. D50D50D50D50,
1173) for a short review.

The “partial mean life” limits tabulated here are the limits on τ/Bi , where
τ is the total mean life and Bi is the branching fraction for the mode in
question. For N decays, p and n indicate proton and neutron partial
lifetimes.

Partial mean life
Mode (1030 years) Confidence level

Antilepton + mesonAntilepton + mesonAntilepton + mesonAntilepton + meson
τ1 N → e+π > 2000 (n), > 8200 (p) 90%

τ2 N → µ+π > 1000 (n), > 6600 (p) 90%

τ3 N → ν π > 1100 (n), > 390 (p) 90%

τ4 p → e+ η > 4200 90%

τ5 p → µ+ η > 1300 90%

τ6 n → ν η > 158 90%

τ7 N → e+ρ > 217 (n), > 710 (p) 90%

τ8 N → µ+ρ > 228 (n), > 160 (p) 90%

τ9 N → ν ρ > 19 (n), > 162 (p) 90%

τ10 p → e+ω > 320 90%

τ11 p → µ+ω > 780 90%

τ12 n → νω > 108 90%

τ13 N → e+K > 17 (n), > 1000 (p) 90%

HTTP://PDG.LBL.GOV Page 9 Created: 6/5/2018 19:00

ΔB=2/ΔL=0 decay bounds*

Citation: M. Tanabashi et al. (Particle Data Group), Phys. Rev. D 98, 030001 (2018)

Three (or more) leptonsThree (or more) leptonsThree (or more) leptonsThree (or more) leptons

τ49 p → e+ e+ e− > 793 90%

τ50 p → e+µ+µ− > 359 90%

τ51 p → e+ ν ν > 170 90%

τ52 n → e+ e−ν > 257 90%

τ53 n → µ+ e−ν > 83 90%

τ54 n → µ+µ−ν > 79 90%

τ55 p → µ+ e+ e− > 529 90%

τ56 p → µ+µ+µ− > 675 90%

τ57 p → µ+ ν ν > 220 90%

τ58 p → e−µ+µ+ > 6 90%

τ59 n → 3ν > 5 × 10−4 90%

τ60 n → 5ν

Inclusive modesInclusive modesInclusive modesInclusive modes
τ61 N → e+ anything > 0.6 (n, p) 90%

τ62 N → µ+ anything > 12 (n, p) 90%

τ63 N → ν anything
τ64 N → e+π0 anything > 0.6 (n, p) 90%

τ65 N → 2 bodies, ν-free

∆B = 2 dinucleon modes∆B = 2 dinucleon modes∆B = 2 dinucleon modes∆B = 2 dinucleon modes

The following are lifetime limits per iron nucleus.

τ66 pp → π+π+ > 72.2 90%

τ67 pn → π+π0 > 170 90%

τ68 nn → π+π− > 0.7 90%

τ69 nn → π0π0 > 404 90%

τ70 pp → K+K+ > 170 90%

τ71 pp → e+ e+ > 5.8 90%

τ72 pp → e+µ+ > 3.6 90%

τ73 pp → µ+µ+ > 1.7 90%

τ74 pn → e+ ν > 260 90%

τ75 pn → µ+ ν > 200 90%

τ76 pn → τ+ ντ > 29 90%

τ77 nn → νe νe > 1.4 90%

τ78 nn → νµ νµ > 1.4 90%

τ79 pn → invisible > 2.1 × 10−5 90%

τ80 pp → invisible > 5 × 10−5 90%
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No opportunities, new signatures
Colliders are not necessarily the best probes anymore 



Christophe Grojean nn and baryogenesis Nordita, Dec. 14, 2018
_ !11

PASCOS18, CWRU, June 2018Zhengkang “Kevin” Zhang (U. Michigan)

B and L Violation
❖ Look for violation of (approximate) symmetries of the SM

❖ e.g. Baryon number (B) and lepton number (L)

❖ B, L violation beyond the SM may provide ingredient for baryogenesis.

❖ Pattern of B, L violation in the SM EFT [A.Kobach 1604.05726]

❖             0!"" decay            proton decays            neutron-antineutron oscillation

3

       L      =     LSM     +  dim-5   +  dim-6   +  dim-7   +  dim-8   +  dim-9 + …

allowed 
(∆B, ∆L) (0, 0) (0, 2)

(0, 0),
(1, 1)

(0, 2),
(1, -1)

(0, 0),
(1, 1)

(2, 0), (1, -1),
(0, 2), (1, 3)

Pattern of B violation in SM(EFT)
A. Kobach ‘16

Slide stolen to Z. Zhang @ Pascos’18

http://inspirehep.net/record/1449902
https://indico.cern.ch/event/706475/contributions/3000533/attachments/1663342/2667074/nnbarZZ_pascos18.pdf
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APPENDIX: SUPPLEMENTAL MATERIAL

1. Neutron-antineutron oscillation operators

Here we briefly review the e↵ective operator analysis of n-n̄ oscillation. Since multiple operators may be present
in addition to the representative operator we considered in the letter, to gain intuition about the new physics scale
being probed, let us define

⌧
�1
nn̄ =

��hn̄|He↵|ni
�� ⌘

⇤6
QCD

⇤5
nn̄

. (A.1)

As we will see explicitly below, ⇤nn̄ defined here roughly coincides with suppression scales of dimension-nine operators
mediating n-n̄ oscillation. This is because the nuclear matrix elements hn̄|Onn̄|ni ⇠ O(⇤6

QCD). Taking ⇤QCD =
180MeV, we have

⇤nn̄ = 4.25⇥ 105 GeV

✓
⌧nn̄

2.7⇥ 108 s

◆1/5

(A.2)

= 5.53⇥ 105 GeV

✓
⌧nn̄

109 s

◆1/5

= 8.76⇥ 105 GeV

✓
⌧nn̄

1010 s

◆1/5

= 1.39⇥ 106 GeV

✓
⌧nn̄

1011 s

◆1/5

, (A.3)

where the number in Eq. (A.2) shows the current best limit from Super-K.
There are 12 independent operators that contribute to n-n̄ oscillation at tree level. Using the basis of [55], we write

Le↵ �
6X

i=1

ciOi + c̄iŌi + h.c. , (A.4)
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FIG. 4. Suppression scale ⇤(i)
nn̄ ⌘ c�1/5

i of the |�B| = 2 six-quark operators Oi in Eq. (A.5) that can be probed with
free neutron oscillation time ⌧nn̄ (corresponding to new physics scale ⇤nn̄ ⌘ (⌧nn̄⇤

6
QCD)

1/5 as defined in Eq. (A.1)) when
each operator is considered individually. The widths of the bands arise from variations of hn̄|Oi(µ0)|ni within current lattice
calculation uncertainties, and of the starting point of RG evolution µi between 103 GeV and 106 GeV. The results apply equally
to the parity-conjugate operators Ōi. Existing and future n-n̄ oscillation searches are sensitive to ⇤(i)

nn̄ ⇠ O(105-6 GeV).

where f
eq
a is the equilibrium distribution at zero chemical potential for species a. Assuming a common temperature

is maintained for all species, we have

fa = e
µa/T f

eq
a ⌘ raf

eq
a ⌘ (1 +�a) f

eq
a , (A.10)

for the actual distribution of species a, with �a characterizing the amount of departure from equilibrium. The collision
terms can then be written in terms of the W ’s and r’s,

�C1 =
�
rur1 � r

2
d

�
WuX1!d̄d̄ +

�
rūr1 � r

2
d̄

�
WūX1!dd +

�
rdr1 � rurd

�
WdX1!ūd̄ +

�
rd̄r1 � rūrd̄

�
Wd̄X1!ud

+
�
rur1 � rūr2

�
WuX1!uX2 +

�
rūr1 � rur2

�
WūX1!ūX2 +

�
r1r2 � rurū

�
WX1X2!ūu

+
�
r1 � rūr

2
d̄

�
WX1!udd +

�
r1 � rur

2
d

�
WX1!ūd̄d̄ +

�
r1rurū � r2

�
WX2!X1ūu , (A.11)

�C2 =
�
rur2 � r

2
d

�
WuX2!d̄d̄ +

�
rūr2 � r

2
d̄

�
WūX2!dd +

�
rdr2 � rurd

�
WdX2!ūd̄ +

�
rd̄r2 � rūrd̄

�
Wd̄X2!ud

+
�
rūr2 � rur1

�
WuX1!uX2 +

�
rur2 � rūr1

�
WūX1!ūX2 +

�
r1r2 � rurū

�
WX1X2!ūu

+
�
r2 � rūr

2
d̄

�
WX2!udd +

�
r2 � rur

2
d

�
WX2!ūd̄d̄ +

�
r2 � r1rurū

�
WX2!X1ūu , (A.12)

�C3 =
�
rur1 � r
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d̄ W

0
ūd̄d̄!udd , (A.13)

where W
0
udd!ūd̄d̄

, W
0
ūd̄d̄!udd

are computed from the corresponding matrix elements with contributions from on-
shell X1,2 exchange subtracted. We have grouped together terms that are identical as dictated by CPT invariance,
Wi!f = Wf̄!ī (where bar denotes CP conjugate state).

To further simplify, we note that several processes conserve CP up to one-loop level, and as a result

WdX1!ūd̄ = Wd̄X1!ud , WdX2!ūd̄ = Wd̄X2!ud , WX1!udd = WX1!ūd̄d̄ . (A.14)

SuperK/ESS, DUNE is/will probe scales 105-106 GeV

Grojean, Shakya, Wells, Zhang ‘18

Width of bands: 
current lattice calculation uncertainty

(including syst. effects of excited states)
[Rinaldi et al ‘18]  

 Λ∼τ-1/5 : 1 order of magnitude improvement on τ ↔ mere 1.5 improvement on Λ

http://inspirehep.net/record/1449902
https://indico.cern.ch/event/706475/contributions/3000533/attachments/1663342/2667074/nnbarZZ_pascos18.pdf
http://inspirehep.net/record/1676081


Christophe Grojean nn and baryogenesis Nordita, Dec. 14, 2018
_ !12

nn Oscillations and Baryogenesis

PASCOS18, CWRU, June 2018Zhengkang “Kevin” Zhang (U. Michigan)

Neutron-Antineutron (nnbar) Oscillation
❖ One of the simplest possibilities for generating an nnbar operator:

6

X

d

d

u

d̄

d̄

ū
Mediator X

X decays cannot generate a baryon asymmetry 
at leading order in the B violating coupling 

(Nanopoulos-Weinberg theorem ‘1979)

Grojean, Shakya, Wells, Zhang ‘18

Origin of dim-9 BNV operator?

X=Majorana fermion, e.g. RPV bino
(here SM neutral)

2➝2 scattering doesn’t work either
(                                 )MuX!dd̄ = MūX!dd

http://inspirehep.net/record/1676081
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d

d

u

d̄
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ū
Mediator X

X decays cannot generate a baryon asymmetry 
at leading order in the B violating coupling 

(Nanopoulos-Weinberg theorem ‘1979)

Grojean, Shakya, Wells, Zhang ‘18

Two mediators X1, X2 (MX1<MX2)

2

109-10 s envisioned at the ESS and possibly DUNE [7–11].
We now elucidate the connection between ⌧nn̄ and the

new physics scale in the EFT context. The lowest dimen-
sion e↵ective operators contributing to n-n̄ oscillation
at tree level are dimension-nine operators of the form
Onn̄ ⇠ (uudddd). The classification of these operators
dates back to the 1980s [50–54] and was refined recently
in [55], which established an alternative basis more conve-
nient for renormalization group (RG) running. A concise
review of the full set of tree-level n-n̄ oscillation opera-
tors is provided in the Appendix. In what follows, we
focus on one of these operators for illustration,

L � c1
1

2
✏ijk✏i0j0k0(ūc

iPRdj)(ū
c
i0PRdj0)(d̄

c
kPRdk0) + h.c. ,

with c1 ⌘
�
⇤(1)
nn̄

��5
. (1)

Here u, d are SM up and down quark fields, respec-
tively, and u

c
, d

c are their charge conjugates. i(0), j(0), k(0)

are color indices, and “h.c.” denotes hermitian conju-

gate. The operator suppression scale ⇤(1)
nn̄ is generally

a weighted (geometric) average of new particle masses,
modulo appropriate powers of couplings and loop factors.

If the operator is generated by integrating out new
particles at a high scale M , computing ⌧nn̄ requires RG
evolving the EFT down to a low scale µ0 (usually chosen
to be 2GeV), where it can be matched onto lattice QCD.
The leading contribution to RG rescaling reads [54, 55]
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Here ↵
(nf )
s is the e↵ective strong coupling with nf light

quark flavors, whose value is obtained with the RunDec
package [56]. Corrections from two-loop running as well
as one-loop matching onto lattice QCD operators were re-
cently computed [55] and are small, and will be neglected
in our calculations. No additional operators relevant for
n-n̄ oscillation are generated from RG evolution.

The n ! n̄ transition rate is determined by the
matrix element of the low-energy e↵ective Hamiltonian
between the neutron and antineutron states. Thus,
once hn̄|Onn̄(µ0)|ni are known, we can relate ⌧nn̄ =��hn̄|He↵|ni

���1
to the six-quark operator coe�cients. Re-

cent progress in lattice calculations [57, 58] has greatly
improved the accuracy and precision on hn̄|Onn̄(µ0)|ni
compared to previous bag model calculations [52, 53] of-
ten used in the literature. Using the results in [58], we

can relate ⌧nn̄ to the operator suppression scale ⇤(1)
nn̄ . For

example, assuming the operator in Eq. (1) gives the domi-
nant contribution to n-n̄ oscillation, and assuming a rep-
resentative RG rescaling factor of 0.7, the current best

limit from Super-K translates into ⇤(1)
nn̄

>⇠ 4 ⇥ 105 GeV.

An improvement on ⌧nn̄ up to 109 (1010, 1011) s will corre-

spond to probing ⇤(1)
nn̄ ⇠ 5 (8, 13)⇥ 105 GeV. These num-

bers are representative of the whole set of n-n̄ oscillation
operators, and do not vary significantly with the starting
point of RG evolution M (see Appendix for details).

A minimal EFT for n-n̄ oscillation and baryogenesis
— One of the simplest possibilities for generating the op-
erator in Eq. (1) at tree level is with a Majorana fermion
X of mass M that couples to the SM via a dimension-
six operator of the form 1

⇤2Xudd, which originates at
an even higher scale ⇤ � M via some UV completion
that we remain agnostic about. A familiar scenario that
realizes this EFT setup is supersymmetry (SUSY) with
R-parity violation (RPV), where the bino plays the role
of X and the dimension-six operator is obtained by in-
tegrating out squarks at a heavier scale. However, this
simple EFT with a single BSM state does not allow for
su�cient baryogenesis due to unitarity relations: in the
absence of B-conserving decay channels, X decay can-
not generate a baryon asymmetry at leading order in the
B-violating coupling, a result known as the Nanopoulos-
Weinberg theorem [59] (see [60] for a recent discussion);
meanwhile, 2 ! 2 processes uX ! d̄d̄ and ūX ! dd are
forced to have the same rate and thus do not violate CP .
A minimal extension that can accommodate both n�n̄

oscillation and the observed baryon asymmetry involves
two Majorana fermions X1, X2 (with MX1 < MX2), each
having a B violating interaction 1

⇤2Xudd. In addition,
a B conserving coupling between the two is necessary to
evade constraints from unitarity relations. In the context
of RPV SUSY, this corresponds to the presence of a wino
or gluino in addition to the bino, which is known to allow
for su�cient baryogenesis [60–62].
Guided by minimality, we assume X1,2 are both SM

singlets, and consider just one of the many possible B

conserving operators in addition to the two B violating
ones. Our minimal EFT thus consists of the following
dimension-six operators that couple X1,2 to the SM:1

L � ⌘X1 ✏
ijk(ūc

iPRdj)(d̄
c
kPRX1)

+ ⌘X2 ✏
ijk(ūc

iPRdj)(d̄
c
kPRX2)

+ ⌘c (ū
i
PLX1)(X̄2PRui) + h.c. ,

with |⌘X1 | ⌘ ⇤�2
X1

, |⌘X2 | ⌘ ⇤�2
X2

, |⌘c| ⌘ ⇤�2
c .(3)

Both X1 and X2 mediate n-n̄ oscillation — integrating
them out at tree level gives

c1 =
1

�
⇤(1)
nn̄

�5 =
1

MX1⇤
4
X1

+
1

MX2⇤
4
X2

. (4)

1 Our minimal EFT bears similarities with the models studied
in [63, 64]. However, these papers focused on baryogenesis using
operators of the form (d̄cPRd)(ūcPRX), which, upon Fierz trans-
formations, are equivalent to generation-antisymmetric compo-
nents of the (ūcPRd)(d̄cPRX) operators in Eq. (3), and thus do
not mediate n-n̄ oscillation at tree level.
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109-10 s envisioned at the ESS and possibly DUNE [7–11].
We now elucidate the connection between ⌧nn̄ and the

new physics scale in the EFT context. The lowest dimen-
sion e↵ective operators contributing to n-n̄ oscillation
at tree level are dimension-nine operators of the form
Onn̄ ⇠ (uudddd). The classification of these operators
dates back to the 1980s [50–54] and was refined recently
in [55], which established an alternative basis more conve-
nient for renormalization group (RG) running. A concise
review of the full set of tree-level n-n̄ oscillation opera-
tors is provided in the Appendix. In what follows, we
focus on one of these operators for illustration,
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Origin of dim-9 BNV operator?

X=Majorana fermion, e.g. RPV bino
(here SM neutral)

2➝2 scattering doesn’t work either
(                                 )MuX!dd̄ = MūX!dd

e.g. RPV bino & gluino

http://inspirehep.net/record/1676081
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YX2

Γwo YB

T~MX2 T~MX1

X2 interacts very weakly 
=> freezes out then decays

Small departures from equilibrium 
just due to Hubble expansion

X1-mediated washout 
is suppressed => 

efficient baryogenesis
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⇤X2 ⇠ ⇤c � ⇤X1 ⇤X1 � ⇤X2 & ⇤c

Baryogenesis Grojean, Shakya, Wells, Zhang ‘18

Single scale: either too strong (insufficient departure from eq.) or too weak (insuffisant CP violation)

nn oscillations dominated by X1 exchange
X2 has weaker interactions & freezes-out with larger abundance

X2 is long-lived and decays after washout 

nn oscillations dominated by X2 exchange
X2 is short-lived and its abundance is close to eq.

Washout dominated by X2 becomes inefficient below MX2
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Explicit realisation of late decay scenario: RPV SUSY with late decays of the bino in presence of a wino/gluino 
[F.Rompineve, 1310.0840] [Y.Cui, 1309.2952] [G.Arcadi, L.Covi, M.Nardecchia, 1507.05584]
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Conclusions

The discovery of the Higgs boson and the absence of new physics at the TeV scale (so far)
 are leaving many important questions answers,

starting with puzzling fact that matter took over antimatter.

The answer might come from the observation of susy/composite Higgs at FCC in 2060…
But Nature might have also chosen a different path.

And the matter imbalance might not be related to EW symmetry breaking.

Looking for the neutron oscillations might give answer that powerful colliders would miss.
The exploration of the Intensity Frontier can also teach us about the Energy Frontier.


