
Moduli Decays
Manuel Drees

Bonn University & Bethe Center for Theoretical Physics

Moduli Decays – p. 1/24



Contents

(1) Moduli Cosmology

Moduli Decays – p. 2/24



Contents

(1) Moduli Cosmology

(2) Moduli Decays
(a) In Leading Order
(b) Higher Orders

Moduli Decays – p. 2/24



Contents

(1) Moduli Cosmology

(2) Moduli Decays
(a) In Leading Order
(b) Higher Orders

(3) Summary

Moduli Decays – p. 2/24



Moduli Cosmology

Definition: Modulus Φ ≡ long-lived, very heavy particle.
Need not be modulus from string theory; could e.g. be
Polonyi field in supergravity.
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Moduli Cosmology

Definition: Modulus Φ ≡ long-lived, very heavy particle.
Need not be modulus from string theory; could e.g. be
Polonyi field in supergravity.

If during inflation MΦ < HI :
|Φ| ≫ HI expected just after inflation

At H ≃ MΦ: Φ field starts to oscillate coherently; same as
collection of Φ particles at rest.

ρΦ ∝ a−3, ρrad ∝ a−4 =⇒
If lifetime τΦ is sufficiently large, ρΦ will dominate the total
energy density: “period of early matter domination”!
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Moduli Cosmology (cont’d)

Typically: Φ couplings suppressed by 1/MPl =⇒
ΓΦ = κ M3

Φ

M2

Pl

κ = C
8π , MPl = 1.22 · 1019 GeV
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Moduli Cosmology (cont’d)

Typically: Φ couplings suppressed by 1/MPl =⇒
ΓΦ = κ M3

Φ

M2

Pl

κ = C
8π , MPl = 1.22 · 1019 GeV

Define TRH =
√

ΓΦMPl

(

45
4π3g∗(TRH)

)1/4

g∗: no. of d.o.f. in radiation
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Moduli Cosmology (cont’d)

Typically: Φ couplings suppressed by 1/MPl =⇒
ΓΦ = κ M3

Φ

M2

Pl

κ = C
8π , MPl = 1.22 · 1019 GeV

Define TRH =
√

ΓΦMPl

(

45
4π3g∗(TRH)

)1/4

g∗: no. of d.o.f. in radiation

TRH is reheat temperature in instantaneous decay
approximation: temperature after Φ decays

BBN =⇒ TRH > few GeV =⇒
MΦ > 105κ−1/3 GeV
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Moduli Cosmology (cont’d)

Φ decays before BBN: leaves little imprint on today’s
universe (mostly in thermal equilibrium until much later)
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But: Can greatly affect WIMP Dark Matter relic density.
Gelmini & Gondolo 2006: Can make any WIMP model
DM-safe!

Moduli Decays – p. 5/24



Moduli Cosmology (cont’d)

Φ decays before BBN: leaves little imprint on today’s
universe (mostly in thermal equilibrium until much later)

But: Can greatly affect WIMP Dark Matter relic density.
Gelmini & Gondolo 2006: Can make any WIMP model
DM-safe!

Direct Φ → χ decays: increase Ωχ

ρΦ increases H =⇒ increases Ωχ (if χ was in
equilibrium)

Φ decays increase entropy: reduces Ωχ (after
normalization to CMB)
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Equations

H2 = 8πρtot

3M2

Pl

ρtot = ρrad + ρχ + ρΦ
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Equations

H2 = 8πρtot

3M2

Pl

ρtot = ρrad + ρχ + ρΦ

dρΦ

dt + 3HρΦ = −ΓΦρΦ
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Equations

H2 = 8πρtot

3M2

Pl

ρtot = ρrad + ρχ + ρΦ

dρΦ

dt + 3HρΦ = −ΓΦρΦ

dnχ

dt + 3Hnχ = 〈σv〉
[

(nχ,eq)
2 − n2

χ

]

+ ΓΦnΦBχ
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Equations

H2 = 8πρtot

3M2

Pl

ρtot = ρrad + ρχ + ρΦ

dρΦ

dt + 3HρΦ = −ΓΦρΦ

dnχ

dt + 3Hnχ = 〈σv〉
[

(nχ,eq)
2 − n2

χ

]

+ ΓΦnΦBχ

ds
dt + 3Hs ≃ 1

T (1 − B̄)ΓΦρΦ

ρrad = π2

30g∗T
4 , s = 2π2

45 h∗T
3 : entropy density

Bχ ∝ Bχ =Br for Φ → χ decays

Note: This form of eqs works even if g∗, h∗ are not constant!
They change rapidly around T = 150 MeV.
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Results

MD, F. Hajkarim, JCAP 1802 (2018), 057 & JHEP 1812 (2018) 042

Generally: final Ωχ depends on 〈σv〉, mχ, Bχ, ΓΦ, MΦ, initial
densities
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Generally: final Ωχ depends on 〈σv〉, mχ, Bχ, ΓΦ, MΦ, initial
densities

If ρΦ ≫ ρrad, ρχ at some “initial” time: Bχ only enters as ratio
Bχ/MΦ, e.g.

ΩΦ−decay
χ ∝ TRHBχ

MΦ
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Results

MD, F. Hajkarim, JCAP 1802 (2018), 057 & JHEP 1812 (2018) 042

Generally: final Ωχ depends on 〈σv〉, mχ, Bχ, ΓΦ, MΦ, initial
densities

If ρΦ ≫ ρrad, ρχ at some “initial” time: Bχ only enters as ratio
Bχ/MΦ, e.g.

ΩΦ−decay
χ ∝ TRHBχ

MΦ

One application:
WIMP with 〈σv〉 < 〈σv〉thermal WIMP: has too high relic
density in standard cosmology.
Example: bino-like LSP!
Can be ok if Bχ < 10−4 and MΦ <∼ 107 GeV! (κ = 1)
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mχ = 100 GeV

σann =

10−6 GeV−2

(“too large”)

10−9 GeV−2

(“too small”)

10−8 GeV−2

(“just right”)

10−14 GeV−2

(“much too

small”)
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In the pMSSM: Bχ = 10−5, MΦ = 5 · 106 GeV
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Is that realistic?

In “simplified model”: No Problem! E.g. couple WIMP χ via
mediator M to leptons; Φ decays into gauge bosons (see
below):

Φ

V

V

ℓ

ℓ

χ

χ
M

Is 5-body final state: Bχ ∼ αα2
χ is automatically small if 〈σv〉

is small due to small coupling αχ.
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Moduli Decays in SUSY

χ ≡ χ̃0
1 is LSP!
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Moduli Decays in SUSY

χ ≡ χ̃0
1 is LSP!

All superparticles will decay into LSPs!
For 2-body decays: sparticles decay before they annihilate

=⇒ Bχ = 2
∑

i Γ(Φ → sparticlei)/Γ
tot
Φ
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Moduli Decays in SUSY

χ ≡ χ̃0
1 is LSP!

All superparticles will decay into LSPs!
For 2-body decays: sparticles decay before they annihilate

=⇒ Bχ = 2
∑

i Γ(Φ → sparticlei)/Γ
tot
Φ

Bχ ≪ 1 only possible if all Φ → sparticle decays are strongly
suppressed!
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At leading order

Assumption: Φ is SM gauge singlet! Gauge invariant
couplings:

dim. 3: ΦHu · Hd: “Higgs” mode

dim. 5: ΦGµνG
µν , ΦWµνW

µν , ΦBµνB
µν : “gauge”

ΦfLfRH : “fermion” mode
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At leading order

Assumption: Φ is SM gauge singlet! Gauge invariant
couplings:

dim. 3: ΦHu · Hd: “Higgs” mode

dim. 5: ΦGµνG
µν , ΦWµνW

µν , ΦBµνB
µν : “gauge”

ΦfLfRH : “fermion” mode

Can these vertices be derived from supersymmetric
Lagrangians?

Let Φ̂ = (Φ, Φ̃): chiral modulus superfield.
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Higgs mode

Superpot. W ⊃ Φ̂Ĥu · Ĥd: SUSY invariant, but would give
Γ(Φ → HuHd) ≪ Γ(Φ → h̃uh̃d)
=⇒ Bχ ∼ O(1): no good!
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Higgs mode

Superpot. W ⊃ Φ̂Ĥu · Ĥd: SUSY invariant, but would give
Γ(Φ → HuHd) ≪ Γ(Φ → h̃uh̃d)
=⇒ Bχ ∼ O(1): no good!

Instead: introduce SUSY breaking
spurion F̂ = θθF

=⇒ L ⊃ cH

MPl

∫

d2θ F̂ Φ̂Ĥu · Ĥd

=⇒ΦHuHd vertex factor cHF/MPl: is soft breaking term!
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Fermion mode

fLfRH comes from W ⊃ f̂Lf̂ c
RĤ:

Also generates fLf̃Rh̃, f̃LfRh̃ terms

=⇒ W ⊃ Φ̂f̂Lf̂ c
RĤ generates Bχ ∼ O(1)!
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Fermion mode

fLfRH comes from W ⊃ f̂Lf̂ c
RĤ:

Also generates fLf̃Rh̃, f̃LfRh̃ terms

=⇒ W ⊃ Φ̂f̂Lf̂ c
RĤ generates Bχ ∼ O(1)!

L ⊃ cf

M2

Pl

∫

d2θF̂ Φ̂f̂Lf̂ c
RĤ also does not work: only generates

Φf̃Lf̃∗

RH vertex.
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Fermion mode

fLfRH comes from W ⊃ f̂Lf̂ c
RĤ:

Also generates fLf̃Rh̃, f̃LfRh̃ terms

=⇒ W ⊃ Φ̂f̂Lf̂ c
RĤ generates Bχ ∼ O(1)!

L ⊃ cf

M2

Pl

∫

d2θF̂ Φ̂f̂Lf̂ c
RĤ also does not work: only generates

Φf̃Lf̃∗

RH vertex.

=⇒ supersymmetric Φff̄H vertex will always lead to
Bχ ∼ O(1), if MΦ ≫ msparticle!
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Gauge mode

L ⊃ cg

MPl

∫

d2θΦ̂ŴAŴA

ŴA: Gauge field strength superfield

=⇒ Φ couples to
∫

d2θŴAŴA = −1
4Ga

µνG
µνa + iλaσµDµλa

Dµ: gauge covariant derivative; λ: gaugino
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Gauge mode

L ⊃ cg

MPl

∫

d2θΦ̂ŴAŴA

ŴA: Gauge field strength superfield

=⇒ Φ couples to
∫

d2θŴAŴA = −1
4Ga

µνG
µνa + iλaσµDµλa

Dµ: gauge covariant derivative; λ: gaugino

Also gives rise to Φg̃g̃ vertex, but
M(Φ → g̃g̃) ∝ mg̃ after using e.o.m.! Need mg̃ <∼ 10−2MΦ.
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Gauge mode

L ⊃ cg

MPl

∫

d2θΦ̂ŴAŴA

ŴA: Gauge field strength superfield

=⇒ Φ couples to
∫

d2θŴAŴA = −1
4Ga

µνG
µνa + iλaσµDµλa

Dµ: gauge covariant derivative; λ: gaugino

Also gives rise to Φg̃g̃ vertex, but
M(Φ → g̃g̃) ∝ mg̃ after using e.o.m.! Need mg̃ <∼ 10−2MΦ.

Remains true for M(Φ → g̃g̃g) from:

Φ

g̃

g̃

g

+ +
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Higher Orders: Higgs

A. Banik, MD, to appear

Φ

f̃

f̃∗

H

H

Bχ ∝ |THf̃f̃ |2/M2
Φ: small!
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Higher Orders: Higgs

A. Banik, MD, to appear

Φ

f̃

f̃∗

H

H

Bχ ∝ |THf̃f̃ |2/M2
Φ: small!

Φ

h̃

W̃

H

H

No extra suppression,

except elw cplg, phase space!
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Results: MΦ = 106 GeV, Φ → HuHd
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Gauge mode

Φ

f̃

f̃∗

V

V

No extra suppression,

except extra cplg, phase space!
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Gauge mode

Φ

f̃

f̃∗

V

V

No extra suppression,

except extra cplg, phase space!

Φ

Ṽ

Ṽ

V

V

No extra suppression,

except extra cplg, phase space!
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Results: MΦ = 106 GeV, Φ → gg
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Results: MΦ = 106 GeV, Φ → WW
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Results: MΦ = 106 GeV, Φ → BB
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Higher order decays: Summary

Bχ >∼ 10−2 (10−3) for LO Φ decays into strongly (weakly)
interacting particles, unless msparticle >∼ MΦ/3: Not natural!
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Way out?

Bχ ≤ 10−4 required for κ = 1, MΦ ∼ 5 · 106 GeV.
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Way out?
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Way out?

Bχ ≤ 10−4 required for κ = 1, MΦ ∼ 5 · 106 GeV.

Recall: relevant quantity is TRHBχ/MΦ

Need to increase MΦ by factor >∼ 10, with fixed TRH

=⇒ reduce κ by factor <∼ 10−3

Φ couplings should be suppressed much more than
1/MPl!
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Way out?

Bχ ≤ 10−4 required for κ = 1, MΦ ∼ 5 · 106 GeV.

Recall: relevant quantity is TRHBχ/MΦ

Need to increase MΦ by factor >∼ 10, with fixed TRH

=⇒ reduce κ by factor <∼ 10−3

Φ couplings should be suppressed much more than
1/MPl!

Higgs mode: ΦHuHd cplg should be much smaller than
usual soft breaking masses.
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Summary

Period of early “moduli” matter domination can greatly
change WIMP relic density, if TRH ≤ mχ/20 (MΦ ≤ 108

GeV, typically).
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Summary

Period of early “moduli” matter domination can greatly
change WIMP relic density, if TRH ≤ mχ/20 (MΦ ≤ 108

GeV, typically).

WIMPs with large overdensity in minimal cosmology
can get right relic density if B(Φ → χ) ≤ 10−4, for Φ cplg
∼ 1/MPl. Example: bino!

Moduli Decays – p. 24/24



Summary

Period of early “moduli” matter domination can greatly
change WIMP relic density, if TRH ≤ mχ/20 (MΦ ≤ 108
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WIMPs with large overdensity in minimal cosmology
can get right relic density if B(Φ → χ) ≤ 10−4, for Φ cplg
∼ 1/MPl. Example: bino!

At leading order: can write supersymmetric Φgg/ΦV V
vertex, soft breaking ΦHuHd vertex with desired
properties
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Summary

Period of early “moduli” matter domination can greatly
change WIMP relic density, if TRH ≤ mχ/20 (MΦ ≤ 108

GeV, typically).

WIMPs with large overdensity in minimal cosmology
can get right relic density if B(Φ → χ) ≤ 10−4, for Φ cplg
∼ 1/MPl. Example: bino!

At leading order: can write supersymmetric Φgg/ΦV V
vertex, soft breaking ΦHuHd vertex with desired
properties

Three-body final states will give B(Φ → χ̃0
1) > 10−3 if

msparticle ≪ MΦ; can be corrected by increasing MΦ, if Φ

couplings are <∼ 0.03/MPl.
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