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Baryogenesis 

η ≡
nB − nB̄

nγ

What is the origin of the baryon asymmetry ? 

Baryogenesis 7

Fig. 1. Primordial abundances versus η, courtesy of R. Cyburt

One might wonder whether the universe could be baryon-symmetric on very
large scales, and separated into regions which are either dominated by baryons
or antibaryons. However we know that even in the least dense regions of the
universe there are hydrogen gas clouds, so one would expect to see an excess of
gamma rays in the regions between baryon and antibaryon dominated regions,
due to annihilations. These are not seen, indicating that such patches should be

BBN

η = (6.12 ± 0.04) × 10−10  mostly from Planck  CMB data

CMB8 J. M. Cline
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Fig. 2. Dependence of the CMB Doppler peaks on η.

as large as the presently observable universe. There seems to be no plausible way
of separating baryons and antibaryons from each other on such large scales.

It is interesting to note that in a homogeneous, baryon-symmetric universe,
there would still be a few baryons and antibaryons left since annihilations aren’t
perfectly efficient. But the freeze-out abundance is

nB

nγ
=

nB̄

nγ
≈ 10−20 (1.7)

(see ref. [4], p. 159), which is far too small for the BBN or CMB.
In the early days of big bang cosmology, the baryon asymmetry was consid-

ered to be an initial condition, but in the context of inflation this idea is no longer
tenable. Any baryon asymmetry existing before inflation would be diluted to a
negligible value during inflation, due to the production of entropy during reheat-
ing.

It is impressive that A. Sakharov realized the need for dynamically creating
the baryon asymmetry in 1967 [5], more than a decade before inflation was in-
vented. The idea was not initially taken seriously; in fact it was not referenced
again, with respect to the idea of baryogenesis, until 1979 [6]. Now it has 1040
citations (encouragement to those of us who are still waiting for our most interest-
ing papers to be noticed!). It was only with the advent of grand unified theories,
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Baryogenesis and the Standard Model 

•B Violation: SM non perturbative source of B+L violation at high temperatures TEW

•C and CP violation: not enough CP violation in the SM

•Non equilibrium: electroweak phase transition should be strong first order. But  is too heavy. mh

Figure of merit: Jarlskog invariant, normalized by the TEW

J = det[m2
u , m2

d] = (m2
t − m2

c ) . . . . (m2
s − m2

d) K CKM factor

J
(100 GeV)12

≃ 10−20
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Baryogenesis Beyond the Standard Model 

•Various attempts in supersymmetric extensions of the SM

 - MSSM and light spectrum

- Affleck-Dine

- …

•Leptogenesis: 

- Typically a high scale mechanism

- Low scale leptogenesis possible: e.g. talks by Julia Harz, Alessandro Granelli  

- Signals: LFV, potentially displaced vertices, enhancements of -less double  decays. ν β
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Low Temperature Baryogenesis  

Generic Ideia:

A new particle decays out of equilibrium after the sphaleron decoupling and before BBN 

Its decays violate B and CP  fulfilling the Sakharov conditions 

Dangers:

Babu, Mohapatra, Nasri , hep-ph/0606144

Kohri, Mazumdar, Sahu, 0905.1625

Allhaverdi, Datta, Sinha, 1005.2804

Allahverdi, Loc, Osinski, 2212.11303

Proton decay
 oscillationsnn̄

Flavor bounds

⋮
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Low Temperature Baryogenesis and Displaced Vertices 

If a particle  decays to generate  the asymmetry its lifetime satisfies N

τN > H−1(T ≃ mN) cτN > 20 mm ( GeV
mN )

2

Window of interest: 

τsphaleron (10−12 s) < τN < τBBN

Connection between  Low Temperature Baryogenesis and LLP with  0.1 mm ≲ cτN ≲ 200 m

⇒

Opportunity for DV at the LHC as well as MATUSLA, CODEX-b, ANUBIS, …
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A Low Temperature Baryogenesis Model  Pedro Bittar, GB, 21410.00957

• 3 Majorana fermions  + 1 Complex scalar N1, N2, N3 Φ

• Out of equilibrium decays: quarksNα →

ℒeff. =
κijk

α

M2
X

(Nc
αui

R) (dc
R

jdk
R) + ξαβ Nc

αΦNβ + h . c .

i, j, k = 1,2,3 generation indices

  Majorana flavor indicesα, β = 1,2,3

  UV scaleMX
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A model of Low Temperature Baryogenesis

N2 N⇤
3 N2

N1

�dk

ui

dj

d
k

ui

d
j  CP Violation from  decay⇒ N2

•Assume: mN1
≲ mΦ < mN2

< mN3

Baryon Asymmetry: 
YΔB = Y2 ϵCP Br(N → udd′ )

  with  the  yield. Y2 N2
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UV Completion
Integrate in a scalar diquark  in the  of the SM:X (3, 1)2/3

ℒX = λαi X† Nc
α ui

R+λ′ jk X dc
R

j dk
R + h . c .

•No proton decay as long as   and  does not mix with neutrinos  mN ≳ 1 GeV N Arnold, Fornal, Wise, 1212.4556

•Color antisymmetry  flavor antisymmetry of  ⇒ λ′ jk  we can write ⇒ λ′ jk = ϵjkℓ λ′ ℓ
Or only 3 independent  couplingsλ′ 

  No  oscillations at tree level⇒ nn̄

• No tree level   or   mixing K0 − K0 B0 − B0

At one loop, they are suppressed if one of the 3 couplings is suppressed. E.g. λ′ bs < λ′ db, λ′ ds
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Bounds

•Bounds from  (from )pp → K+K+ O16 → C14K+K+

|λαuλ′ ds |( 2 TeV
MX )

2

( 200 GeV
mNα

)
2

< 1.5 × 10−6
  choose ⇒ λαu ≪ λαc, λαc

 so  not suppressing  production λ′ ds N

κcjk
α ≃ κα

|Re(λ*αuλαc)2 | ( 2TeV
MX ) ≤ 2.9 × 10−2

•     mixingD0 − D0

(dominated by )α = 3
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Bounds

•  oscillations: dim 9 operator  2 loopsnn̄ →

•Neutron EDM: CP violating phases only contribute at 3 loop level 

d

d

u

d

d

d

XX

X X

s, b

s, b

b, sb, s

N3

•  oscillations impose weak bounds on :Λ0 MX

|κ1 | ≲ 10−1 ( mN1

5 GeV )
1/2

( MX

2 TeV )
2

(Λ0Λ̄0 oscillation)

τn−n̄ ≃ 8.6 × 107s × ( (0.09)6

|λ3u |2 |λ′ ds |4 ) ( 200 GeV
mN3

) ( MX

2 TeV )
6

Giudice, Gripaios, Sundrum, 1105.3161
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λ′ ds < 0.3, λ′ db < 0.3, λ′ sb < 0.11,

λαu < 1.5 × 10−6, λαc < 1, λαt < 1,

Bounds

All constraints satisfied by 
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Back to the baryon asymmetry

N2 N⇤
3 N2

N1

�dk

ui

dj

d
k

ui

d
j

ϵCP ≃
3

8π

mN1

mN3

|κ2ξ*12ξ13κ*3 |sin δ

|κ2 |2 1 −
(m2

N1
+ m2

Φ)
m2

N2

 with  the phase of δ κ ijk
2 ξ*12ξ13κ

ijk*
3

 and we assume   to satisfy bounds from dinucleon κcjk
α ≃ κα ≫ κujk

α pp → K+K+

YΔB = Y2 ϵCP Br(N → udd′ )

CP Violati:on
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•  Yield:N2

Baryon Asymmetry

Y2 =
nN2

s
•Processes to consider

For  , and annihilation suppressed by HDO,    freeze out can be relativisticmN2
≃ 100 GeV N2

N2 u ↔ dd′ Annihilation N2 → udd′  and decay 

mN2
< TFO < MX

Imposing Γann. ≃ H(TFO)

TFO ≃ 280 GeV ( MX

2TeV )
4/3

( 10−6

κ2 )
2/3
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Baryon Asymmetry

Y2 =
45 ζ(3)

2π4

gN2

g*,s(TFO)

Using the relativistic yield (i.e. no Boltzmann suppression) we have

Branching Ratio : N2 → udd′  vs. 2 body decay N2 → N1Φ

ΓN2→udd′ 
≃

3 |κ2 |2

192π3

m5
N2

M4
X

ΓN2→N1Φ ≃
mN2

|ξ12 |2

π≃

 for efficient generation of asymmetry:  B violating 3 body decay should not be too small 

 but 2 body should be comparable or  is suppressedϵCP
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Baryon Asymmetry

Br(  (cont.)(N2 → udd′ )

|ξ12 |
|κ2 |

≈
1

8 3π ( mN2

MX )
2

YΔB

Yexp
ΔB

≃ ( mN2

100 GeV )
2 κ3ξ13 sin δ

3 × 10−2

mN1

mN3

1−
m2

N1
+ m2

Φ

m2
N2

With Yexp
ΔB = 8.7 × 10−11 (Planck)

Γ(N2 → udd′ ) ≃ Γ(N2 → N1Φ) ⇒
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Baryon Asymmetry

★★

BP
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mN3
= 490 GeV

mN3
= 390 GeV

mN3
= 300 GeV

mN3
= 220 GeV

mN3
= 150 GeV

MX = 2TeV

Br[N2→udd] = 0.5

κ3ξ13Sin(δ) = 0.03

mN2
> mN3

Imposing YΔB = Yexp
ΔB

With MX = 2 TeV

Using Br(N2 → udd′ ) = 0.5

E.g. 
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Phenomenology 

LHC bounds on diquark X

ATLAS and CMS on  exclude (3, 1)2/3 0.50 TeV < MX < 0.77 TeV @95 % CL

Recast by Diaz, Saha, London (2006.13385) using bounds on resonant production and flavor: 

For our purposes, choosing  and MX = 2 TeV

λ′ ds = 0.30
λ′ sb = 0.12] Consistent with both constraints from flavor and direct searches   
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Phenomenology 
  production and Monojet bounds Nα

•  production dominated by monojet channelsNα

But  cannot be suppressed in order to get   rightκ3 ∼ λ′ ij λ3k YΔB

So production dominated by  which decays promptlyN3 N3 → N1, N2 + Φ → N1, N2 + N1 + N1

Jet + 3N’s or Jet + 6N’s     Potentially more than one DV + jet ⇒
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Phenomenology 
Topology of DV events

•   dominates production and decays promptlyN3

•  has displaced vertices typical inside the LHC detectors. Need to balance HDO with 2 bodyN2

•But  only decays through the HDO suppressed by   decays typically outside the detectors N1 MX ⇒

These diagrams dominate and have a Jacobian peak at    hight  eventsEJ ≃
Mx

2
⇒ pT
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Distribution of Displaced Vertices 

10-3 10-2 10-1 1 101 102 103

10-1

1

101

102

103
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Run2)

N
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N2
(LHC

Run
2)

N2
(HL-

LHC
)

Imposing that τsphaleron < τN < τBBN

•  decays promptlyN3 •     decays inside the LHCN2 •   decays outside the LHCN1
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★★
BP

10-2 10-1 1
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10-1

1
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Spontaneous Breaking of Baryon Number 
Pedro Bittar, Gabriel Massoni Salla and G.B., 2410.00964

<latexit sha1_base64="vvNpwJGTYccOX2tMMsPehClmD9g="></latexit>

QL uR dR NB ω2,3 ! H

SU(3)c 3 3 3 → → → →
SU(2)L 2 → → → → → 2
U(1)Y 1/6 2/3 →1/3 → → → 1/2
U(1)B 1/3 1/3 1/3 →1 0 1 0

2

Ref. [29], a source of explicit breaking of B must be intro-
duced to achieve baryogenesis. This can be done with the
term

L/B = �
1

2
MNN. (3)

As discussed in Ref. [29], this simple setup is sufficient to gen-
erate a baryon asymmetry at low temperatures and to give LLP
signatures at various existing or planned LHC detectors.

In this paper, we adapt the model so that the baryon num-
ber and CP violations required by baryogenesis occur spon-
taneously rather than explicitly. Surprisingly, the sponta-
neous breaking of global baryon number, without lepton num-
ber violation being involved, has been seldom considered in
the literature. The concept was introduced in Refs. [30, 31],
with a subsequent study focusing on neutron oscillation phe-
nomenology [32]. In the context of spontaneous baryogene-
sis introduced in Refs. [33, 34], the spontaneous breaking of
baryon number and baryogenesis occurs at very high scales,
relying on the dynamics of the scalar field to generate a chem-
ical potential for baryon number. Similar models generate the
baryon asymmetry from the axion rotation [35, 36]. These
mechanisms rely on sphaleron dynamics and differ from the
out-of-equilibrium decays we propose in our model.

Spontaneous symmetry breaking (SSB) of global baryon
number is achieved by assuming that a B charged scalar � ac-
quires a non-zero vacuum expectation value (vev). The main
phenomenological consequence is the appearance of an asso-
ciated pseudo-Nambu-Goldstone Boson (pNGB). We call this
pNGB the bajoron.1 In this sense, the bajoron is the baryon
number analog of the majoron, which is the pNGB of global
lepton number [37–40]. In fact, it is often assumed that the
majoron can break the non-anomalous B � L symmetry in-
stead of just L. When this is true, the majoron should take
the role of the bajoron, as it is also responsible for break-
ing baryon number. However, coupling N to baryon number
through Eq. (2) and simultaneously to lepton number through
the right-handed neutrino portal LHN , leads to rapid proton
decay at tree-level [19, 41]. Therefore, to avoid proton de-
cay, the N ’s of our model cannot mix with neutrinos, and they
must be heavier than ⇠ 1GeV. For this reason, the bajoron
presented here cannot be considered a B�L majoron, and we
must choose between having either the baryon or lepton portal
of N to the SM neutral operators, but not both. Furthermore,
unlike the majoron case, an interesting feature of having SSB
of baryon number is that the portal between SM and the dark
sector is necessarily non-renormalizable, as stated in Eq. (2).
This feature makes the dark sector particles feebly interacting
and if light long-lived as well.

In this context, we focus on implementing successful baryo-
genesis and the phenomenological implications of the baryon
number charged dark sector composed of the three majorana

1 In Ref. [33], the name Thermion is introduced and later renamed Ílion in
Ref. [34]. In Ref. [32], the pNGB is referred to as a baryonic Majoron,
which aligns more closely with the bajoron in our model.

fermions N , the bajoron, and the radial mode of �. To en-
sure that the bajoron is not massless and to make the model
phenomenologically viable, U(1)B has to be broken explic-
itly. More precisely, we consider two different sources of
soft-breaking, parameterized by the scales µ/B ,m/B . Since
the global baryon number symmetry is restored as we take
both explicit breaking scales to zero, up to small instanton ef-
fects, they are technically natural. Therefore, these terms are
stable under quantum corrections and can be much smaller
than the spontaneous breaking scale fB , i.e., we consider
µ/B ,m/B ⌧ fB . Although not the driver of the baryon asym-
metry generation, we anticipate that explicit breaking is im-
perative to ensure the model is compatible with cosmological
constraints. Otherwise, as to be argued in Sec. IV, the bajoron
becomes stable and would overclose the universe.

The paper is organized as follows. In Sec. II, we present the
model that implements SSB of baryon number, highlighting
the predictions for the mass of the bajoron and its couplings
to SM states. Then, in Sec. III, we detail the mechanism of
baryogenesis and justify, using resonant enhancement of the
CP asymmetry, that the correct baryon asymmetry can be ob-
tained. Afterward, Sec. IV is dedicated to investigating how
cosmological and terrestrial bounds can constrain our model.
In particular, these are controlled mainly by the soft-breaking
terms, which are constrained to a finite region of parameter
space still permitted by current data. We conclude in Sec. V
and provide additional details in the appendices.

II. MODEL

This section introduces the model we consider and estab-
lishes its relevant features for later discussion. In particular,
we describe the mixing of the majorana fermions, the mass
generation for the bajoron, and its couplings to the SM.

In the unbroken phase of U(1)B , our model is defined by
the SM augmented with three majorana fermions NB ,�2,�3

and one complex scalar �:

L = LSM +
1

2
NBi /@NB +

1

2
�ai/@�a �

1

2
Ma�

c
a�a

�
B

⇤2
(N c

BuR)(dcRdR)� ⇠aN
c
B��a + h.c.

+ |@
µ�|2 � ��

⇣
|�|2 �

f
2
B

2

⌘2

+�L
(1)
/B

+�L
(2)
/B
. (4)

Here, a = 2, 3 are the � generation indices, B is a matrix
of three quark flavor indices and fB is the scale of SSB of
baryon number. In the second line of the equation above, we
have the analogous of Eq. (2). In this Lagrangian, a non-trivial
baryon number charge can be assigned to the new states and is
only broken by the soft terms in the last line of the equation.
The associated quantum numbers of the relevant particles are
summarized in Tab. I. In particular, NB and � are charged un-
der U(1)B , while �2,3 are complete singlets. The accidental
U(1)B also implies that only NB enters in the effective oper-
ator of Eq. (2), allowing it to interact directly with quarks. For

⟨Φ⟩ = fB ⇒  spontaneous B braking

NB, χ2, χ3 → N1, N2, N3  with phenomenology as before

Plus a light pNGB, the bajoron 
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Spontaneous Breaking of Baryon Number 
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Bajoron parameter space is already constrained

Future searches could almost close it
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Summary 
•Low Temperature Baryogenesis models are viable and testable 

•Connection between LTB and largely displaced vertices  

   pattern of DV at the (HL-)LHC, as well as in proposed MATHUSLA, CODEX-b, ANUBIS⇒

•Extensions of the basic framework to accommodate spontaneous B violation 

  Bajoron phenomenology  ⇒

Requiring that τsphaleron < τN < τBBN


