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Talk Outline

Baryogenesis from dim-6 Vector-Vector (VV) eff. op: 1
Λ2 (DΓµD) (χγµU)

▶ χ Majorana mass breaks B

Baryon asymmetry in X decay and scattering

▶ UV completion details

Solve Boltzmann Equations

▶ match to observed Baryon Asymmetry of the Universe (BAU)

Terrestrial probes

▶ neutron-antineutron (n − n̄) oscillation
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Review

Baryogenesis basics

Today we only have matter in the (observable) Universe

ηB ≡ nB
nγ

= (nb−nb̄)
nγ

= 6× 10−10 Ωbh
2

0.0222 ; YB ≡ nB
s = 0.85× 10−10

▶ What happened to all the anti-matter?

▶ Particle physics explanation is most compelling

Sakharov conditions for Baryogenesis

▶ B violation

▶ C and CP violation

▶ Departure from Thermal Equilibrium

When did baryogenesis happen?

▶ EW, Leptogenesis, GUT, ...
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Review

Our study: baryogenesis in X Decay and Scattering

LDirac M ⊃ −Mχ χ̄χ−MU ŪU −MD D̄D

LVV ⊃ gL,R
Λ2 [DcγµD] [χγµPL,RU]

LB viol (Maj M) ⊃ −χc(M̃LPL + M̃RPR)χ

Lopt VV ⊃ − 1
Λ2 [Ū(g∗

L PL + g∗
RPR)γ

µχ] [χ(gLPL + gRPR)γ
µU]

VV interaction: χ with Q = (U,D)

B(Q) = 1/3, B(χ) = +1

Dirac mass: Mχ

Majorana mass: M̃L,R

Decay and Scattering processes:

X ↔ UDD vs. X ↔ UcDcDc

XQc ↔ QQ vs. XQ ↔ QcQc

UDD ↔ UcDcDc vs. UcDcDc ↔ UDD

Sakharov conditions

▶ B violation: Majorana mass M̃L,R

▶ C and CP violation: complex gL,R , M̃L,R :

▶ Departure from Thermal Equilibrium: Hubble expansion

When did Baryogenesis happen?

▶ At scale Mχ
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LVV ⊃ gL,R
Λ2 [DcγµD] [χγµPL,RU]

LB viol (Maj M) ⊃ −χc(M̃LPL + M̃RPR)χ

Lopt VV ⊃ − 1
Λ2 [Ū(g∗
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Review

Majorana mass =⇒ Dirac χ to Majorana pair Xn

Majorana mass M̃ splits Dirac χ into a pair of Majorana fermions

Xn = (X1,X2) with indefinite baryon number, mass eigenvalues Mn

χ = (U1nPL + U∗
2nPR)Xn
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Baryon asymmetry in Decay Xn → UDD

Amplitude (tree+loop): Process A = A0 +A1; Conjugate process Ac = Ac
0 +Ac

1

Decay rate: Γ = 1
2Mn

∫
dΠ3 |A|2; Γc = 1

2Mn

∫
dΠ3 |Ac |2

AB ≡ Γ−Γc

Γ+Γc

CP violation needs nonzero weak phase (ϕ) and strong phase (δ = π/2)

Interference term Â01 ≡ Â1A∗
0 , Âc

01 ≡ Âc
1Ac∗

0

∆Γ̂01 =
1

2Mn

∫
dΠ3 Im(Â01 − Âc

01) ; AB ≈ −∆Γ̂01
Γ0

[S.Gopalakrishna, R. Tibrewala: 2211.12115]
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Xn Decay at tree-level

→ UDDAt tree level: A0 ∝

Tree-level decay width as a loop:

Γ0 ∝ |A0|2 =

Cutkosky rule: 1/(k2 −m2 + iϵ) → −2πiδ(k2 −m2)
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Xn Decay at loop level

Single Operator Contributions

Multiple Operator Contribution

Arrow clash ↔ Majorana mass ↔ B violation
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Xn Decay tree-loop interference term

Single Operator Contributions

Multiple Operator Contribution

Compute Â01:

Dirac traces and the matrix element

Loop integral

Fold in phase-space (as loop integral) and integrate
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Benchmark points: BP-A, BP-B, BP-C

Mχ = 1, M̃L = 0.1, |M̃R | = 0.11, ϕ′
R = −π/3 (all masses scaled with Mχ)

Compute (numerically) the integrals, baryon asymmetry, solve Boltzmann Eqn.

(FeynCalc, Mathematica)
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Decay AB : Single Operator contrib: BP-A
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[S.Gopalakrishna, R. Tibrewala: 2311.14636]
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Decay AB : Multiple operator contrib: BP-B
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UV completion example

In loops or phase-space, if p ≳ Λ, UV completion relevant.

Particularly relevant in scattering

Example: introduce color triplet, vector ξaµ with Q(ξ) = −2/3:

L(A)
UV ⊃ − 1

2
ϵabc [Dc

b g̃γ
µDa] ξ

c
µ
∗ − [χ̄ γµ(gLPL + gRPR)Uc ] ξ

c
µ + h.c.
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Scattering B Asym (X Q̄ → QQ vs. XQ → Q̄Q̄ )

SC-1: Xn(pn)D(ki ) → D(q1)U(q2)

SC-2: Xn(pn)U(ki ) → D(q1)Dc(q2)
Â(σ)

B ≡ ⟨σv⟩−⟨σc v⟩
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[S.Gopalakrishna, R. Tibrewala: 2311.14636]
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Boltzmann Equations: expanding Universe at T

Early Universe at temperature T : time t ≈ (0.301/
√
g∗)MPl/T

2

Hubble expansion rate H(T ) = 1.66
√
g∗T

2/MPl

Track number densities: nχ(t), nQ(t), nQ̄(t) ; nB(t) = (nQ − nQ̄)/3

nχ(t), nB(t) : nB(tb) = 0, nB(te) ∼ BAU

Boltzmann Equations

d
dt nχ + 3Hnχ = −⟨Γ⟩(nχ − n

(0)
χ ) + ...

d
dt nB + 3HnB = ⟨∆Γ⟩(nχ − n

(0)
χ )− ⟨Γ⟩ n(0)χ nB/n

(0)
Q ...

Equivalently solve BE for Yχ = nχ/s , YB = nB/s

vs. t → temperatureT → x = Mχ/T

Yχ(x),YB(x); YB(xb) = 0, YB(xe) ∼ Y obs
B
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Thermally averaged rates
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Boltzmann Equation Solution: BAU in BP-3A
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[S.Gopalakrishna, R. Tibrewala: 2411.13231]
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Boltzmann Equation Solution: BAU in BP-3A
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[S.Gopalakrishna, R. Tibrewala: 2411.13231]
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Boltzmann Equation Solution: BAU in BP-3B
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Terrestrial probe: neutron-antineutron (n − n̄) oscillation

∆B = 2 process

τn−n̄ ≥ 4.7× 108 s at 90 % C.L. [SuperK, 2021] =⇒ (∆mn−n̄) ≤ 10−34 GeV

g 2s2eff
Λ6
QCD⟨n̄|Q̂i |n⟩

Λ4Mχ
≲ 10−34 GeV =⇒ Λ ≳ s

2/5
eff 103 TeV (for g ∼ O(1))

Q ≡ ϵabcϵa
′b′c′(ūc

c′γ
νγµPL,R uc) (d̄c

bγµda) (d̄
c
b′γνda′)

Lattice computation of the matrix element not available;

for now use scalar operator in the Fierz rearrangement

10κnn̄ ≡ s2eff
enn̄

= 2.5× 10−31
(

13
⟨Q̂⟩

)(
Mχ

1 GeV

)5 [
1

g (Mχ/Λ)2

]2
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Conclusions

Majorana X with dim-6 VV interaction to UDD studied

▶ Sakharov conditions satisfied

Baryon Asymmetry due to decay and scattering computed

Boltzmann Equations solved to match to observed BAU

▶ Mχ ∈ (104, 1016)GeV

Terrestrial probes

▶ n − n̄ oscillation

▶ Flavor probes?
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BAU in BP-3B
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BAU in BP-3A
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BAU in BP-3C
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BAU in BP-3C
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