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Article Abstract

Antimatter is not missing from physics. It is produced in accelerators, appears in radioactive decays
and cosmic rays, and is used in medical imaging. The cosmological puzzle is narrower and deeper:
after matter and antimatter mostly annihilated in the hot early Universe, roughly one net baryon
remained for every 1.6 billion photons. Big Bang nucleosynthesis and the cosmic microwave
background agree on that leftover, but they do not identify its cause. This article follows the
conditional logic proposed by Sakharov, the discovery of CP violation, and the electroweak sphaleron
processes that can create, redistribute or erase asymmetries. It then compares active mechanisms—
grand-unified decays, leptogenesis, extended electroweak baryogenesis and Affleck-Dine dynamics—
without declaring a winner. The number is precision cosmology; the generating particles, scale, CP
source and nonequilibrium history remain an open problem.

In 60 Seconds

Particles and antiparticles annihilate into other excitations; they do not vanish into literal nothing. In
a nearly symmetric hot plasma, annihilation removes matched pairs and leaves whatever small net
excess already exists or has been generated. Cosmology measures that excess as a baryon-to-photon
ratio near 6.1 x 10~-10, or an entropy-normalized yield near 8.6 x 10~-11. Sakharov showed that,
within the standard CPT-respecting thermal framework, a dynamical explanation needs baryon-
number violation, C and CP violation, and departure from equilibrium, or a failure of the assumptions
behind that argument. Weak interactions do violate CP, and electroweak sphalerons violate B+L while
conserving B-L. Yet the measured CKM phase is too weak and the 125 GeV Higgs gives a smooth
electroweak crossover, so the minimal Standard Model does not generate the observed asymmetry.
Multiple extensions can reproduce the final number, but fitting the number does not prove their
particles or initial conditions existed. Experiments therefore test ingredients—proton decay, dipole
moments, neutrino properties, new Higgs physics, sterile neutrinos or gravitational waves—rather
than one universal baryogenesis machine.

Why This Question Matters

The matter—antimatter question is often enlarged until it becomes “why is there something rather
than nothing?” Physics has earned a more specific question. We know the observable domain contains

a tiny net baryon excess, and we know several necessary ingredients for generating one dynamically.
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We do not know which mechanism operated. Holding that boundary matters because annihilation is
not creation from nothing, CP violation is not automatically enough, and a candidate that reproduces
the final ratio has not yet reconstructed history. The open problem is experimentally structured, not
metaphysically solved.

1. The Leftover, Not a Missing Half

The Question
If matter and antimatter can be created in pairs, why is the Universe not half of each today? The
answer is not that antimatter is fictional or that annihilation erased only one side. Paired annihilation
preserves any tiny imbalance that existed before the pairs disappeared.

Antimatter is ordinary, repeatedly tested particle physics. Positrons and antiprotons are produced,
detected and stored; antiparticles participate in decays and collisions according to measured
quantum laws. The cosmic puzzle is not absence from nature but the overwhelming matter
dominance of the observable baryonic domain. [3,5]

When a particle meets its antiparticle, conserved energy and momentum are redistributed into
other excitations, often photons or lighter pairs. Annihilation is conversion, not disappearance of
physical content into nothing. The products can create new pairs if sufficiently energetic, and the
reaction runs both ways in a hot equilibrium plasma. [3,8]

As the Universe cools, a nearly symmetric baryon-antibaryon population annihilates until pair
creation becomes inefficient. That process removes matched numbers from both sides. It cannot
generate a net baryon number by itself; a pre-existing or dynamically produced excess remains
because there are no antiparticles left to cancel it. [3]

The surviving excess is small: the baryon-to-photon ratio is approximately 6.1 x 107-10,
corresponding to about one net baryon per 1.6 billion photons. Expressed relative to entropy, the
baryon yield is about 8.6 x 10A-11. Small in fraction, it supplied essentially all ordinary matter that
later formed gas, stars, planets and us. [1-3]

Big Bang nucleosynthesis and CMB acoustic structure infer consistent baryon densities through
different epochs and physics. Their agreement fixes the magnitude of the leftover rather than the
mechanism that made it. Precision on the output should not be mistaken for knowledge of the
generating history. [1,2]

Where That Leaves Us

The imbalance is a leftover with a precise measured scale, not evidence that antimatter never existed
or that annihilation made something from nothing. Independent cosmic probes agree on the residue
and remain silent about its cause. The next task is observational: establish how far matter dominance
extends and what searches for primordial antimatter actually exclude.

2. How We Know the Visible Domain Is Matter-Dominated

The Question

A positron in a detector is real antimatter, but it does not imply an antistar nearby. High-energy
collisions and radioactive processes produce antiparticles secondarily. To identify a primordial
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antimatter domain, we need evidence that cannot be explained by ordinary matter making
antiparticles locally.

Directly sampled material, nearby stars and gas are matter-dominated. Cosmic rays contain
positrons and antiprotons, but ordinary collisions can make them as secondary products. Their
existence confirms antimatter physics while leaving the primordial composition of distant sources
undecided unless heavier, cleaner signatures are established. [3,5]

Large adjacent matter and antimatter domains would meet at boundaries. Under simple domain
models, annihilation there would produce diffuse gamma rays and alter the ionization and
thermal history visible in the CMB. The absence of the expected signals strongly restricts a
patchwork universe within the observable volume, given the model’s assumptions about mixing
and boundaries. [4]

No antihelium or heavier antinucleus has been confirmed as a primordial cosmic-ray detection.
AMS-02 has reported candidate antihelium events, but their instrumental status, background and
origin remain unresolved. A candidate event should not be silently promoted into an antistar or
primordial domain. [5,6]

The conclusion is deliberately horizon-limited. Evidence supports an overwhelmingly baryonic
observable Universe and constrains simple antimatter-domain scenarios within it. It says nothing
empirical about regions causally inaccessible beyond the cosmological horizon, because no signal
from them can reach the measurements used here. [3,4]

Dark matter is not a hidden reservoir of ordinary antimatter. Antibaryonic material would interact
electromagnetically, participate in nucleosynthesis and annihilate at matter boundaries. Those
behaviours conflict with the dominant dark-matter component inferred gravitationally. Sharing
the word matter does not make the two categories interchangeable. [35]

Where That Leaves Us

Cosmic rays prove that antiparticles occur; gamma-ray, CMB and antinucleus searches constrain
primordial antimatter on much larger scales. The evidence is strong within the observable domain
and silent beyond the horizon. Having established the asymmetry rather than its cause, we can ask
what a dynamical mechanism would have to do without yet choosing one.

3. Sakharov’s Conditional Logic

The Question

What must change for a symmetric plasma to acquire a lasting net baryon number? Sakharov’s
answer was not a finished history but a set of conditions. They are conditional on thermal equilibrium,
CPT and the assumed charges, which makes them powerful logic rather than a mechanism selected by
observation.

Within the standard hot-expanding, CPT-respecting framework, dynamical baryogenesis requires
baryon-number violation, C and CP violation, and departure from thermal equilibrium—or an
equivalent failure of assumptions behind the equilibrium argument. The list states obstacles that a
model must overcome; it does not identify when or how nature overcame them. [7,8]
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The Sakharov conditions are therefore a diagnostic, not proof that one named baryogenesis event
occurred. A candidate can satisfy them in many ways, at very different energy scales, and still be
wrong. Conversely, alternative initial conditions or departures from the standard assumptions can
reorganize the logical requirements. [7,8]

Baryon-number violation is needed because an exactly conserved net baryon number cannot
evolve from zero to a nonzero value. The Standard Model contains anomalous processes that
violate B+L, while many extensions add decays or interactions that violate baryon or lepton
number more directly. The relevant conserved combination matters. [7,8,15]

C and CP violation prevent matter-producing and antimatter-producing channels from having
exactly cancelling net rates. A microscopic CP asymmetry is a necessary ingredient in the standard
logic, but its mere existence does not guarantee a large enough cosmic effect. The strength,
participating reactions and thermal history must be calculated. [7-9]

Thermal equilibrium supplies the final obstacle. CPT symmetry and detailed balance prevent the
required reactions from building a persistent net asymmetry in equilibrium. Expansion, decays or
a first-order phase transition can drive a departure, but every candidate must show quantitatively
that generation outpaces washout and survives later evolution. [7,8]

Where That Leaves Us

Sakharov turned the mystery into conditional tasks: change baryon number, distinguish matter from
antimatter in rates, and escape equilibrium strongly enough to preserve the result. Those
requirements organize mechanisms but do not rank them. The next question is whether known weak-
interaction CP violation and electroweak dynamics already complete the job. They do not.

4. A Broken Symmetry That Is Still Not Enough

The Question

CP violation proves that weak interactions distinguish matter from antimatter. Why does that not
solve baryogenesis? Because the relevant question is quantitative and thermal: is the measured
asymmetry strong enough, in reactions that operate out of equilibrium, to survive every washout
process and yield the cosmic number?

In 1964, Christenson, Cronin, Fitch and Turlay observed CP violation in neutral-kaon decays. The
result established that the combined transformation exchanging particles with antiparticles and
reflecting space is not exact in weak interactions. It supplied a real Sakharov ingredient, not a
complete cosmic mechanism. [9]

Kobayashi and Maskawa showed in 1973 that a quark sector with three generations permits an
irreducible CP-violating phase in the weak mixing matrix. What began as theoretical structure
became part of the Standard Model once the required quark families and flavour-changing
phenomena were established experimentally. [10]

Kaon and B-meson measurements now determine the CKM description as the dominant observed
source of CP violation in quark flavour-changing weak processes. The Jarlskog invariant captures
its basis-independent strength. Agreement across flavour experiments is a triumph, but
cosmological adequacy is a separate calculation. [11-14]
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At high temperature, nonperturbative electroweak transitions associated with the anomaly violate
B+L while conserving B-L. Their thermal rate is established within Standard Model calculations.
These sphaleron processes provide baryon-number-changing dynamics, yet their conservation law
and washout behaviour constrain what asymmetry can persist. [15-17]

Minimal Standard Model electroweak baryogenesis fails quantitatively: CKM CP violation is far too
weak, and the 125 GeV Higgs gives a smooth crossover rather than a strong first-order transition.
The observed excess therefore requires an asymmetric initial condition or additional physics, but
present data do not select one unique mechanism. [3,18-20]

Where That Leaves Us

Known weak physics supplies CP violation and baryon-changing sphalerons, but not enough
asymmetry in the required nonequilibrium setting. The failure is quantitative, not philosophical, and it
points beyond the minimal Standard Model without naming a winner. To compare candidates, we first
need to understand sphalerons as converters and erasers as well as possible creators.

5. Sphalerons: Create, Convert or Erase

Electroweak sphaleron transitions violate baryon plus lepton number, B+L, while conserving their
difference, B-L. The distinction is decisive. A process can change baryon number and still preserve
a particular combination of charges, so the source and timing of any initial asymmetry determine
what remains. [15-17]

While sphalerons are rapid, they can wash out a pre-existing B+L. asymmetry with no protected
B-L component. Generating baryon number early is therefore not sufficient; a candidate must
track every process that can reprocess the charges before freeze-out. Survival is a network
property, not a one-time creation event. [15-17]

The same reactions can convert part of a lepton asymmetry into baryon number. This is the central
bridge in leptogenesis: new neutrino-sector dynamics first create flavour or total lepton
asymmetries, and sphalerons redistribute some of the result into the baryonic sector before they
cease to be efficient. [15-17,22,24]

The sphaleron rate changes across the electroweak crossover and eventually becomes too slow
compared with expansion and other relevant dynamics. Freeze-out then preserves the surviving
baryon asymmetry against further sphaleron reprocessing. The precise conversion depends on the
particle content and chemical-equilibrium relations of the model. [15-17]

Sphalerons can thus help create, convert, redistribute or erase an asymmetry. Calling them simply
a baryon-making engine hides their dependence on B-L, CP sources, rates and sequence. They are
established Standard Model microphysics that candidate baryogenesis histories must use or evade
consistently. [15,17,19]

Where That Leaves Us

Sphalerons are a conditional bridge, not the missing cause. They preserve B-L, wash out some
histories and convert others, depending on the charge network and timing. That is why viable
baryogenesis proposals differ not only in the particles they add but also in when and in which
conserved combination they first place the asymmetry.
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6. Candidate Mechanisms, Not a Solved History

The Question

Several mechanisms can be adjusted to leave the observed baryon yield. That agreement is necessary
and weak: one number cannot prove a heavy particle, a sterile-neutrino population, a first-order
transition or a scalar condensate. Each candidate must earn its history through additional, distinctive
evidence.

Grand-unified baryogenesis proposes that very heavy particles decay out of equilibrium through
channels that violate baryon number and CP. The scale is often far beyond direct production.
Proton decay provides a major, model-dependent test because the same unification structure can
connect unstable baryons to the interactions used for asymmetry generation. [21,36]

Thermal leptogenesis instead uses CP-violating, out-of-equilibrium decays of heavy Majorana
neutrinos to create a lepton asymmetry. Electroweak sphalerons convert part into baryon number.
The mechanism links cosmic matter to neutrino mass generation, but its high scale and unknown
heavy states leave substantial degeneracy. [22,23,38]

Low-scale oscillation leptogenesis moves the new states closer to possible experiments. CP-
violating oscillations of sterile neutrinos generate flavour asymmetries before sphaleron freeze-
out. Viable parameter regions can be constrained by neutrino and intensity-frontier searches, yet
no sterile-neutrino baryogenesis history has been established. [24]

Extended electroweak baryogenesis adds new CP violation and a sufficiently strong first-order
electroweak transition absent from the minimal Standard Model. Higgs precision, colliders and
electric-dipole limits test the required particles and phases; a gravitational-wave background could
test the transition. No one signature alone demonstrates baryon production. [19,20,27,32-34]

Affleck-Dine baryogenesis uses coherent scalar fields carrying baryon or lepton charge, often
within supersymmetric settings, to generate a large asymmetry. Like the other candidates, it can
match the final yield over broad choices. Reproducing eta is a consistency condition, not evidence
that the proposed field, potential, decay history or initial condensate existed. [3,8,25,26]

Where That Leaves Us

Each candidate supplies missing ingredients in a different place: unified decays, heavy or oscillating
neutrinos, an extended electroweak transition, or a charged scalar condensate. All can be constrained
and none is established. Progress therefore comes from mapping experiments to ingredients, so that a
discovery narrows mechanisms instead of being advertised as an automatic solution.

7. What Experiments Can Actually Decide

Observation of proton decay or neutron-antineutron oscillation would establish baryon-number
violation, one central Sakharov ingredient. It would be transformative, but it would not by itself
identify the CP source, establish the relevant thermal departure from equilibrium, or prove which
early-universe reaction network generated the measured yield. [29,30]

Electric dipole moments test new CP phases; neutrino oscillations test leptonic CP violation;
neutrinoless double-beta decay tests Majorana character; sterile-neutrino searches probe low-scale

states; Higgs and collider measurements test extended electroweak sectors. These observables
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constrain different families and parameter combinations rather than one universal mechanism.
[27-33]

A stochastic gravitational-wave background compatible with a first-order electroweak transition
would support an ingredient missing from minimal electroweak baryogenesis. It would not show
that the transition produced baryons or identify the CP violation required. A background can
diagnose cosmic dynamics while leaving the charge-generation story incomplete. [34]

The experimental programme is therefore a matrix, not a single decisive detector. A proton-decay
signal favours some unification structures; an EDM constrains phases; neutrino results reshape
leptogenesis; collider and gravitational-wave data test thermal potentials. Combining them can
remove large candidate regions even before one mechanism is uniquely selected. [27-34]

Null results also carry unequal implications. Stronger proton-lifetime limits do not directly kill low-
scale leptogenesis, and tighter electron-EDM bounds do not test every Affleck-Dine model. Honest
progress reports specify which ingredient, scale and parameter space changed, preserving the
distinction between evidence against a model and evidence against baryogenesis as a whole. [29-
34]

Where That Leaves Us

Experiments can establish ingredients and eliminate parameter space long before they reconstruct the
complete cosmic event. That is not a weakness: it turns an origin mystery into linked, falsifiable
questions. The final ledger must therefore keep two columns apart—the magnitude and domain of the
asymmetry that we know, and the particles, scale and sequence that we do not.

8. The Number We Know and the Cause We Do Not

The magnitude of the baryon asymmetry and the matter dominance of the observable domain are
established. The generating scale, new particles, CP source, nonequilibrium dynamics and possible
connection to neutrino mass remain open. Multiple active mechanisms satisfy the broad logic, and
current evidence does not discriminate decisively among them. [3,8,19,23-25,37,38]

Baryogenesis is an attempted physical account of how an evolving Universe acquired or preserved
a matter—-antimatter imbalance. It does not explain why there is a Universe, why quantum fields or
laws exist, or why the initial framework is possible. Those larger questions may be legitimate, but
they are not solved by adding a CP-violating decay. [3,37]

The asymmetry’s precision remains a scientific anchor. BBN and CMB data can refine eta and Y_B,
test extra radiation or entropy release, and expose inconsistency. A revised number would reshape
viable parameter space, yet a more precise output alone would still not identify which candidate
history produced it. [1-3]

A successful explanation must connect additional observables to the same mechanism: a proton
lifetime, neutrino mass pattern, EDM, new scalar sector, sterile state or gravitational-wave
spectrum. The more distinctive and overconstrained that network becomes, the less freedom
remains to tune one final number without recovering actual history. [3,37]

For now, the correct conclusion is asymmetrical in confidence. We know the leftover
extraordinarily well and know that minimal Standard Model electroweak baryogenesis is

inadequate. We do not know whether the answer lies in unification, neutrmos extended Higgs
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physics, scalar condensates, an initial condition or another mechanism not yet proposed.
[3,8,37,38]

Where That Leaves Us

One net baryon per roughly 1.6 billion photons is a precision result whose causal history remains
unknown. Sakharov conditions and experimental constraints organize the search; no candidate has
earned the status of cosmic history. The honest endpoint is not “antimatter vanished,” but a sharper
statement: the leftover is measured, and its origin is open.

What We Know, and How

e The observable baryonic domain is overwhelmingly matter-dominated, while antimatter is
routinely produced and detected locally.

e BBN and CMB measurements consistently fix a baryon-to-photon ratio near 6.1 x 10/-10.

e Known CP violation and electroweak sphalerons are real, but minimal Standard Model
electroweak baryogenesis is quantitatively insufficient.

What We Still Don’t Know

e No generating scale, particle content, CP source or nonequilibrium history has been selected by
present evidence.

e AMS-02 antihelium candidates have not established a primordial antimatter population.

e The relation, if any, between baryogenesis, neutrino mass, unification and new Higgs physics
remains unresolved.

What Could Change Our Minds

e Proton decay, neutron-antineutron oscillation or another baryon-number-violating signal
would establish a missing ingredient and reshape candidate space.

e A correlated network of new CP violation, particle states and thermal-transition evidence could
identify a specific mechanism.

e Confirmed primordial antinuclei or annihilation-domain signals would revise the inferred
spatial scope of matter dominance.

If You Remember Only One Thing

We know the tiny baryon excess with precision; we do not know which particles, CP source, scale and
nonequilibrium history generated it.

Related Articles

e QTC-012 — What Do We Really Mean by the Big Bang?
e (QTC-013 — Before Atoms
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