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OUTLINE

• Overview of low-scale leptogenesis (~GeV RHNs)

• CPV and phenomenology of low-scale leptogenesis

• Hidden-sector baryogenesis (involving DM)



• See-saw mechanism is minimal, natural model for neutrino masses
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• Remarkably, 3 RH neutrinos at GeV-scale can account for neutrino 
masses, baryon asymmetry, DM!

Minkowski, PLB 67 (1977); Yanagida Conf. Proc C7902131 (1979); Mohapatra and Senjanovic, PRL 44 (1980)…

Asaka, Shaposhnikov hep-ph/0503065, hep-ph/0505013



• Leptogenesis can proceed in two ways:
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(mass can be below EW scale!)

Fukugita, Yanagida, Phys. Lett. B174 (1986) 45
Akhmedov et al., hep-ph/9803255 

Asaka, Shaposhnikov, hep-ph/0505013
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• This only gives a lepton flavour 
asymmetry, not lepton number 
asymmetry: need re-scattering
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2. Yukawa couplings. Bigger = more scattering, larger 
asymmetry, but too big = equilibrium! (BAD)
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4. CP phases. Need to be non-zero, but also have other effects!
Canetti, Shaposhnikov, arXiv:1006.0133; Canetti et al., arXiv:1208.4607; BS, Yavin, arXiv:1401.2459
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BS, Yavin, arXiv:1401.2459

5

sterile neutrino. Therefore, the lepton flavour asymme-
tries are dominated by production at t ⇠ tosc.

Magnitude of Yukawa couplings: The rate of pro-
duction of individual lepton flavour asymmetries in (4)
is O(|F |

4); therefore, increasing the magnitude of the
Yukawa couplings gives a substantial enhancement to the
individual flavour asymmetries. Also, larger Yukawa cou-
plings give a more rapid transfer rate from the individual
lepton flavour asymmetries into a total lepton asymmetry
at order O(|F |

6), further enhancing the baryon asymme-
try. However, increase in the Yukawas also enhances the
washout processes. The characteristic time scale associ-
ated with the washout of lepton flavour ↵ is

t↵ washout ⇠
1

�(L↵ ! N†)
⇠

1

(FF †)↵↵T
. (11)

If the Yukawa coupling is too large, then washout
occurs before the electroweak phase transition, and all
lepton flavour asymmetries are driven to zero in the
equilibrium limit. The final asymmetry is maximal when
the Yukawa couplings are large enough to equilibrate
all lepton species immediately after the electroweak
phase transition, but not larger. Since sphalerons
decouple at TW, the baryon asymmetry is frozen in even
though the lepton asymmetry is rapidly damped away
shortly after the phase transition. This is true, provided
that the Yukawa couplings are not so large that the
sterile neutrinos decohere before the time of asymmetry
generation, which can occur if the oscillation time is
very late (�MN/MN ⌧ 1).

Lepton flavour dependence in scattering rates:

As discussed in Section IIC, the generation of individ-
ual flavour asymmetries at order O(|F |

4) due to sterile
neutrino oscillations is insu�cient. A total SM lepton
asymmetry is generated only at O(|F |

6) due to flavour-
dependent scattering rates according to Eq. (6). In the
absence of lepton flavour-dependent e↵ects, the individ-
ual scattering rates are all equal, �(Le ! N

†) = �(Lµ !

N
†) = �(L⌧ ! N

†), and the total lepton asymmetry
remains zero even at higher orders in F . Therefore, dif-
ferences in lepton flavour rates are crucial to generate
a baryon asymmetry. Fortunately, there is already evi-
dence for lepton flavour dependence in interactions with
neutrinos. First, the structure of the LH neutrino masses
and mixing angles tells us that their Yukawa couplings
are non-universal, and proportional to the mixing angles
✓ij . Second, the CP phases appear in very particular
terms in the interaction: for instance, the Dirac phase �

appears only in terms proportional to sin ✓13. Changing
the phase can lead to constructive or destructive inter-
ference of rates involving a specific lepton flavour. The
total lepton asymmetry is maximized in regions of param-
eter space that accentuate the di↵erences between lepton
flavour interaction rates. The importance of flavour ef-
fects was recently emphasized in [10].

Considering all of these e↵ects, we identify regimes of
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FIG. 2. Time evolution of the individual lepton flavour asym-
metries and the total lepton asymmetry in di↵erent parameter
regimes. The dashed vertical line indicates the electroweak
phase transition. (Top) Regime I: The Yukawa couplings
are small enough that washout e↵ects are always irrelevant;
(Centre) Regime II: The Yukawa couplings are large enough
that equilibration of the sterile neutrinos occurs at the elec-
troweak phase transition; (Bottom) Regime III: Large lep-
ton flavour dependence in the L ! N

† rates, such that
�(Le ! N

†) ⌧ �(Lµ ! N
†), �(L⌧ ! N

†). The Yukawa
couplings are even larger than in Regime II, such that L⌧

and Lµ equilibrate completely with the sterile neutrinos at
T � TW, and Le comes into equilibrium at T ⇠ TW.

parameter space depending on the relative time scales of
oscillation, sterile neutrino equilibration, and sphaleron
decoupling. Because these are the only time scales in the
problem, this results in three regimes that completely
characterize the minimal model. Regime I is defined by
tosc . tW ⌧ teq and was considered in the original works
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washout processes. The characteristic time scale associ-
ated with the washout of lepton flavour ↵ is

t↵ washout ⇠
1

�(L↵ ! N†)
⇠

1

(FF †)↵↵T
. (11)

If the Yukawa coupling is too large, then washout
occurs before the electroweak phase transition, and all
lepton flavour asymmetries are driven to zero in the
equilibrium limit. The final asymmetry is maximal when
the Yukawa couplings are large enough to equilibrate
all lepton species immediately after the electroweak
phase transition, but not larger. Since sphalerons
decouple at TW, the baryon asymmetry is frozen in even
though the lepton asymmetry is rapidly damped away
shortly after the phase transition. This is true, provided
that the Yukawa couplings are not so large that the
sterile neutrinos decohere before the time of asymmetry
generation, which can occur if the oscillation time is
very late (�MN/MN ⌧ 1).

Lepton flavour dependence in scattering rates:

As discussed in Section IIC, the generation of individ-
ual flavour asymmetries at order O(|F |

4) due to sterile
neutrino oscillations is insu�cient. A total SM lepton
asymmetry is generated only at O(|F |

6) due to flavour-
dependent scattering rates according to Eq. (6). In the
absence of lepton flavour-dependent e↵ects, the individ-
ual scattering rates are all equal, �(Le ! N

†) = �(Lµ !

N
†) = �(L⌧ ! N

†), and the total lepton asymmetry
remains zero even at higher orders in F . Therefore, dif-
ferences in lepton flavour rates are crucial to generate
a baryon asymmetry. Fortunately, there is already evi-
dence for lepton flavour dependence in interactions with
neutrinos. First, the structure of the LH neutrino masses
and mixing angles tells us that their Yukawa couplings
are non-universal, and proportional to the mixing angles
✓ij . Second, the CP phases appear in very particular
terms in the interaction: for instance, the Dirac phase �

appears only in terms proportional to sin ✓13. Changing
the phase can lead to constructive or destructive inter-
ference of rates involving a specific lepton flavour. The
total lepton asymmetry is maximized in regions of param-
eter space that accentuate the di↵erences between lepton
flavour interaction rates. The importance of flavour ef-
fects was recently emphasized in [10].

Considering all of these e↵ects, we identify regimes of
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FIG. 2. Time evolution of the individual lepton flavour asym-
metries and the total lepton asymmetry in di↵erent parameter
regimes. The dashed vertical line indicates the electroweak
phase transition. (Top) Regime I: The Yukawa couplings
are small enough that washout e↵ects are always irrelevant;
(Centre) Regime II: The Yukawa couplings are large enough
that equilibration of the sterile neutrinos occurs at the elec-
troweak phase transition; (Bottom) Regime III: Large lep-
ton flavour dependence in the L ! N

† rates, such that
�(Le ! N

†) ⌧ �(Lµ ! N
†), �(L⌧ ! N

†). The Yukawa
couplings are even larger than in Regime II, such that L⌧

and Lµ equilibrate completely with the sterile neutrinos at
T � TW, and Le comes into equilibrium at T ⇠ TW.

parameter space depending on the relative time scales of
oscillation, sterile neutrino equilibration, and sphaleron
decoupling. Because these are the only time scales in the
problem, this results in three regimes that completely
characterize the minimal model. Regime I is defined by
tosc . tW ⌧ teq and was considered in the original works

mass degeneracy large Yukawa couplings

• dashed line indicates time of electroweak phase transition
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OUTLINE

• Overview of low-scale leptogenesis (~GeV RHNs)

• CPV and phenomenology of low-scale leptogenesis

• Hidden-sector baryogenesis (involving DM)
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PARAMETERS OF THE MODEL
• Casas-Ibarra parameterization of Yukawa couplings:

• LH neutrino mixing matrix:

F↵I =
i

v
U⌫

p
m⌫ R

p
mN

<latexit sha1_base64="QkDThXxI0JhTfVq1tt70ujFrWzs="></latexit><latexit sha1_base64="QkDThXxI0JhTfVq1tt70ujFrWzs="></latexit><latexit sha1_base64="QkDThXxI0JhTfVq1tt70ujFrWzs="></latexit>

U⌫ =

0

@
c12c13 s12c13 s13e�i�

�s12c23 � c12s23s13ei� c12c23 � s12s23s13ei� s23c13
s12s23 � c12c23s13ei� �c12s23 � s12c23s13ei� c23c13

1

A

0

@
ei↵1/2 0 0

0 ei↵2/2 0
0 0 1

1

A

<latexit sha1_base64="aENbOusfC99/aal91CRuNRgZdeQ="></latexit><latexit sha1_base64="aENbOusfC99/aal91CRuNRgZdeQ="></latexit><latexit sha1_base64="aENbOusfC99/aal91CRuNRgZdeQ="></latexit>

• RH neutrino mixing matrix with complex mixing:

R =

0

@
0 0

cos! sin!
� sin! cos!

1

A

<latexit sha1_base64="gTGqWu6gtob8m1HiibavTPinYIc="></latexit><latexit sha1_base64="gTGqWu6gtob8m1HiibavTPinYIc="></latexit><latexit sha1_base64="gTGqWu6gtob8m1HiibavTPinYIc="></latexit>

Casas, Ibarra, hep-ph/0103065
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PARAMETERS OF THE MODEL
• Casas-Ibarra parameterization of Yukawa couplings:

• LH neutrino mixing matrix:

F↵I =
i

v
U⌫

p
m⌫ R

p
mN
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U⌫ =

0

@
c12c13 s12c13 s13e�i�

�s12c23 � c12s23s13ei� c12c23 � s12s23s13ei� s23c13
s12s23 � c12c23s13ei� �c12s23 � s12c23s13ei� c23c13

1

A

0

@
ei↵1/2 0 0

0 ei↵2/2 0
0 0 1

1

A

<latexit sha1_base64="aENbOusfC99/aal91CRuNRgZdeQ="></latexit><latexit sha1_base64="aENbOusfC99/aal91CRuNRgZdeQ="></latexit><latexit sha1_base64="aENbOusfC99/aal91CRuNRgZdeQ="></latexit>

• RH neutrino mixing matrix with complex mixing:

R =

0

@
0 0

cos! sin!
� sin! cos!

1

A

<latexit sha1_base64="gTGqWu6gtob8m1HiibavTPinYIc="></latexit><latexit sha1_base64="gTGqWu6gtob8m1HiibavTPinYIc="></latexit><latexit sha1_base64="gTGqWu6gtob8m1HiibavTPinYIc="></latexit>

arg(cos!) = � tan(Re!) tanh(Im!)
<latexit sha1_base64="E9akn8GWAWxU0iMki8WeBJNQbIw="></latexit><latexit sha1_base64="E9akn8GWAWxU0iMki8WeBJNQbIw="></latexit><latexit sha1_base64="E9akn8GWAWxU0iMki8WeBJNQbIw="></latexit>

Casas, Ibarra, hep-ph/0103065
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PARAMETERS OF THE MODEL
• CP-violation for leptogenesis can arise from any of 3 sources :-(

• If          is large, asymmetry can be maximized for Im!
<latexit sha1_base64="3oCUDTWsAP4erFr5Uh9H4bQX4aY=">AAAB+3icbVDLSsNAFJ34rPVV7dLNYBFcSElEUHdFN7qrYGyhCWUynbRD5xFmJkII9VfcuFBx64+482+ctFlo64GBwzn3cs+cKGFUG9f9dpaWV1bX1isb1c2t7Z3d2t7+g5apwsTHkknVjZAmjAriG2oY6SaKIB4x0onG14XfeSRKUynuTZaQkKOhoDHFyFipX6sHHJmR4vktnwQngeRkiPq1htt0p4CLxCtJA5Ro92tfwUDilBNhMENa9zw3MWGOlKGYkUk1SDVJEB6jIelZKhAnOsyn4SfwyCoDGEtlnzBwqv7eyBHXOuORnSyi6nmvEP/zeqmJL8KciiQ1RODZoThl0EhYNAEHVBFsWGYJworarBCPkELY2L6qtgRv/suLxD9tXja9u7NG66psowIOwCE4Bh44By1wA9rABxhk4Bm8gjfnyXlx3p2P2eiSU+7UwR84nz9MVpS9</latexit><latexit sha1_base64="3oCUDTWsAP4erFr5Uh9H4bQX4aY=">AAAB+3icbVDLSsNAFJ34rPVV7dLNYBFcSElEUHdFN7qrYGyhCWUynbRD5xFmJkII9VfcuFBx64+482+ctFlo64GBwzn3cs+cKGFUG9f9dpaWV1bX1isb1c2t7Z3d2t7+g5apwsTHkknVjZAmjAriG2oY6SaKIB4x0onG14XfeSRKUynuTZaQkKOhoDHFyFipX6sHHJmR4vktnwQngeRkiPq1htt0p4CLxCtJA5Ro92tfwUDilBNhMENa9zw3MWGOlKGYkUk1SDVJEB6jIelZKhAnOsyn4SfwyCoDGEtlnzBwqv7eyBHXOuORnSyi6nmvEP/zeqmJL8KciiQ1RODZoThl0EhYNAEHVBFsWGYJworarBCPkELY2L6qtgRv/suLxD9tXja9u7NG66psowIOwCE4Bh44By1wA9rABxhk4Bm8gjfnyXlx3p2P2eiSU+7UwR84nz9MVpS9</latexit><latexit sha1_base64="3oCUDTWsAP4erFr5Uh9H4bQX4aY=">AAAB+3icbVDLSsNAFJ34rPVV7dLNYBFcSElEUHdFN7qrYGyhCWUynbRD5xFmJkII9VfcuFBx64+482+ctFlo64GBwzn3cs+cKGFUG9f9dpaWV1bX1isb1c2t7Z3d2t7+g5apwsTHkknVjZAmjAriG2oY6SaKIB4x0onG14XfeSRKUynuTZaQkKOhoDHFyFipX6sHHJmR4vktnwQngeRkiPq1htt0p4CLxCtJA5Ro92tfwUDilBNhMENa9zw3MWGOlKGYkUk1SDVJEB6jIelZKhAnOsyn4SfwyCoDGEtlnzBwqv7eyBHXOuORnSyi6nmvEP/zeqmJL8KciiQ1RODZoThl0EhYNAEHVBFsWGYJworarBCPkELY2L6qtgRv/suLxD9tXja9u7NG66psowIOwCE4Bh44By1wA9rABxhk4Bm8gjfnyXlx3p2P2eiSU+7UwR84nz9MVpS9</latexit><latexit sha1_base64="3oCUDTWsAP4erFr5Uh9H4bQX4aY=">AAAB+3icbVDLSsNAFJ34rPVV7dLNYBFcSElEUHdFN7qrYGyhCWUynbRD5xFmJkII9VfcuFBx64+482+ctFlo64GBwzn3cs+cKGFUG9f9dpaWV1bX1isb1c2t7Z3d2t7+g5apwsTHkknVjZAmjAriG2oY6SaKIB4x0onG14XfeSRKUynuTZaQkKOhoDHFyFipX6sHHJmR4vktnwQngeRkiPq1htt0p4CLxCtJA5Ro92tfwUDilBNhMENa9zw3MWGOlKGYkUk1SDVJEB6jIelZKhAnOsyn4SfwyCoDGEtlnzBwqv7eyBHXOuORnSyi6nmvEP/zeqmJL8KciiQ1RODZoThl0EhYNAEHVBFsWGYJworarBCPkELY2L6qtgRv/suLxD9tXja9u7NG66psowIOwCE4Bh44By1wA9rABxhk4Bm8gjfnyXlx3p2P2eiSU+7UwR84nz9MVpS9</latexit>

⌘ = 0, � = ⇡
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• However, in this case the Yukawa couplings are enhanced

|F |2 ⇠ m⌫mN

v2
e2|Im!|

<latexit sha1_base64="bDn2n7jPO4GI+DaqplfApJ+j4TY="></latexit><latexit sha1_base64="bDn2n7jPO4GI+DaqplfApJ+j4TY="></latexit><latexit sha1_base64="bDn2n7jPO4GI+DaqplfApJ+j4TY="></latexit><latexit sha1_base64="bDn2n7jPO4GI+DaqplfApJ+j4TY="></latexit>

• This can arise due to a fine-tuning in the Yukawa matrix or due to an 
approximate lepton number symmetry

• In this large-coupling regime, rates involving N can be large!

BS, Yavin, arXiv:1401.2459

Shaposhnikov, hep-ph/0605047
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LARGE-COUPLING PHENO

U`N =
F`Nv

mN
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N ναsin θαN ⌫U`N
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Figure 4.2: Production (left) and subsequent decay (right) of the particle NI .

the Universe (see Section 4.6.1 for the formulation of the problem). Moreover, the same parti-
cles can be responsible for both neutrino masses and matter-antimatter asymmetry generation.
HNLs with the masses ranging from O(MeV) to O(1012 GeV) provide mechanisms of generation of
matter-antimatter asymmetry, described in Sections 4.6.2–4.6.4.2 below. In particular, the suc-
cessful baryogenesis is possible when HNL have experimentally accessible masses (Sections 4.3.2.2,
4.3.2.3). This opens an exciting possibility of direct experimental resolution of these BSM puzzles
by finding HNLs experimentally. The phenomenology of neutrino oscillations provides (under cer-
tain assumptions, discussed above) the lower bound on Yukawa couplings, while the requirement
of successful baryogenesis provides an upper bound on their values.

Right-handed neutrinos can appear as a part of a wider theory, for example as a part of the
fermion representation of a gauge group in GUT theories, see Section 4.3.2.1. Interestingly HNLs
can be postulated as the only new particles beyond the Standard Model up to a very high energy
scale, providing explanations of all major observational BSM phenomena (Section 4.8 below). This
brings the questions of the complete UV theory (discussed in Section 4.8.3). The SM supplemented
by 3 HNLs, with Majorana mass terms for all of them, and all possible Yukawa couplings with the
Higgs boson and left-handed lepton doublets has an intriguing property of charge quantisation. The
Majorana mass term (4.1.2) means that the hypercharge of NI is zero and therefore hypercharges of
left lepton double and Higgs field are the same. As a result of this, the requirement of cancellation
of gauge chiral anomalies has a unique solution in terms of charges [327], quantised exactly as it is
observed. In other words, the charge quantisation may be a requirement of the self-consistency of
the theory, rather than a consequence of a larger symmetry, as in Grand Unified Theories.

4.2 Active neutrino phenomenology

Neutrino physics provides strong motivation for the existence of HNLs. Although properties of
HNLs cannot be fully fixed by data from low-energy neutrino experiments, it serves as a source of
important constraints. Therefore we review main results of neutrino theory and experiments below.

4.2.1 Three-flavour neutrino oscillations. A theoretical overview

A decade of revolutionary neutrino experiments has established that the SM neutrinos are massive
and mix like quarks do. The measurement of their tiny masses has been possible thanks to neutrino
oscillations, a quantum phenomenon first conjectured by Pontecorvo [328]. Neutrinos are produced
and detected via weak processes, therefore by definition they are produced or detected as flavour
states (ie. the states that couple to the e, µ and ⌧ leptons respectively). However, such states
of a definite flavour are superpositions of the vacuum Hamiltonian eigenstates or mass eigenstates

– 65 –

see e.g., Gorbunov and Shaposhnikov, arXiv:0705.1729; Atre, Han, Pascoli, Zhang, arXiv:0901.3589; 
Deppisch, Dev, Pilaftsis, arXiv:1502.06541
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sensitivities for HL-LHC from Fig. 2, as well as the projected future sensitivity of various facilities:
SHiP [15,17], FCC-ee [44], CEPC [18,19], ILC [18,19], NA62 [89] (see also [?]) and LBNE/DUNE [11].
The present limits on (mN , |U↵N |2) from Fig. 2 are shown as a light-grey region. The region excluded
from primordial nucleosynthesis (BBN) is shown in medium-grey. The upper limit on |U↵N |2 from vi-
able leptogenesis for the minimal case n = 2 (assuming normal neutrino mass hierarchy, see Ref. [87])
and the lower exclusion on |U↵N |2 from the active neutrino oscillation data for the minimal case n = 2

(for normal neutrino mass hierarchy, see Ref. [87]) are respectively shown as a black dotted line and a
dark-grey region.
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sions of Fig. 1, with potential signals superimposed, are provided in Appendix A. We see no
evidence for a significant excess in data beyond the expected SM background. We compute
95% confidence level (CL) upper limits on |VeN|2 and |VµN|2 separately, while assuming other
matrix elements to be 0, using the CLs criterion [84, 85] under the asymptotic approximation for
the test statistic [86, 87]. A simultaneous fit of all search regions is performed and all systematic
uncertainties are treated as log-normal nuisance parameters in the fit.

The interpretation of the results is presented in Fig. 2. The N lifetime is inversely proportional
to m

5
N|V`N|2 [45, 50]. At low masses this becomes significant, resulting in displaced decays and

lower efficiency than if the decays were prompt, illustrated by comparison of the black dotted
line in Fig. 2 (prompt assumption) with the final result. This is accounted for by calculating the
efficiency vs. N lifetime, and propagating this to the limits on mixing parameter vs. mass.
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Figure 2: Exclusion region at 95% CL in the |VeN|2 vs. mN (left) and |VµN|2 vs. mN (right) planes.
The dashed black curve is the expected upper limit, with one and two standard-deviation
bands shown in dark green and light yellow, respectively. The solid black curve is the ob-
served upper limit, while the dotted black curve is the observed limit in the approximation of
prompt N decays. Also shown are the best upper limits at 95% CL from other collider searches
in L3 [36], DELPHI [33], ATLAS [23], and CMS [22].

In summary, a search has been performed for a heavy neutral lepton N of Majorana nature
produced in the decays of a W boson, with subsequent prompt decays of N to W`, where the
vector boson decays to `n. The event signature consists of three charged leptons in any com-
bination of electrons and muons. No statistically significant excess of events over the expected
standard model background is observed.

Upper limits at 95% confidence level are set on the mixing parameters |VeN|2 and |VµN|2, rang-
ing between 1.2 ⇥ 10�5 and 1.8 for N masses in the range 1 GeV < mN < 1.2 TeV. These results
surpass those obtained in previous searches carried out by the ATLAS [23] and CMS [22, 24]
Collaborations, and are the first direct limits for mN > 500 GeV. This search also provides the
first probes for low masses (mN < 40 GeV) at the LHC, improving on the limits set previously
by the L3 [29] and DELPHI [33] Collaborations. For N masses below 3 GeV, the most stringent
limits to date are obtained from the beam-dump experiments: CHARM [26, 31], BEBC [25],
FMMF [32], and NuTeV [34].
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In summary, a search has been performed for a heavy neutral lepton N of Majorana nature
produced in the decays of a W boson, with subsequent prompt decays of N to W`, where the
vector boson decays to `n. The event signature consists of three charged leptons in any com-
bination of electrons and muons. No statistically significant excess of events over the expected
standard model background is observed.

Upper limits at 95% confidence level are set on the mixing parameters |VeN|2 and |VµN|2, rang-
ing between 1.2 ⇥ 10�5 and 1.8 for N masses in the range 1 GeV < mN < 1.2 TeV. These results
surpass those obtained in previous searches carried out by the ATLAS [23] and CMS [22, 24]
Collaborations, and are the first direct limits for mN > 500 GeV. This search also provides the
first probes for low masses (mN < 40 GeV) at the LHC, improving on the limits set previously
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DIRECT PRODUCTION: CPV

• Because we directly produce N, we can also potentially observe its 
direct CP-violating decays! 
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• However, this can be overcome with a mass degeneracy, �M ⌧ MN
<latexit sha1_base64="jaMSu+/vZQ1OyXHAELI+XdgNX3o=">AAAB+HicbVBNS8NAEN3Ur1q/oh69LBbBU0lEUG9FPXipVDC20ISw2U7bpZtN2N0USug/8eJBxas/xZv/xm2bg7Y+GHi8N8PMvCjlTGnH+bZKK6tr6xvlzcrW9s7unr1/8KSSTFLwaMIT2Y6IAs4EeJppDu1UAokjDq1oeDP1WyOQiiXiUY9TCGLSF6zHKNFGCm3bvwWuCW5gn3PcCO9Du+rUnBnwMnELUkUFmqH95XcTmsUgNOVEqY7rpDrIidSMcphU/ExBSuiQ9KFjqCAxqCCfXT7BJ0bp4l4iTQmNZ+rviZzESo3jyHTGRA/UojcV//M6me5dBjkTaaZB0PmiXsaxTvA0BtxlEqjmY0MIlczciumASEK1CatiQnAXX14m3lntquY+nFfr10UaZXSEjtEpctEFqqM71EQeomiEntErerNy68V6tz7mrSWrmDlEf2B9/gAqTJJA</latexit><latexit sha1_base64="jaMSu+/vZQ1OyXHAELI+XdgNX3o=">AAAB+HicbVBNS8NAEN3Ur1q/oh69LBbBU0lEUG9FPXipVDC20ISw2U7bpZtN2N0USug/8eJBxas/xZv/xm2bg7Y+GHi8N8PMvCjlTGnH+bZKK6tr6xvlzcrW9s7unr1/8KSSTFLwaMIT2Y6IAs4EeJppDu1UAokjDq1oeDP1WyOQiiXiUY9TCGLSF6zHKNFGCm3bvwWuCW5gn3PcCO9Du+rUnBnwMnELUkUFmqH95XcTmsUgNOVEqY7rpDrIidSMcphU/ExBSuiQ9KFjqCAxqCCfXT7BJ0bp4l4iTQmNZ+rviZzESo3jyHTGRA/UojcV//M6me5dBjkTaaZB0PmiXsaxTvA0BtxlEqjmY0MIlczciumASEK1CatiQnAXX14m3lntquY+nFfr10UaZXSEjtEpctEFqqM71EQeomiEntErerNy68V6tz7mrSWrmDlEf2B9/gAqTJJA</latexit><latexit sha1_base64="jaMSu+/vZQ1OyXHAELI+XdgNX3o=">AAAB+HicbVBNS8NAEN3Ur1q/oh69LBbBU0lEUG9FPXipVDC20ISw2U7bpZtN2N0USug/8eJBxas/xZv/xm2bg7Y+GHi8N8PMvCjlTGnH+bZKK6tr6xvlzcrW9s7unr1/8KSSTFLwaMIT2Y6IAs4EeJppDu1UAokjDq1oeDP1WyOQiiXiUY9TCGLSF6zHKNFGCm3bvwWuCW5gn3PcCO9Du+rUnBnwMnELUkUFmqH95XcTmsUgNOVEqY7rpDrIidSMcphU/ExBSuiQ9KFjqCAxqCCfXT7BJ0bp4l4iTQmNZ+rviZzESo3jyHTGRA/UojcV//M6me5dBjkTaaZB0PmiXsaxTvA0BtxlEqjmY0MIlczciumASEK1CatiQnAXX14m3lntquY+nFfr10UaZXSEjtEpctEFqqM71EQeomiEntErerNy68V6tz7mrSWrmDlEf2B9/gAqTJJA</latexit><latexit sha1_base64="jaMSu+/vZQ1OyXHAELI+XdgNX3o=">AAAB+HicbVBNS8NAEN3Ur1q/oh69LBbBU0lEUG9FPXipVDC20ISw2U7bpZtN2N0USug/8eJBxas/xZv/xm2bg7Y+GHi8N8PMvCjlTGnH+bZKK6tr6xvlzcrW9s7unr1/8KSSTFLwaMIT2Y6IAs4EeJppDu1UAokjDq1oeDP1WyOQiiXiUY9TCGLSF6zHKNFGCm3bvwWuCW5gn3PcCO9Du+rUnBnwMnELUkUFmqH95XcTmsUgNOVEqY7rpDrIidSMcphU/ExBSuiQ9KFjqCAxqCCfXT7BJ0bp4l4iTQmNZ+rviZzESo3jyHTGRA/UojcV//M6me5dBjkTaaZB0PmiXsaxTvA0BtxlEqjmY0MIlczciumASEK1CatiQnAXX14m3lntquY+nFfr10UaZXSEjtEpctEFqqM71EQeomiEntErerNy68V6tz7mrSWrmDlEf2B9/gAqTJJA</latexit>

Cvetič, Kim, Zamora-Saa, arXiv:1403.2555
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• Searches in meson decays are straightforward: look for lepton charge 
asymmetry in semileptonic decays
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Fig. 3: Projected sensitivity (4 events) in the (mN , |U↵N |2) plane to sterile neutrinos, N , produced in
W/Z decays at FCC-hh for MATHUSLA “standard” surface version (dotted brown) and “forward” ver-
sion (dashed brown), cf. Table 1, for ↵ = e (top) and ↵ = µ (bottom). Also shown are the MATHUSLA
sensitivities for HL-LHC from Fig. 2, as well as the projected future sensitivity of various facilities:
SHiP [15,17], FCC-ee [44], CEPC [18,19], ILC [18,19], NA62 [89] (see also [?]) and LBNE/DUNE [11].
The present limits on (mN , |U↵N |2) from Fig. 2 are shown as a light-grey region. The region excluded
from primordial nucleosynthesis (BBN) is shown in medium-grey. The upper limit on |U↵N |2 from vi-
able leptogenesis for the minimal case n = 2 (assuming normal neutrino mass hierarchy, see Ref. [87])
and the lower exclusion on |U↵N |2 from the active neutrino oscillation data for the minimal case n = 2

(for normal neutrino mass hierarchy, see Ref. [87]) are respectively shown as a black dotted line and a
dark-grey region.
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Fig. 3: Projected sensitivity (4 events) in the (mN , |U↵N |2) plane to sterile neutrinos, N , produced in
W/Z decays at FCC-hh for MATHUSLA “standard” surface version (dotted brown) and “forward” ver-
sion (dashed brown), cf. Table 1, for ↵ = e (top) and ↵ = µ (bottom). Also shown are the MATHUSLA
sensitivities for HL-LHC from Fig. 2, as well as the projected future sensitivity of various facilities:
SHiP [15,17], FCC-ee [44], CEPC [18,19], ILC [18,19], NA62 [89] (see also [?]) and LBNE/DUNE [11].
The present limits on (mN , |U↵N |2) from Fig. 2 are shown as a light-grey region. The region excluded
from primordial nucleosynthesis (BBN) is shown in medium-grey. The upper limit on |U↵N |2 from vi-
able leptogenesis for the minimal case n = 2 (assuming normal neutrino mass hierarchy, see Ref. [87])
and the lower exclusion on |U↵N |2 from the active neutrino oscillation data for the minimal case n = 2

(for normal neutrino mass hierarchy, see Ref. [87]) are respectively shown as a black dotted line and a
dark-grey region.

10

• In most optimistic scenario, maybe have sensitivity to " ⇠ 10�4
<latexit sha1_base64="kC6nPGt6q+EEJspigdfp2drKmJI=">AAACAHicbVDLSsNAFJ3UV62vqBvBzWAR3FgSKai7ohuXFYwtNLFMppN26DzCzKRQQt34K25cqLj1M9z5N04fC209cOFwzr3ce0+cMqqN5307haXlldW14nppY3Nre8fd3bvXMlOYBFgyqZox0oRRQQJDDSPNVBHEY0Yacf967DcGRGkqxZ0ZpiTiqCtoQjEyVmq7B+EAKZJqyqSAoaYc+t5Dflodtd2yV/EmgIvEn5EymKHedr/CjsQZJ8JghrRu+V5qohwpQzEjo1KYaZIi3Edd0rJUIE50lE8+GMFjq3RgIpUtYeBE/T2RI671kMe2kyPT0/PeWPzPa2UmuYhyKtLMEIGni5KMQSPhOA7YoYpgw4aWIKyovRXiHlIIGxtayYbgz7+8SIKzymXFv62Wa1ezNIrgEByBE+CDc1ADN6AOAoDBI3gGr+DNeXJenHfnY9pacGYz++APnM8f2VKWCw==</latexit><latexit sha1_base64="kC6nPGt6q+EEJspigdfp2drKmJI=">AAACAHicbVDLSsNAFJ3UV62vqBvBzWAR3FgSKai7ohuXFYwtNLFMppN26DzCzKRQQt34K25cqLj1M9z5N04fC209cOFwzr3ce0+cMqqN5307haXlldW14nppY3Nre8fd3bvXMlOYBFgyqZox0oRRQQJDDSPNVBHEY0Yacf967DcGRGkqxZ0ZpiTiqCtoQjEyVmq7B+EAKZJqyqSAoaYc+t5Dflodtd2yV/EmgIvEn5EymKHedr/CjsQZJ8JghrRu+V5qohwpQzEjo1KYaZIi3Edd0rJUIE50lE8+GMFjq3RgIpUtYeBE/T2RI671kMe2kyPT0/PeWPzPa2UmuYhyKtLMEIGni5KMQSPhOA7YoYpgw4aWIKyovRXiHlIIGxtayYbgz7+8SIKzymXFv62Wa1ezNIrgEByBE+CDc1ADN6AOAoDBI3gGr+DNeXJenHfnY9pacGYz++APnM8f2VKWCw==</latexit><latexit sha1_base64="kC6nPGt6q+EEJspigdfp2drKmJI=">AAACAHicbVDLSsNAFJ3UV62vqBvBzWAR3FgSKai7ohuXFYwtNLFMppN26DzCzKRQQt34K25cqLj1M9z5N04fC209cOFwzr3ce0+cMqqN5307haXlldW14nppY3Nre8fd3bvXMlOYBFgyqZox0oRRQQJDDSPNVBHEY0Yacf967DcGRGkqxZ0ZpiTiqCtoQjEyVmq7B+EAKZJqyqSAoaYc+t5Dflodtd2yV/EmgIvEn5EymKHedr/CjsQZJ8JghrRu+V5qohwpQzEjo1KYaZIi3Edd0rJUIE50lE8+GMFjq3RgIpUtYeBE/T2RI671kMe2kyPT0/PeWPzPa2UmuYhyKtLMEIGni5KMQSPhOA7YoYpgw4aWIKyovRXiHlIIGxtayYbgz7+8SIKzymXFv62Wa1ezNIrgEByBE+CDc1ADN6AOAoDBI3gGr+DNeXJenHfnY9pacGYz++APnM8f2VKWCw==</latexit><latexit sha1_base64="kC6nPGt6q+EEJspigdfp2drKmJI=">AAACAHicbVDLSsNAFJ3UV62vqBvBzWAR3FgSKai7ohuXFYwtNLFMppN26DzCzKRQQt34K25cqLj1M9z5N04fC209cOFwzr3ce0+cMqqN5307haXlldW14nppY3Nre8fd3bvXMlOYBFgyqZox0oRRQQJDDSPNVBHEY0Yacf967DcGRGkqxZ0ZpiTiqCtoQjEyVmq7B+EAKZJqyqSAoaYc+t5Dflodtd2yV/EmgIvEn5EymKHedr/CjsQZJ8JghrRu+V5qohwpQzEjo1KYaZIi3Edd0rJUIE50lE8+GMFjq3RgIpUtYeBE/T2RI671kMe2kyPT0/PeWPzPa2UmuYhyKtLMEIGni5KMQSPhOA7YoYpgw4aWIKyovRXiHlIIGxtayYbgz7+8SIKzymXFv62Wa1ezNIrgEByBE+CDc1ADN6AOAoDBI3gGr+DNeXJenHfnY9pacGYz++APnM8f2VKWCw==</latexit>

DIRECT PRODUCTION: CPV
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• For low-mass N at the LHC, semileptonic decays could have bigger 
backgrounds and be harder to reconstruct N mass peaks

W+
µ+

N

µ+

e�

⌫̄e

N ! µ+e�⌫e
<latexit sha1_base64="BjkwYv7Nor3QzpDveNrd7+oh+xQ=">AAACBHicbVBNS8NAEN3Ur1q/qh71sFgEQSyJCOqt6MWTVDC20KRhs522SzebsLtRSunFi3/FiwcVr/4Ib/4bt20O2vpg4PHeDDPzwoQzpW3728rNzS8sLuWXCyura+sbxc2tOxWnkoJLYx7LekgUcCbA1UxzqCcSSBRyqIW9y5FfuwepWCxudT8BPyIdwdqMEm2koLh77UnW6WoiZfyAvShtHmJoHmFPpAEExZJdtsfAs8TJSAllqAbFL68V0zQCoSknSjUcO9H+gEjNKIdhwUsVJIT2SAcahgoSgfIH4y+GeN8oLdyOpSmh8Vj9PTEgkVL9KDSdEdFdNe2NxP+8RqrbZ/6AiSTVIOhkUTvlWMd4FAluMQlU874hhEpmbsW0SySh2gRXMCE40y/PEve4fF52bk5KlYssjTzaQXvoADnoFFXQFaoiF1H0iJ7RK3qznqwX6936mLTmrGxmG/2B9fkDvyGXpA==</latexit><latexit sha1_base64="BjkwYv7Nor3QzpDveNrd7+oh+xQ=">AAACBHicbVBNS8NAEN3Ur1q/qh71sFgEQSyJCOqt6MWTVDC20KRhs522SzebsLtRSunFi3/FiwcVr/4Ib/4bt20O2vpg4PHeDDPzwoQzpW3728rNzS8sLuWXCyura+sbxc2tOxWnkoJLYx7LekgUcCbA1UxzqCcSSBRyqIW9y5FfuwepWCxudT8BPyIdwdqMEm2koLh77UnW6WoiZfyAvShtHmJoHmFPpAEExZJdtsfAs8TJSAllqAbFL68V0zQCoSknSjUcO9H+gEjNKIdhwUsVJIT2SAcahgoSgfIH4y+GeN8oLdyOpSmh8Vj9PTEgkVL9KDSdEdFdNe2NxP+8RqrbZ/6AiSTVIOhkUTvlWMd4FAluMQlU874hhEpmbsW0SySh2gRXMCE40y/PEve4fF52bk5KlYssjTzaQXvoADnoFFXQFaoiF1H0iJ7RK3qznqwX6936mLTmrGxmG/2B9fkDvyGXpA==</latexit><latexit sha1_base64="BjkwYv7Nor3QzpDveNrd7+oh+xQ=">AAACBHicbVBNS8NAEN3Ur1q/qh71sFgEQSyJCOqt6MWTVDC20KRhs522SzebsLtRSunFi3/FiwcVr/4Ib/4bt20O2vpg4PHeDDPzwoQzpW3728rNzS8sLuWXCyura+sbxc2tOxWnkoJLYx7LekgUcCbA1UxzqCcSSBRyqIW9y5FfuwepWCxudT8BPyIdwdqMEm2koLh77UnW6WoiZfyAvShtHmJoHmFPpAEExZJdtsfAs8TJSAllqAbFL68V0zQCoSknSjUcO9H+gEjNKIdhwUsVJIT2SAcahgoSgfIH4y+GeN8oLdyOpSmh8Vj9PTEgkVL9KDSdEdFdNe2NxP+8RqrbZ/6AiSTVIOhkUTvlWMd4FAluMQlU874hhEpmbsW0SySh2gRXMCE40y/PEve4fF52bk5KlYssjTzaQXvoADnoFFXQFaoiF1H0iJ7RK3qznqwX6936mLTmrGxmG/2B9fkDvyGXpA==</latexit><latexit sha1_base64="BjkwYv7Nor3QzpDveNrd7+oh+xQ=">AAACBHicbVBNS8NAEN3Ur1q/qh71sFgEQSyJCOqt6MWTVDC20KRhs522SzebsLtRSunFi3/FiwcVr/4Ib/4bt20O2vpg4PHeDDPzwoQzpW3728rNzS8sLuWXCyura+sbxc2tOxWnkoJLYx7LekgUcCbA1UxzqCcSSBRyqIW9y5FfuwepWCxudT8BPyIdwdqMEm2koLh77UnW6WoiZfyAvShtHmJoHmFPpAEExZJdtsfAs8TJSAllqAbFL68V0zQCoSknSjUcO9H+gEjNKIdhwUsVJIT2SAcahgoSgfIH4y+GeN8oLdyOpSmh8Vj9PTEgkVL9KDSdEdFdNe2NxP+8RqrbZ/6AiSTVIOhkUTvlWMd4FAluMQlU874hhEpmbsW0SySh2gRXMCE40y/PEve4fF52bk5KlYssjTzaQXvoADnoFFXQFaoiF1H0iJ7RK3qznqwX6936mLTmrGxmG/2B9fkDvyGXpA==</latexit>

• However, looking for a lepton asymmetry has challenges because 
backgrounds are very different for same-sign, opposite-sign

vs. N ! µ�e+⌫̄e
<latexit sha1_base64="NjYSopprBxztKB3J5WS8WZtnimM=">AAACCnicbVBNS8NAEN3Ur1q/oh69LC2CIJZEBPVW9OJJKhhbaNqw2U7bpZtN2N0oJfTuxb/ixYOKV3+BN/+N24+Dtj4YeLw3w8y8MOFMacf5tnILi0vLK/nVwtr6xuaWvb1zp+JUUvBozGNZD4kCzgR4mmkO9UQCiUIOtbB/OfJr9yAVi8WtHiTQjEhXsA6jRBspsIvXvmTdniZSxg/Yj9LWEYbWIfZDIjNfpMMAArvklJ0x8Dxxp6SEpqgG9pffjmkagdCUE6UarpPoZkakZpTDsOCnChJC+6QLDUMFiUA1s/EvQ7xvlDbuxNKU0His/p7ISKTUIApNZ0R0T816I/E/r5HqzlkzYyJJNQg6WdRJOdYxHgWD20wC1XxgCKGSmVsx7RFJqDbxFUwI7uzL88Q7Lp+X3ZuTUuVimkYe7aEiOkAuOkUVdIWqyEMUPaJn9IrerCfrxXq3PiatOWs6s4v+wPr8AbaEmmk=</latexit><latexit sha1_base64="NjYSopprBxztKB3J5WS8WZtnimM=">AAACCnicbVBNS8NAEN3Ur1q/oh69LC2CIJZEBPVW9OJJKhhbaNqw2U7bpZtN2N0oJfTuxb/ixYOKV3+BN/+N24+Dtj4YeLw3w8y8MOFMacf5tnILi0vLK/nVwtr6xuaWvb1zp+JUUvBozGNZD4kCzgR4mmkO9UQCiUIOtbB/OfJr9yAVi8WtHiTQjEhXsA6jRBspsIvXvmTdniZSxg/Yj9LWEYbWIfZDIjNfpMMAArvklJ0x8Dxxp6SEpqgG9pffjmkagdCUE6UarpPoZkakZpTDsOCnChJC+6QLDUMFiUA1s/EvQ7xvlDbuxNKU0His/p7ISKTUIApNZ0R0T816I/E/r5HqzlkzYyJJNQg6WdRJOdYxHgWD20wC1XxgCKGSmVsx7RFJqDbxFUwI7uzL88Q7Lp+X3ZuTUuVimkYe7aEiOkAuOkUVdIWqyEMUPaJn9IrerCfrxXq3PiatOWs6s4v+wPr8AbaEmmk=</latexit><latexit sha1_base64="NjYSopprBxztKB3J5WS8WZtnimM=">AAACCnicbVBNS8NAEN3Ur1q/oh69LC2CIJZEBPVW9OJJKhhbaNqw2U7bpZtN2N0oJfTuxb/ixYOKV3+BN/+N24+Dtj4YeLw3w8y8MOFMacf5tnILi0vLK/nVwtr6xuaWvb1zp+JUUvBozGNZD4kCzgR4mmkO9UQCiUIOtbB/OfJr9yAVi8WtHiTQjEhXsA6jRBspsIvXvmTdniZSxg/Yj9LWEYbWIfZDIjNfpMMAArvklJ0x8Dxxp6SEpqgG9pffjmkagdCUE6UarpPoZkakZpTDsOCnChJC+6QLDUMFiUA1s/EvQ7xvlDbuxNKU0His/p7ISKTUIApNZ0R0T816I/E/r5HqzlkzYyJJNQg6WdRJOdYxHgWD20wC1XxgCKGSmVsx7RFJqDbxFUwI7uzL88Q7Lp+X3ZuTUuVimkYe7aEiOkAuOkUVdIWqyEMUPaJn9IrerCfrxXq3PiatOWs6s4v+wPr8AbaEmmk=</latexit><latexit sha1_base64="NjYSopprBxztKB3J5WS8WZtnimM=">AAACCnicbVBNS8NAEN3Ur1q/oh69LC2CIJZEBPVW9OJJKhhbaNqw2U7bpZtN2N0oJfTuxb/ixYOKV3+BN/+N24+Dtj4YeLw3w8y8MOFMacf5tnILi0vLK/nVwtr6xuaWvb1zp+JUUvBozGNZD4kCzgR4mmkO9UQCiUIOtbB/OfJr9yAVi8WtHiTQjEhXsA6jRBspsIvXvmTdniZSxg/Yj9LWEYbWIfZDIjNfpMMAArvklJ0x8Dxxp6SEpqgG9pffjmkagdCUE6UarpPoZkakZpTDsOCnChJC+6QLDUMFiUA1s/EvQ7xvlDbuxNKU0His/p7ISKTUIApNZ0R0T816I/E/r5HqzlkzYyJJNQg6WdRJOdYxHgWD20wC1XxgCKGSmVsx7RFJqDbxFUwI7uzL88Q7Lp+X3ZuTUuVimkYe7aEiOkAuOkUVdIWqyEMUPaJn9IrerCfrxXq3PiatOWs6s4v+wPr8AbaEmmk=</latexit>

DIRECT PRODUCTION: CPV
Izaguirre, BS, arXiv:1504.02470
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Challenges with direct observation of CPV:
• CPV is a higher-order effect, so we first have to discover N!

• Might be hard to disentangle Majorana nature from CP violation in 
some contexts

• No guarantee that N masses are sufficiently degenerate
• Models exist with no mass degeneracy for low-scale 

leptogenesis

• However, in the nuMSM, N have to be extremely degenerate to 
account for late-time lepton asymmetry for DM production

�M/MN ⇠ 10�15
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DIRECT PRODUCTION: CPV

Drewes, Garbrecht, arXiv:1206.5537; BS, Yavin, arXiv:1401.2459
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• LH neutrino mixing matrix:

F↵I =
i

v
U⌫

p
m⌫ R

p
mN
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U⌫ =
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@
c12c13 s12c13 s13e�i�

�s12c23 � c12s23s13ei� c12c23 � s12s23s13ei� s23c13
s12s23 � c12c23s13ei� �c12s23 � s12c23s13ei� c23c13

1

A

0

@
ei↵1/2 0 0

0 ei↵2/2 0
0 0 1

1

A
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• While not strictly required for leptogenesis, other CPV phases 
typically non-zero

• Leptogenesis requires flavour-dependent scattering rates

• Maximal constructive/destructive interference occurs for e if
� + (↵1 + ↵2)/2 = ±⇡/2
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• While not strictly required for leptogenesis, other CPV phases 

typically non-zero

• Leptogenesis requires flavour-dependent scattering rates
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FIG. 4. Illustration of the importance of flavour-dependent ef-
fects in generating a non-zero baryon asymmetry in Regime I.
The baryon asymmetry is plotted as a function of the ratio be-
tween the muon-sterile neutrino scattering rate and the corre-
sponding tau-sterile rate. The asymmetry is maximized when
the washout rates for µ and ⌧ are substantially di↵erent, as
predicted by Eq. (6). The mass splittings are�MN = 3⇥10�8

GeV (blue, short dash), 10�7 GeV (purple, solid), 3 ⇥ 10�7

GeV (black, long dash). The ratio of muon to tau rates is var-
ied by changing the relative values of � � ⌘, while the overall
MNS CP phase and other parameters are held fixed (MN = 1
GeV, ! = ⇡/4 � i/2, � + ⌘ = ⇡/2). The horizontal dashed
line indicates the observed baryon asymmetry.

when �(Lµ ! N
†)/�(L⌧ ! N

†) ⇡ 0.8, which is when
the di↵erence in Lµ ! N

† and L⌧ ! N
† rates exactly

compensates for the di↵erence in flavour asymmetries.
This behaviour is easily understood with the qualita-

tive lessons learned in previous sections. In this regime,
the Yukawa couplings are su�ciently small that equili-
bration of the active and sterile neutrinos is irrelevant
as it occurs long after the electroweak time scale. As
a result, the asymmetries in individual lepton flavours
remain unchanged from their generation at the time of
coherent sterile neutrino oscillation to the sphaleron de-
coupling at TW. The baryon asymmetry is determined
by the slow transfer of asymmetry from individual lepton
flavours into the sterile sector, Eq. (6), which generates a
total lepton asymmetry. It is therefore maximized with
large di↵erences in rates associated with di↵erent lepton
flavours.

B. Regime II

As discussed in Section II, the maximization of the
baryon asymmetry in this region is done by increasing
the scattering rates as much as possible while avoiding
equilibration (and subsequent washout) before the elec-
troweak time scale, �(L↵ ! N

†) ⇠ H when T ⇠ TW.

N†
)/�(L⌧ ! N†

) ⇡ 0.7, where the L⌧ asymmetry becomes

very small and the Le asymmetry is important.
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FIG. 5. Baryon asymmetry (Bottom) and lepton washout
rates at T = 140 GeV (Top) as a function of the Yukawa cou-
pling magnitude, which is parameterized by Im!. The plot
shows the continuous evolution from Regime I to Regime II.
The washout rates are shown for taus (top), muons, and elec-
trons (bottom); the dashed line in the upper plot shows the
Hubble scale at TW = 140 GeV, while the dashed line in the
lower plot shows the observed Y�B = 8.6⇥ 10�11. The asym-
metry is maximized around �(Le ! N

†) ⇠ �(Lµ ! N
†) ⇡

H. Other parameters held fixed: MN = 1 GeV, �MN = 10�5

GeV, ⌘ = �⇡/4, � = 3⇡/4, Im! > 0.

This optimization is achieved by setting the Yukawa cou-
plings to be much larger than their natural see-saw rela-
tions through a careful alignment of the di↵erent Yukawa
couplings so that |F |

2
/F

2
⇠ cosh(2Im!) ⇠ O(102).

To illustrate this, we show in Fig. 5 the magnitude of
the baryon asymmetry as a function of Yukawa coupling
magnitude. We set the Yukawa coupling magnitude by
changing Im !. Unlike in Regime I, the Le flavour here
is important; although the flavour asymmetry in Le is
typically smaller than in Lµ or L⌧ , it also equilibrates
more slowly, and so can be comparable to the asymme-
tries in Lµ or L⌧ if the latter are partially washed out.
As expected, the magnitude of the baryon asymmetry in-
creases monotonically with the Yukawa coupling, except
for a small region where the asymmetry changes sign due
to the onset of L⌧ ! N

† equilibration, which modifies
the total lepton asymmetry as discussed in Section II.
The total baryon asymmetry is maximized in the region

BS, Yavin, arXiv:1401.2459
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12

with �(L↵ ! N
†) ⇠ H(TW). Any further increase be-

yond this point results in an equilibration time earlier
than the electroweak scale and a precipitous decrease in
the baryon asymmetry.

For the parameter points in Fig. 5, we see that the
observed baryon asymmetry is obtained in Regime II
with �MN/MN ⇠ 10�5, which is less degenerate than
in Regime I. However, this reduction in parameter tun-
ing from mass degeneracy is compensated by a tun-
ing of the Yukawa couplings that goes like one part in
cosh 2 Im ! ⇠ O(102) in Regime II according to Eq. (16).
Therefore, the tuning in Regime II arises from alignments
in both the sterile neutrino masses and the Yukawa cou-
plings.

C. Regime III

In Regime III, the e↵ects of large Yukawa couplings
and maximal di↵erences in active-sterile neutrino scat-
tering rates combine to give the largest possible asym-
metry. The Yukawa couplings are set even larger than
in Regime II, enhancing the generated baryon asymme-
try. As expected, such large Yukawas also cause the
equilibration time scale to occur earlier than the elec-
troweak scale. If this were true for all lepton flavours, it
would have resulted in complete washout of the asymme-
try, which is phenomenologically unacceptable. However,
in this part of parameter space, destructive interference
in the Le ! N

† rate allows the Le asymmetry to avoid
early washout by remaining out of equilibrium until the
electroweak scale when �(Le ! N

†) ⇡ H(TW). This ef-
fect was first discussed in the context of leptogenesis with
three sterile neutrinos [10].

A strong destructive interference in the rate �(Le !

N
†) is possible when Im ! � 1 and [10, 23]

tan ✓13 =
m2

m3

sin ✓12, (28)

cos(� + ⌘) = �1. (29)

The parameters in Eq. (28) are fixed by oscillation data.
Interestingly, the current best-fit value of ✓13 happens
to be very close to satisfying Eq. (28), leading to very
strong suppression of �(Le ! N

†) when the Majorana
and Dirac phases satisfy Eq. (29). In practice, the de-
structive interference is still very e↵ective if � + ⌘ are
within about 10% of this critical value, but cannot devi-
ate much more than this. The Le asymmetry generation
rate is proportional to sin(2Re !) in the destructive in-
terference limit cos(� + ⌘) ! 0, and so the baryon asym-
metry is maximized for Re ! ⇡ ⇡/4.

In Fig. 6, we show the baryon asymmetry for a choice
of parameters satisfying (29). The Yukawa couplings are
changed by varying Im !, and we demonstrate how the
asymmetry varies continuously from Regimes I to III. As
in Fig. 5, the magnitude of the baryon asymmetry mono-
tonically increases (except when it changes sign at the
point of L⌧ ! N equilibration). Once again, the baryon
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FIG. 6. Baryon asymmetry (Bottom) and lepton washout
rates at T = 140 GeV (Top) as a function of the Yukawa
coupling magnitude, which is parameterized by Im!. The
plot shows the continuous evolution from Regime I to Regime
III for parameters exhibiting strong destructive interference
in �(Le ! N

†). The curves are the same as Fig. 5. The
asymmetry is again maximized around �(Le ! N

†) ⇡ H.
Other parameters held fixed: MN = 1 GeV, �MN = 10�3

GeV, ⌘ = � = �⇡/4, Im! > 0.

asymmetry is maximal when the Yukawa couplings have
a value such that Le is just coming into equilibrium at
TW, while Lµ and L⌧ equilibrate at earlier times.

As a result of the enhanced asymmetry in Regime III,
the required mass degeneracy for the baryon asymmetry
of the universe is the smallest of any region of parameter
space. However, even here a degeneracy of �MN/MN ⇠

10�3 is necessary, as is a tuning of the Yukawa coupling of
one part in 104 according to Eq. (16), and an alignment
of the CP phases � + ⌘ ⇡ �⇡/2 to within 10%.

D. Tuning

To close this section, we show in Fig. 7 the tuning nec-
essary in the di↵erent regimes in one continuous plot.
We take the tuning to be the product of the tuning of
the mass splitting and the alignment of the Yukawa cou-

• Large Dirac/Majorana phases realize flavoured leptogenesis

↵1 + ↵2 = �⇡/2
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<latexit sha1_base64="Y45pXO3lQF+MFWBupspuCkpdRNY=">AAAB93icbVBNS8NAEN34WetHox69LBbBizWRgnoQil48VjC20ISy2U7apZtN2N0INfSXePGg4tW/4s1/47bNQVsfDDzem2FmXphyprTjfFtLyyura+uljfLm1vZOxd7de1BJJil4NOGJbIdEAWcCPM00h3YqgcQhh1Y4vJn4rUeQiiXiXo9SCGLSFyxilGgjde2K3wOuCb7CJ37KTutdu+rUnCnwInELUkUFml37y+8lNItBaMqJUh3XSXWQE6kZ5TAu+5mClNAh6UPHUEFiUEE+PXyMj4zSw1EiTQmNp+rviZzESo3i0HTGRA/UvDcR//M6mY4ugpyJNNMg6GxRlHGsEzxJAfeYBKr5yBBCJTO3YjogklBtsiqbENz5lxeJd1a7rLl39WrjukijhA7QITpGLjpHDXSLmshDFGXoGb2iN+vJerHerY9Z65JVzOyjP7A+fwBJ5pG9</latexit><latexit sha1_base64="Y45pXO3lQF+MFWBupspuCkpdRNY=">AAAB93icbVBNS8NAEN34WetHox69LBbBizWRgnoQil48VjC20ISy2U7apZtN2N0INfSXePGg4tW/4s1/47bNQVsfDDzem2FmXphyprTjfFtLyyura+uljfLm1vZOxd7de1BJJil4NOGJbIdEAWcCPM00h3YqgcQhh1Y4vJn4rUeQiiXiXo9SCGLSFyxilGgjde2K3wOuCb7CJ37KTutdu+rUnCnwInELUkUFml37y+8lNItBaMqJUh3XSXWQE6kZ5TAu+5mClNAh6UPHUEFiUEE+PXyMj4zSw1EiTQmNp+rviZzESo3i0HTGRA/UvDcR//M6mY4ugpyJNNMg6GxRlHGsEzxJAfeYBKr5yBBCJTO3YjogklBtsiqbENz5lxeJd1a7rLl39WrjukijhA7QITpGLjpHDXSLmshDFGXoGb2iN+vJerHerY9Z65JVzOyjP7A+fwBJ5pG9</latexit><latexit sha1_base64="Y45pXO3lQF+MFWBupspuCkpdRNY=">AAAB93icbVBNS8NAEN34WetHox69LBbBizWRgnoQil48VjC20ISy2U7apZtN2N0INfSXePGg4tW/4s1/47bNQVsfDDzem2FmXphyprTjfFtLyyura+uljfLm1vZOxd7de1BJJil4NOGJbIdEAWcCPM00h3YqgcQhh1Y4vJn4rUeQiiXiXo9SCGLSFyxilGgjde2K3wOuCb7CJ37KTutdu+rUnCnwInELUkUFml37y+8lNItBaMqJUh3XSXWQE6kZ5TAu+5mClNAh6UPHUEFiUEE+PXyMj4zSw1EiTQmNp+rviZzESo3i0HTGRA/UvDcR//M6mY4ugpyJNNMg6GxRlHGsEzxJAfeYBKr5yBBCJTO3YjogklBtsiqbENz5lxeJd1a7rLl39WrjukijhA7QITpGLjpHDXSLmshDFGXoGb2iN+vJerHerY9Z65JVzOyjP7A+fwBJ5pG9</latexit><latexit sha1_base64="Y45pXO3lQF+MFWBupspuCkpdRNY=">AAAB93icbVBNS8NAEN34WetHox69LBbBizWRgnoQil48VjC20ISy2U7apZtN2N0INfSXePGg4tW/4s1/47bNQVsfDDzem2FmXphyprTjfFtLyyura+uljfLm1vZOxd7de1BJJil4NOGJbIdEAWcCPM00h3YqgcQhh1Y4vJn4rUeQiiXiXo9SCGLSFyxilGgjde2K3wOuCb7CJ37KTutdu+rUnCnwInELUkUFml37y+8lNItBaMqJUh3XSXWQE6kZ5TAu+5mClNAh6UPHUEFiUEE+PXyMj4zSw1EiTQmNp+rviZzESo3i0HTGRA/UvDcR//M6mY4ugpyJNNMg6GxRlHGsEzxJAfeYBKr5yBBCJTO3YjogklBtsiqbENz5lxeJd1a7rLl39WrjukijhA7QITpGLjpHDXSLmshDFGXoGb2iN+vJerHerY9Z65JVzOyjP7A+fwBJ5pG9</latexit>

MN = 1 GeV
<latexit sha1_base64="1b+TRzHjemsoQ3x9re5bNENqfF4=">AAAB/XicbVBPS8MwHE39O+e/qnjyEhyCBxmtCOpBGHrQizLBboOtlDRLt7AkLUkqjDLwq3jxoOLV7+HNb2O69aCbLwQe7/1+5OWFCaNKO863NTe/sLi0XFopr66tb2zaW9sNFacSEw/HLJatECnCqCCeppqRViIJ4iEjzXBwlfvNRyIVjcWDHibE56gnaEQx0kYK7N3b4O7C7RyZw5HuS55dk8YosCtO1RkDzhK3IBVQoB7YX51ujFNOhMYMKdV2nUT7GZKaYkZG5U6qSILwAPVI21CBOFF+No4/ggdG6cIoluYKDcfq740McaWGPDSTeUY17eXif1471dGZn1GRpJoIPHkoShnUMcy7gF0qCdZsaAjCkpqsEPeRRFibxsqmBHf6y7PEO66eV937k0rtsmijBPbAPjgELjgFNXAD6sADGGTgGbyCN+vJerHerY/J6JxV7OyAP7A+fwBXDZSo</latexit><latexit sha1_base64="1b+TRzHjemsoQ3x9re5bNENqfF4=">AAAB/XicbVBPS8MwHE39O+e/qnjyEhyCBxmtCOpBGHrQizLBboOtlDRLt7AkLUkqjDLwq3jxoOLV7+HNb2O69aCbLwQe7/1+5OWFCaNKO863NTe/sLi0XFopr66tb2zaW9sNFacSEw/HLJatECnCqCCeppqRViIJ4iEjzXBwlfvNRyIVjcWDHibE56gnaEQx0kYK7N3b4O7C7RyZw5HuS55dk8YosCtO1RkDzhK3IBVQoB7YX51ujFNOhMYMKdV2nUT7GZKaYkZG5U6qSILwAPVI21CBOFF+No4/ggdG6cIoluYKDcfq740McaWGPDSTeUY17eXif1471dGZn1GRpJoIPHkoShnUMcy7gF0qCdZsaAjCkpqsEPeRRFibxsqmBHf6y7PEO66eV937k0rtsmijBPbAPjgELjgFNXAD6sADGGTgGbyCN+vJerHerY/J6JxV7OyAP7A+fwBXDZSo</latexit><latexit sha1_base64="1b+TRzHjemsoQ3x9re5bNENqfF4=">AAAB/XicbVBPS8MwHE39O+e/qnjyEhyCBxmtCOpBGHrQizLBboOtlDRLt7AkLUkqjDLwq3jxoOLV7+HNb2O69aCbLwQe7/1+5OWFCaNKO863NTe/sLi0XFopr66tb2zaW9sNFacSEw/HLJatECnCqCCeppqRViIJ4iEjzXBwlfvNRyIVjcWDHibE56gnaEQx0kYK7N3b4O7C7RyZw5HuS55dk8YosCtO1RkDzhK3IBVQoB7YX51ujFNOhMYMKdV2nUT7GZKaYkZG5U6qSILwAPVI21CBOFF+No4/ggdG6cIoluYKDcfq740McaWGPDSTeUY17eXif1471dGZn1GRpJoIPHkoShnUMcy7gF0qCdZsaAjCkpqsEPeRRFibxsqmBHf6y7PEO66eV937k0rtsmijBPbAPjgELjgFNXAD6sADGGTgGbyCN+vJerHerY/J6JxV7OyAP7A+fwBXDZSo</latexit><latexit sha1_base64="1b+TRzHjemsoQ3x9re5bNENqfF4=">AAAB/XicbVBPS8MwHE39O+e/qnjyEhyCBxmtCOpBGHrQizLBboOtlDRLt7AkLUkqjDLwq3jxoOLV7+HNb2O69aCbLwQe7/1+5OWFCaNKO863NTe/sLi0XFopr66tb2zaW9sNFacSEw/HLJatECnCqCCeppqRViIJ4iEjzXBwlfvNRyIVjcWDHibE56gnaEQx0kYK7N3b4O7C7RyZw5HuS55dk8YosCtO1RkDzhK3IBVQoB7YX51ujFNOhMYMKdV2nUT7GZKaYkZG5U6qSILwAPVI21CBOFF+No4/ggdG6cIoluYKDcfq740McaWGPDSTeUY17eXif1471dGZn1GRpJoIPHkoShnUMcy7gF0qCdZsaAjCkpqsEPeRRFibxsqmBHf6y7PEO66eV937k0rtsmijBPbAPjgELjgFNXAD6sADGGTgGbyCN+vJerHerY/J6JxV7OyAP7A+fwBXDZSo</latexit>

�M = 10�3 GeV
<latexit sha1_base64="NDd4uOPIVkDgq4pgqlW8oi59McA=">AAACCnicbVDLSgMxFM3UV62vqks3oUVwoWVGBXUhFBV0I1SwD+jUkklv29BkZkgyQhlm78ZfceNCxa1f4M6/MW1nodUTAodz7uXee7yQM6Vt+8vKzMzOzS9kF3NLyyura/n1jZoKIkmhSgMeyIZHFHDmQ1UzzaERSiDC41D3Bucjv34PUrHAv9XDEFqC9HzWZZRoI7XzBfcCuCb4Gp9ix76L9w4Sd9c8QXRfivgSakk7X7RL9hj4L3FSUkQpKu38p9sJaCTA15QTpZqOHepWTKRmlEOScyMFIaED0oOmoT4RoFrx+JYEbxulg7uBNN/XeKz+7IiJUGooPFM52lFNeyPxP68Z6e5xK2Z+GGnw6WRQN+JYB3gUDO4wCVTzoSGESmZ2xbRPJKHaxJczITjTJ/8l1f3SScm5OSyWz9I0smgLFdAOctARKqMrVEFVRNEDekIv6NV6tJ6tN+t9Upqx0p5N9AvWxzd+m5kJ</latexit><latexit sha1_base64="NDd4uOPIVkDgq4pgqlW8oi59McA=">AAACCnicbVDLSgMxFM3UV62vqks3oUVwoWVGBXUhFBV0I1SwD+jUkklv29BkZkgyQhlm78ZfceNCxa1f4M6/MW1nodUTAodz7uXee7yQM6Vt+8vKzMzOzS9kF3NLyyura/n1jZoKIkmhSgMeyIZHFHDmQ1UzzaERSiDC41D3Bucjv34PUrHAv9XDEFqC9HzWZZRoI7XzBfcCuCb4Gp9ix76L9w4Sd9c8QXRfivgSakk7X7RL9hj4L3FSUkQpKu38p9sJaCTA15QTpZqOHepWTKRmlEOScyMFIaED0oOmoT4RoFrx+JYEbxulg7uBNN/XeKz+7IiJUGooPFM52lFNeyPxP68Z6e5xK2Z+GGnw6WRQN+JYB3gUDO4wCVTzoSGESmZ2xbRPJKHaxJczITjTJ/8l1f3SScm5OSyWz9I0smgLFdAOctARKqMrVEFVRNEDekIv6NV6tJ6tN+t9Upqx0p5N9AvWxzd+m5kJ</latexit><latexit sha1_base64="NDd4uOPIVkDgq4pgqlW8oi59McA=">AAACCnicbVDLSgMxFM3UV62vqks3oUVwoWVGBXUhFBV0I1SwD+jUkklv29BkZkgyQhlm78ZfceNCxa1f4M6/MW1nodUTAodz7uXee7yQM6Vt+8vKzMzOzS9kF3NLyyura/n1jZoKIkmhSgMeyIZHFHDmQ1UzzaERSiDC41D3Bucjv34PUrHAv9XDEFqC9HzWZZRoI7XzBfcCuCb4Gp9ix76L9w4Sd9c8QXRfivgSakk7X7RL9hj4L3FSUkQpKu38p9sJaCTA15QTpZqOHepWTKRmlEOScyMFIaED0oOmoT4RoFrx+JYEbxulg7uBNN/XeKz+7IiJUGooPFM52lFNeyPxP68Z6e5xK2Z+GGnw6WRQN+JYB3gUDO4wCVTzoSGESmZ2xbRPJKHaxJczITjTJ/8l1f3SScm5OSyWz9I0smgLFdAOctARKqMrVEFVRNEDekIv6NV6tJ6tN+t9Upqx0p5N9AvWxzd+m5kJ</latexit><latexit sha1_base64="NDd4uOPIVkDgq4pgqlW8oi59McA=">AAACCnicbVDLSgMxFM3UV62vqks3oUVwoWVGBXUhFBV0I1SwD+jUkklv29BkZkgyQhlm78ZfceNCxa1f4M6/MW1nodUTAodz7uXee7yQM6Vt+8vKzMzOzS9kF3NLyyura/n1jZoKIkmhSgMeyIZHFHDmQ1UzzaERSiDC41D3Bucjv34PUrHAv9XDEFqC9HzWZZRoI7XzBfcCuCb4Gp9ix76L9w4Sd9c8QXRfivgSakk7X7RL9hj4L3FSUkQpKu38p9sJaCTA15QTpZqOHepWTKRmlEOScyMFIaED0oOmoT4RoFrx+JYEbxulg7uBNN/XeKz+7IiJUGooPFM52lFNeyPxP68Z6e5xK2Z+GGnw6WRQN+JYB3gUDO4wCVTzoSGESmZ2xbRPJKHaxJczITjTJ/8l1f3SScm5OSyWz9I0smgLFdAOctARKqMrVEFVRNEDekIv6NV6tJ6tN+t9Upqx0p5N9AvWxzd+m5kJ</latexit>

Re! = ⇡/4
<latexit sha1_base64="mAApue/+Lmwf9a3+bnUiSBPfzi0=">AAACAXicbVBNS8NAEN3Ur1q/op7ES7AIHqQmUlAPQtGLxyrGFppQNttJu3Q3CbsboYTixb/ixYOKV/+FN/+NmzYHrT4YeLw3w8y8IGFUKtv+Mkpz8wuLS+Xlysrq2vqGubl1J+NUEHBJzGLRDrAERiNwFVUM2okAzAMGrWB4mfutexCSxtGtGiXgc9yPaEgJVlrqmjsex2ogeHYDY+/Qizn08bmX0KN616zaNXsC6y9xClJFBZpd89PrxSTlECnCsJQdx06Un2GhKGEwrniphASTIe5DR9MIc5B+NnlhbO1rpWeFsdAVKWui/pzIMJdyxAPdmR8sZ71c/M/rpCo89TMaJamCiEwXhSmzVGzleVg9KoAoNtIEE0H1rRYZYIGJ0qlVdAjO7Mt/iXtcO6s51/Vq46JIo4x20R46QA46QQ10hZrIRQQ9oCf0gl6NR+PZeDPep60lo5jZRr9gfHwDJCCWzw==</latexit><latexit sha1_base64="mAApue/+Lmwf9a3+bnUiSBPfzi0=">AAACAXicbVBNS8NAEN3Ur1q/op7ES7AIHqQmUlAPQtGLxyrGFppQNttJu3Q3CbsboYTixb/ixYOKV/+FN/+NmzYHrT4YeLw3w8y8IGFUKtv+Mkpz8wuLS+Xlysrq2vqGubl1J+NUEHBJzGLRDrAERiNwFVUM2okAzAMGrWB4mfutexCSxtGtGiXgc9yPaEgJVlrqmjsex2ogeHYDY+/Qizn08bmX0KN616zaNXsC6y9xClJFBZpd89PrxSTlECnCsJQdx06Un2GhKGEwrniphASTIe5DR9MIc5B+NnlhbO1rpWeFsdAVKWui/pzIMJdyxAPdmR8sZ71c/M/rpCo89TMaJamCiEwXhSmzVGzleVg9KoAoNtIEE0H1rRYZYIGJ0qlVdAjO7Mt/iXtcO6s51/Vq46JIo4x20R46QA46QQ10hZrIRQQ9oCf0gl6NR+PZeDPep60lo5jZRr9gfHwDJCCWzw==</latexit><latexit sha1_base64="mAApue/+Lmwf9a3+bnUiSBPfzi0=">AAACAXicbVBNS8NAEN3Ur1q/op7ES7AIHqQmUlAPQtGLxyrGFppQNttJu3Q3CbsboYTixb/ixYOKV/+FN/+NmzYHrT4YeLw3w8y8IGFUKtv+Mkpz8wuLS+Xlysrq2vqGubl1J+NUEHBJzGLRDrAERiNwFVUM2okAzAMGrWB4mfutexCSxtGtGiXgc9yPaEgJVlrqmjsex2ogeHYDY+/Qizn08bmX0KN616zaNXsC6y9xClJFBZpd89PrxSTlECnCsJQdx06Un2GhKGEwrniphASTIe5DR9MIc5B+NnlhbO1rpWeFsdAVKWui/pzIMJdyxAPdmR8sZ71c/M/rpCo89TMaJamCiEwXhSmzVGzleVg9KoAoNtIEE0H1rRYZYIGJ0qlVdAjO7Mt/iXtcO6s51/Vq46JIo4x20R46QA46QQ10hZrIRQQ9oCf0gl6NR+PZeDPep60lo5jZRr9gfHwDJCCWzw==</latexit><latexit sha1_base64="mAApue/+Lmwf9a3+bnUiSBPfzi0=">AAACAXicbVBNS8NAEN3Ur1q/op7ES7AIHqQmUlAPQtGLxyrGFppQNttJu3Q3CbsboYTixb/ixYOKV/+FN/+NmzYHrT4YeLw3w8y8IGFUKtv+Mkpz8wuLS+Xlysrq2vqGubl1J+NUEHBJzGLRDrAERiNwFVUM2okAzAMGrWB4mfutexCSxtGtGiXgc9yPaEgJVlrqmjsex2ogeHYDY+/Qizn08bmX0KN616zaNXsC6y9xClJFBZpd89PrxSTlECnCsJQdx06Un2GhKGEwrniphASTIe5DR9MIc5B+NnlhbO1rpWeFsdAVKWui/pzIMJdyxAPdmR8sZ71c/M/rpCo89TMaJamCiEwXhSmzVGzleVg9KoAoNtIEE0H1rRYZYIGJ0qlVdAjO7Mt/iXtcO6s51/Vq46JIo4x20R46QA46QQ10hZrIRQQ9oCf0gl6NR+PZeDPep60lo5jZRr9gfHwDJCCWzw==</latexit>
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DIRAC CPV PHASE
P (⌫µ ! ⌫e)

<latexit sha1_base64="JLZbVqH/Nl+C9XiIwXpMSaBl6TQ=">AAACA3icbVDLSsNAFJ34rPUVddnNYBHqpiQiqLuiG5cVjC00IUymk3boZBLmoZTQhRt/xY0LFbf+hDv/xkmbhbYeuHA4517uvSfKGJXKcb6tpeWV1bX1ykZ1c2t7Z9fe27+TqRaYeDhlqehGSBJGOfEUVYx0M0FQEjHSiUZXhd+5J0LSlN+qcUaCBA04jSlGykihXWs3fK5DP9G+oIOhQkKkD7CQyHFo152mMwVcJG5J6qBEO7S//H6KdUK4wgxJ2XOdTAU5EopiRiZVX0uSITxCA9IzlKOEyCCfPjGBR0bpwzgVpriCU/X3RI4SKcdJZDoTpIZy3ivE/7yeVvF5kFOeaUU4ni2KNYMqhUUisE8FwYqNDUFYUHMrxEMkEFYmt6oJwZ1/eZF4J82LpntzWm9dlmlUQA0cggZwwRlogWvQBh7A4BE8g1fwZj1ZL9a79TFrXbLKmQPwB9bnD+cGl9I=</latexit><latexit sha1_base64="JLZbVqH/Nl+C9XiIwXpMSaBl6TQ=">AAACA3icbVDLSsNAFJ34rPUVddnNYBHqpiQiqLuiG5cVjC00IUymk3boZBLmoZTQhRt/xY0LFbf+hDv/xkmbhbYeuHA4517uvSfKGJXKcb6tpeWV1bX1ykZ1c2t7Z9fe27+TqRaYeDhlqehGSBJGOfEUVYx0M0FQEjHSiUZXhd+5J0LSlN+qcUaCBA04jSlGykihXWs3fK5DP9G+oIOhQkKkD7CQyHFo152mMwVcJG5J6qBEO7S//H6KdUK4wgxJ2XOdTAU5EopiRiZVX0uSITxCA9IzlKOEyCCfPjGBR0bpwzgVpriCU/X3RI4SKcdJZDoTpIZy3ivE/7yeVvF5kFOeaUU4ni2KNYMqhUUisE8FwYqNDUFYUHMrxEMkEFYmt6oJwZ1/eZF4J82LpntzWm9dlmlUQA0cggZwwRlogWvQBh7A4BE8g1fwZj1ZL9a79TFrXbLKmQPwB9bnD+cGl9I=</latexit><latexit sha1_base64="JLZbVqH/Nl+C9XiIwXpMSaBl6TQ=">AAACA3icbVDLSsNAFJ34rPUVddnNYBHqpiQiqLuiG5cVjC00IUymk3boZBLmoZTQhRt/xY0LFbf+hDv/xkmbhbYeuHA4517uvSfKGJXKcb6tpeWV1bX1ykZ1c2t7Z9fe27+TqRaYeDhlqehGSBJGOfEUVYx0M0FQEjHSiUZXhd+5J0LSlN+qcUaCBA04jSlGykihXWs3fK5DP9G+oIOhQkKkD7CQyHFo152mMwVcJG5J6qBEO7S//H6KdUK4wgxJ2XOdTAU5EopiRiZVX0uSITxCA9IzlKOEyCCfPjGBR0bpwzgVpriCU/X3RI4SKcdJZDoTpIZy3ivE/7yeVvF5kFOeaUU4ni2KNYMqhUUisE8FwYqNDUFYUHMrxEMkEFYmt6oJwZ1/eZF4J82LpntzWm9dlmlUQA0cggZwwRlogWvQBh7A4BE8g1fwZj1ZL9a79TFrXbLKmQPwB9bnD+cGl9I=</latexit><latexit sha1_base64="JLZbVqH/Nl+C9XiIwXpMSaBl6TQ=">AAACA3icbVDLSsNAFJ34rPUVddnNYBHqpiQiqLuiG5cVjC00IUymk3boZBLmoZTQhRt/xY0LFbf+hDv/xkmbhbYeuHA4517uvSfKGJXKcb6tpeWV1bX1ykZ1c2t7Z9fe27+TqRaYeDhlqehGSBJGOfEUVYx0M0FQEjHSiUZXhd+5J0LSlN+qcUaCBA04jSlGykihXWs3fK5DP9G+oIOhQkKkD7CQyHFo152mMwVcJG5J6qBEO7S//H6KdUK4wgxJ2XOdTAU5EopiRiZVX0uSITxCA9IzlKOEyCCfPjGBR0bpwzgVpriCU/X3RI4SKcdJZDoTpIZy3ivE/7yeVvF5kFOeaUU4ni2KNYMqhUUisE8FwYqNDUFYUHMrxEMkEFYmt6oJwZ1/eZF4J82LpntzWm9dlmlUQA0cggZwwRlogWvQBh7A4BE8g1fwZj1ZL9a79TFrXbLKmQPwB9bnD+cGl9I=</latexit>

P (⌫̄µ ! ⌫̄e)
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than 2�. The �CP confidence intervals at 90% C.L. are
(�3.13, �0.39) for normal ordering and (�2.09,�0.74) for
inverted ordering. The Bayesian credible interval at 90%,
marginalising over the mass ordering, is (�3.13,�0.21).
The normal ordering is weakly favored over the inverted
ordering with a posterior probability of 75%.

Sensitivity studies show that, if the true value of �CP

is �⇡/2 and the mass ordering is normal, the fraction of
pseudo-experiments where CP conservation (�CP = 0,⇡)
is excluded with a significance of 90% C.L. is 17.3%, with
the amount of data used in this analysis.
Conclusions — T2K has performed the first search for
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Figure 3.13: The significance with which the CP violation can be determined as a function of the value
of ”CP for an exposure of 300 kt · MW · year assuming normal MH (left) or inverted MH (right). The
shaded region represents the range in sensitivity due to potential variations in the beam design. fig:cpv_nominal

Table 3.7: The minimum exposure required to determine CP violation with a significance of 3‡ for 75%
of ”CP values or 5‡ for 50% of ”CP values for the CDR reference beam design and the optimized beam
design.

Significance CDR Reference Design Optimized Design
3‡ for 75% of ”CP values 1320 kt · MW · year 850 kt · MW · year
5‡ for 50% of ”CP values 810 kt · MW · year 550 kt · MW · year

tab:cpv_requiredexposure
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shaded region represents the range in sensitivity due to potential variations in the beam design. fig:cpv_nominal

Table 3.7: The minimum exposure required to determine CP violation with a significance of 3‡ for 75%
of ”CP values or 5‡ for 50% of ”CP values for the CDR reference beam design and the optimized beam
design.

Significance CDR Reference Design Optimized Design
3‡ for 75% of ”CP values 1320 kt · MW · year 850 kt · MW · year
5‡ for 50% of ”CP values 810 kt · MW · year 550 kt · MW · year

tab:cpv_requiredexposure

Volume 2: The Physics Program for DUNE at LBNF LBNF/DUNE Conceptual Design Report
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MAJORANA CPV PHASE
• Majorana phases are much trickier

• Do not have an effect on neutrino oscillations!

• Can have effects on neutrino-antineutrino oscillations in presence of 
additional lepton-number-violating effects

• Otherwise, most promising thing is to hope for observation of 
neutrinoless double-beta decay, extract Majorana phases indirectly if 
we already know other oscillation parameters (seems fraught!)

see e.g., de Gouvêa, Kayser, Mohapatra, hep-ph/0211394
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OTHER PROBES: EDM
• What are the EDM prospects for leptogenesis?

• EDMs non-zero at two loops but suppressed by tiny 
neutrino masses

γ

W W

e f2ef1 e

γ

W W

e f2ef1 e γ

W W

e f2
e

f1 e

(1) (2) (3)

Figure 2: Contributions to the electron EDM in a model with Majorana masses of neu-
trinos. f1,2 denote all possible neutrinos (see text). Crosses denote insertions of lepton-
number violating mass parameters. Note that the direction of the internal electron line
is opposite to the external ones.

2 Description of the model

We take one standard model generation:

(

νL
eL

)

, eR, and two singlet heavy neutrinos

N1,2. The latter do not participate in electroweak interactions; in particular, the charged
current sector is described by the Lagrangian

Lcc =
g√
2

(

ν̄LW/
+eL + (H.c.)

)

(1)

The mass sector Lagrangian for fermions is

−LM = me (ēLeR + ēReL)

+
M1

2

(

N̄ c
1N1 + N̄1N

c
1

)

+
M2

2

(

N̄ c
2N2 + N̄2N

c
2

)

+m1

(

eiφ1N̄1νL + e−iφ1 ν̄LN1

)

+m2

(

eiφ2N̄2νL + e−iφ2 ν̄LN2

)

. (2)

Here ψc ≡ γ0Cψ∗; M1,2 and m1,2 are defined in terms of real positive Yukawa couplings
y1,2 and the electroweak vacuum expectation value v,

m1,2 ≡
y1,2v√

2
. (3)

We use the freedom of phase choice for νL and eR,L to redefine

νL → e−iφ2νL. (4)

We see that there is only one physical CP violating phase η ≡ φ1 − φ2.

Before we explore the physical manifestation of η, we determine the mass eigenstates of
neutrinos. We will use them to compute the EDM of the electron. We use the identity

ν̄LN =
1

2

(

ν̄LN + N̄ cνcL
)

N̄νL =
1

2

(

N̄νL + ν̄cLN
c
)

(5)

4

• With O(1) Yukawa couplings, de . 10�33 e · cm
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Archambault, Czarnecki, Pospelov, hep-ph/0406089
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OTHER PROBES: HIGGS
• Neutrino oscillation leptogenesis is enhanced if the Yukawa couplings 

to neutrinos are larger

• Leptophilic 2-Higgs Doublet Model
BS, Yavin, arXiv:1401.2459

14

GeV. Therefore, �2 must instead acquire a VEV through
a linear tadpole term in its potential. We assume this
comes from a mixing with the SM Higgs, which arises
from additional terms in the 2HDM potential:

V2HDM � µ
2

mix
�1�

⇤
2

+ h.c. (34)

µ
2

mix
can be naturally smaller than µ

2

1
and µ

2

2
since it

breaks the Z2 symmetry5. The ratio of VEVs is

tan � ⌘
h�1i

h�2i
⇡

µ
2

2

µ
2

mix

, (35)

which can account for the observed pattern h�1i � h�2i

for µ2 � µmix.

B. Asymmetry Generation

To demonstrate the larger asymmetries possible in the
leptophilic 2HDM, we compute the baryon asymmetries
obtained in both the leptophilic 2HDM and the mini-
mal model, and we show their ratio in the left panel of
Fig. 8. To make a direct comparison, we choose a com-
mon set of parameters for both models in Regime III,
where the e↵ects are most pronounced: MN = 1 GeV,
�MN = 1 GeV, ⌘ = � = �Re ! = �⇡/4. For the
leptophilic 2HDM, we fix Im ! = 1 and take as a free
parameter the VEV h�2i. For the minimal model, we
choose the value of Im ! such that the electron washout
rate �(Le ! N

†) is equal to the rate in the leptophilic
2HDM for each h�2i. The ratio of the baryon asymmetry
in the leptophilic 2HDM compared to the minimal model
grows quadratically as �2 decreases from the SM value,
as predicted by Eq. (31). We see in the right panel of
Fig. 8 that enhancements to the baryon asymmetry of
O(103

� 104) are possible in the leptophilic Higgs model
over the minimal model. The resulting baryon asymme-
try in the leptophilic 2HDM is su�ciently large that no
mass degeneracy is required to obtain the observed value.
Therefore, the leptophilic 2HDM removes the need for
any tuning in both the masses of the sterile neutrinos
and the Yukawa couplings F↵I if tan � ⇡ 20 � 80. The
same conclusion holds true for many other values of the
CP phases and mixing angles.

One might wonder why such a complete elimination of
the tuning in the mass splitting is possible in the lep-
tophilic Higgs model but not in the ⌫MSM. In other
words, why is it now possible to obtain the correct asym-
metry with a much shorter coherent oscillation time as
compared to the minimal model? The answer is found
in the scaling relations, Eqs. (31) and (32). In the min-
imal model, one can only increase the Yukawa couplings
through alignment, cosh(2Im !) � 1. But since the
asymmetry generation and washout rates scale in the

5
For our purposes, other Z2-breaking terms such as |�1|2�1�

⇤
2

can be absorbed into a redefinition of µmix.
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FIG. 8. (Top) Ratio of the baryon asymmetry in the lep-
tophilic Higgs model with Im! = 1 to the asymmetry in
the minimal, single Higgs model with Im! set such that the
Le washout rate is the same in both scenarios for each data
point. The enhancement to the asymmetry from changing
h�2i is quadratically larger than the tuned, minimal model.
(Bottom) Baryon asymmetry in the leptophilic Higgs model
(top, purple) and minimal model (bottom, black) with the Le

washout rate the same in both scenarios for each data point.
The dashed line indicates the observed baryon asymmetry of
the universe. (Both) Other parameters are fixed at MN = 1
GeV, �MN = 1 GeV, ⌘ = � = �Re! = �⇡/4.

same way with cosh(2Im !), this increase is saturated
when the equilibration rate is as early as the electroweak
scale. Unfortunately, the baryon asymmetry at the point
of saturation is still too small, unless one tunes the sterile-
neutrino mass splitting to achieve a longer coherent os-
cillation time. In our extended model with smaller lep-
tophilic Higgs VEV, the asymmetry generation scales like
⇠ h�2i

�4, which rises much faster with a smaller VEV
than the washout rate, ⇠ h�2i

�2. The point of satu-
ration is still reached in the extended model, but be-
cause the asymmetry generation rate increases more than
the washout rate, the point of saturation gives a baryon
asymmetry which is orders of magnitude larger.

• Could have additional CPV 
couplings in extended 
Higgs sector

• Motivation for searching 
for leptophilic Higgs states
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OUTLINE

• Overview of low-scale leptogenesis (~GeV RHNs)

• CPV and phenomenology of low-scale leptogenesis

• Hidden-sector baryogenesis (involving DM)
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HIDDEN SECTOR BARYOGENESIS
• Motivation:

• Need new physics to explain dark matter

• Dark matter needs a departure from equilibrium

• Mechanisms:

• Baryon abundance set by asymmetry — DM too?

• Cogeneration/sharing of DM-baryon asymmetry

• Baryon asymmetry could be generated in dynamics of 
hidden-sector particles

Nussinov, 1985; Dodelson, Widrow, 1990; Barr, Chivukula, Farhi, 1991; …; Kaplan, Luty, Zurek, 2009; Davoudiasl et al., 
2010; Shelton, Zurek, 2010; Buckley, Randall, 2010; McDonald, 2011; Cui, Randall, BS, 2011; Zurek, 2013;………. 
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HIDDEN SECTOR BARYOGENESIS

• E.g., baryogenesis during DM freeze-out (“WIMPy baryogenesis”)

DM

DM

B

B

• DM-SM couplings violate 
baryon number

• DM-SM couplings violate 
CP

Cui, Randall, BS, arXiv:1112.2704

• What are implications for phenomenology?
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HIDDEN SECTOR BARYOGENESIS

• Features of mechanism:

Cui, Randall, BS, arXiv:1112.2704
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Figure 1: Schematic diagrams showing the evolution of the asymmetry created by dark matter annihilation.
(left) Model where asymmetry created in exotic antibaryons is sequestered in a sterile sector through baryon-
number-conserving decays. (right) Model where asymmetry created in exotic antibaryons is converted into a
Standard Model baryon asymmetry through baryon-number-violating decays.

generate a baryon asymmetry that depends on the amount of dark matter annihilation occurring during
washout freeze-out, which is comparable to the dark matter density at that time.

We present models that satisfy all three Sakharov conditions, and that simultaneously generate the observed
baryon asymmetry and WIMP relic density. In particular, we find that there exist successful models of WIMPy
baryogenesis with O(1) couplings and CP phases, and weak-scale masses for all new fields. This is an extension
of the WIMP miracle to also include baryogenesis, although we show that the size of the generated asymmetry
is sensitive to the parameters in the theory and can vary by several orders of magnitude from the observed
asymmetry.

Although WIMP annihilation can generate a baryon asymmetry, there are other processes that have the
potential to wash out the asymmetry, and their freeze-out is crucial to create the observed baryon asymmetry.
In our models, the two leading sources of washout are inverse annihilations of baryons into dark matter
and baryon-to-antibaryon processes. Washout scatterings must be suppressed to generate a sizeable baryon
asymmetry because, as we show in Section 2, any asymmetry generated prior to washout freeze-out1 is rapidly
damped away. After washout processes freeze out, dark matter annihilations can efficiently create a baryon
asymmetry, and the final asymmetry depends on how much dark matter remains when washout scatterings
freeze out. Washout freeze-out must occur before that of WIMP annihilation, at which point dark matter
annihilation is no longer efficient and no sizeable asymmetry can be created. Thus, we find our central result:
if washout processes freeze out before WIMP freeze-out, then a large baryon asymmetry may accumulate, and
its final value is proportional to the WIMP abundance at the time that washout becomes inefficient.

The early freeze-out of washout processes can occur for kinematic reasons. Inverse annihilations will be
Boltzmann-suppressed for T < mDM because the thermal baryon fields are no longer energetic enough to
annihilate back into dark matter. Baryon-antibaryon scatterings, however, can remain rapid at temperatures
well below mDM. The only way to suppress baryon-to-antibaryon washout is if all washout processes involve a
heavy exotic baryon field in the initial state. We illustrate this scenario in Figure 1, showing how dark matter
annihilates to Standard Model baryons plus an exotic baryon, as well as the possible decays of the exotic
baryon (either through baryon-preserving or baryon-violating interactions). If this exotic field has a mass
! mDM, its abundance is Boltzmann-suppressed at T < mDM and suppresses the washout rate. Meanwhile,
dark matter annihilations are not kinematically allowed if the heavy baryon field has mass ! 2mDM, so the
mass condition mDM " mexotic baryon " 2mDM is essential to generate a large baryon asymmetry through
WIMPy baryogenesis.

Dark matter annihilations generate a positive baryon asymmetry stored in Standard Model quarks along
with an equal negative asymmetry stored in the exotic baryon field. It is important that the decays of the

1The time of washout freeze-out is defined as when the rate of washout processes falls below the Hubble expansion rate. This
is analogous to the freeze-out of WIMP annihilation.
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Figure 1: Schematic diagrams showing the evolution of the asymmetry created by dark matter annihilation.
(left) Model where asymmetry created in exotic antibaryons is sequestered in a sterile sector through baryon-
number-conserving decays. (right) Model where asymmetry created in exotic antibaryons is converted into a
Standard Model baryon asymmetry through baryon-number-violating decays.

generate a baryon asymmetry that depends on the amount of dark matter annihilation occurring during
washout freeze-out, which is comparable to the dark matter density at that time.

We present models that satisfy all three Sakharov conditions, and that simultaneously generate the observed
baryon asymmetry and WIMP relic density. In particular, we find that there exist successful models of WIMPy
baryogenesis with O(1) couplings and CP phases, and weak-scale masses for all new fields. This is an extension
of the WIMP miracle to also include baryogenesis, although we show that the size of the generated asymmetry
is sensitive to the parameters in the theory and can vary by several orders of magnitude from the observed
asymmetry.

Although WIMP annihilation can generate a baryon asymmetry, there are other processes that have the
potential to wash out the asymmetry, and their freeze-out is crucial to create the observed baryon asymmetry.
In our models, the two leading sources of washout are inverse annihilations of baryons into dark matter
and baryon-to-antibaryon processes. Washout scatterings must be suppressed to generate a sizeable baryon
asymmetry because, as we show in Section 2, any asymmetry generated prior to washout freeze-out1 is rapidly
damped away. After washout processes freeze out, dark matter annihilations can efficiently create a baryon
asymmetry, and the final asymmetry depends on how much dark matter remains when washout scatterings
freeze out. Washout freeze-out must occur before that of WIMP annihilation, at which point dark matter
annihilation is no longer efficient and no sizeable asymmetry can be created. Thus, we find our central result:
if washout processes freeze out before WIMP freeze-out, then a large baryon asymmetry may accumulate, and
its final value is proportional to the WIMP abundance at the time that washout becomes inefficient.

The early freeze-out of washout processes can occur for kinematic reasons. Inverse annihilations will be
Boltzmann-suppressed for T < mDM because the thermal baryon fields are no longer energetic enough to
annihilate back into dark matter. Baryon-antibaryon scatterings, however, can remain rapid at temperatures
well below mDM. The only way to suppress baryon-to-antibaryon washout is if all washout processes involve a
heavy exotic baryon field in the initial state. We illustrate this scenario in Figure 1, showing how dark matter
annihilates to Standard Model baryons plus an exotic baryon, as well as the possible decays of the exotic
baryon (either through baryon-preserving or baryon-violating interactions). If this exotic field has a mass
! mDM, its abundance is Boltzmann-suppressed at T < mDM and suppresses the washout rate. Meanwhile,
dark matter annihilations are not kinematically allowed if the heavy baryon field has mass ! 2mDM, so the
mass condition mDM " mexotic baryon " 2mDM is essential to generate a large baryon asymmetry through
WIMPy baryogenesis.

Dark matter annihilations generate a positive baryon asymmetry stored in Standard Model quarks along
with an equal negative asymmetry stored in the exotic baryon field. It is important that the decays of the

1The time of washout freeze-out is defined as when the rate of washout processes falls below the Hubble expansion rate. This
is analogous to the freeze-out of WIMP annihilation.

2

• Heavy new state that carries/couples to baryon number 
(kinematic effects lead to a suppression of washout processes)

• New particle carries SM quantum numbers, can be produed at 
colliders

• Any effects of new CPV coupling?
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HIDDEN SECTOR BARYOGENESIS

• Minimal model:

Cui, Randall, BS, arXiv:1112.2704
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Figure 3: Diagrams of tree and loop contributions to S decay. The difference between these rates and their
conjugates generates a lepton asymmetry.
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Figure 4: Diagrams of tree and loop contributions to the XX annihilation cross section. The difference between
these rates and their conjugates generates a lepton asymmetry.

3.1.2 Asymmetry generation

In this model, a lepton asymmetry can in principle be generated through two processes: the more conventional
process of Sα decay into Liψi and their conjugates (or directly into Li + ni + H if mψ > mS), and XX
annihilation into the same final states. We show these in Figures 3 and 4, respectively, assuming that decay
and annihilation occur predominantly through the lightest scalar S1. Existing work discusses the relevant
processes for generating a lepton asymmetry through 2 → 2 scattering [12], although the authors consider
only high-scale models (T ! 109 GeV) with qualitatively different features than WIMPy leptogenesis. CP -
violating phases in our model appear in the interference between tree-level and one-loop diagrams. We define
asymmetry factors for the decay of the lightest scalar S1 and for WIMP annihilations, respectively, in the
manner of conventional leptogenesis:

ϵ1 =
Γ(S1 → ψiLi)− Γ(S1 → ψ†

iL
†
i )

Γ(S1 → ψiLi) + Γ(S1 → ψ†
iL

†
i )
, (20)

ϵ2 =
σ(XX → ψiLi) + σ(X̄X̄ → ψiLi)− σ(XX → ψ†

iL
†
i )− σ(X̄X̄ → ψ†

iL
†
i )

σ(XX → ψiLi) + σ(X̄X̄ → ψiLi) + σ(XX → ψ†
iL

†
i ) + σ(X̄X̄ → ψ†

iL
†
i )
. (21)

ϵ1 gives the fractional asymmetry generated per S1 decay, while ϵ2 gives the fractional asymmetry generated
per XX annihilation. The precise values of ϵ1, ϵ2 in this case depend on the masses mSα and the couplings
λαi.

To reduce the number of arbitrary parameters in our analysis, we make the following assumptions:

• Dark matter annihilation occurs dominantly to only one flavor of lepton, and the couplings of all other
leptons to Sα are zero. The non-zero couplings of the single lepton flavor are denoted λLα.

• Dark matter annihilation and washout occur mostly through the lightest scalar, S1, and we consider the
rates of only these processes in our analysis. For concreteness, we require that the corresponding cross
sections with intermediate S2 to be less than 20% of the corresponding cross sections with S1, giving
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Figure 3: Diagrams of tree and loop contributions to S decay. The difference between these rates and their
conjugates generates a lepton asymmetry.
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Figure 4: Diagrams of tree and loop contributions to the XX annihilation cross section. The difference between
these rates and their conjugates generates a lepton asymmetry.

3.1.2 Asymmetry generation

In this model, a lepton asymmetry can in principle be generated through two processes: the more conventional
process of Sα decay into Liψi and their conjugates (or directly into Li + ni + H if mψ > mS), and XX
annihilation into the same final states. We show these in Figures 3 and 4, respectively, assuming that decay
and annihilation occur predominantly through the lightest scalar S1. Existing work discusses the relevant
processes for generating a lepton asymmetry through 2 → 2 scattering [12], although the authors consider
only high-scale models (T ! 109 GeV) with qualitatively different features than WIMPy leptogenesis. CP -
violating phases in our model appear in the interference between tree-level and one-loop diagrams. We define
asymmetry factors for the decay of the lightest scalar S1 and for WIMP annihilations, respectively, in the
manner of conventional leptogenesis:

ϵ1 =
Γ(S1 → ψiLi)− Γ(S1 → ψ†

iL
†
i )

Γ(S1 → ψiLi) + Γ(S1 → ψ†
iL

†
i )
, (20)

ϵ2 =
σ(XX → ψiLi) + σ(X̄X̄ → ψiLi)− σ(XX → ψ†

iL
†
i )− σ(X̄X̄ → ψ†

iL
†
i )

σ(XX → ψiLi) + σ(X̄X̄ → ψiLi) + σ(XX → ψ†
iL

†
i ) + σ(X̄X̄ → ψ†

iL
†
i )
. (21)

ϵ1 gives the fractional asymmetry generated per S1 decay, while ϵ2 gives the fractional asymmetry generated
per XX annihilation. The precise values of ϵ1, ϵ2 in this case depend on the masses mSα and the couplings
λαi.

To reduce the number of arbitrary parameters in our analysis, we make the following assumptions:

• Dark matter annihilation occurs dominantly to only one flavor of lepton, and the couplings of all other
leptons to Sα are zero. The non-zero couplings of the single lepton flavor are denoted λLα.

• Dark matter annihilation and washout occur mostly through the lightest scalar, S1, and we consider the
rates of only these processes in our analysis. For concreteness, we require that the corresponding cross
sections with intermediate S2 to be less than 20% of the corresponding cross sections with S1, giving
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HIDDEN SECTOR BARYOGENESIS

• Electric dipole moment:
Cui, Randall, BS, arXiv:1112.2704

• If vectorlike quark couples to only one chirality of SM quarks, 
the leading contribution to EDM vanishes 

• Need to go to 3 
loops for non-zero 
effect
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Figure 16: A set of two-loop contributions to the electron EDM that vanishes when summed together.

5.3 Electric Dipole Moment Constraints

A viable mechanism for baryogenesis necessitates the existence of new CP phases. Bounds on the electron
and neutron electric dipole moments (EDMs) strongly constrain many new sources of CP -violation, but we
find CP phases in WIMPy baryogenesis are not constrained by EDM experiments. The minimal models of
WIMPy baryogenesis presented in this paper couple new fields to either left-handed or right-handed light
fermions (but not both), resulting in suppressed EDMs that are consistent with current observations. As a
result, minimal models of WIMPy baryogenesis do not have the CP problem often associated with models of
weak-scale physics.

In the models presented in Sections 3 and 4, the fields S and ψ couple exclusively to either left-handed or
right-handed quarks and leptons. As a result, loops contributing to light fermion EDMs are helicity-preserving
with an even number of Yukawa couplings, half of which are of the form λα i and the other half λ∗β j . By
summing over all permutations of different flavors of S, L and ψ on the internal lines, it can be shown that all
one- and two-loop diagrams appear in pairs that are complex conjugates of one another. Summing over each
set of pairs leads to a result that is real, and hence a vanishing EDM. As an example, we show in Figure 16 a
set of four diagrams contributing to the electron EDM: the sum of the first two is proportional to λLα1λ∗L β1,
while the sum of the second two is proportional to λ∗Lα1λL β1. Therefore, the sum of all four is real and does
not contribute to the electron EDM.

The two-loop EDM in the Standard Model vanishes for the same reason as in WIMPy baryogenesis:
CP -violation arises only in couplings to one chirality of fermion. In both the Standard Model and WIMPy
baryogenesis, the neutron EDM is non-zero at three loops, and we show the relevant diagrams in Figure 17.
The principal difference between the two is that CP violation vanishes in the Standard Model with fewer than
three generations, so the Standard Model EDM is suppressed by mixings involving all three generations. By
contrast, WIMPy baryogenesis has a contribution to the EDM with only two generations of quarks that couple
to more than one flavor of S, and if the model is minimally flavor violating, the EDM will be suppressed
by sin2 θc ≈ 0.05, the square of the Cabibbo angle. The näıve estimate for the neutron EDM in WIMPy
baryogenesis with O(1) couplings is

dn
e

∼
sin2 θc
(16π2)3

mu

m2
S

. (43)

Substituting mS ∼ 5 TeV and mf ∼ MeV gives dn/e ! 5 × 10−32 cm, which is well below the current
experimental bound of dn/e < 2.9 × 10−26 cm [31]. The electron EDM from WIMPy leptogenesis is even
smaller than this, as flavor-changing effects in the charged lepton sector are suppressed by neutrino masses,
and the EDM is also well below the experimental bound of de/e < 1.05× 10−27 cm [32].

Phases fromWIMPy leptogenesis can also contribute to EDMs via other new, weak-scale fields not included
in our minimal models. Since these contributions are model-dependent, we do not consider them further.

Minimal models of WIMPy baryogenesis do not suffer from a CP problem and are consistent with low-
energy experiments, but it is possible that other, model-dependent contributions to the EDM could be con-
strained by and give rise to signals in electron and neutron EDM experiments.
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Figure 16: A set of two-loop contributions to the electron EDM that vanishes when summed together.

5.3 Electric Dipole Moment Constraints

A viable mechanism for baryogenesis necessitates the existence of new CP phases. Bounds on the electron
and neutron electric dipole moments (EDMs) strongly constrain many new sources of CP -violation, but we
find CP phases in WIMPy baryogenesis are not constrained by EDM experiments. The minimal models of
WIMPy baryogenesis presented in this paper couple new fields to either left-handed or right-handed light
fermions (but not both), resulting in suppressed EDMs that are consistent with current observations. As a
result, minimal models of WIMPy baryogenesis do not have the CP problem often associated with models of
weak-scale physics.

In the models presented in Sections 3 and 4, the fields S and ψ couple exclusively to either left-handed or
right-handed quarks and leptons. As a result, loops contributing to light fermion EDMs are helicity-preserving
with an even number of Yukawa couplings, half of which are of the form λα i and the other half λ∗β j . By
summing over all permutations of different flavors of S, L and ψ on the internal lines, it can be shown that all
one- and two-loop diagrams appear in pairs that are complex conjugates of one another. Summing over each
set of pairs leads to a result that is real, and hence a vanishing EDM. As an example, we show in Figure 16 a
set of four diagrams contributing to the electron EDM: the sum of the first two is proportional to λLα1λ∗L β1,
while the sum of the second two is proportional to λ∗Lα1λL β1. Therefore, the sum of all four is real and does
not contribute to the electron EDM.

The two-loop EDM in the Standard Model vanishes for the same reason as in WIMPy baryogenesis:
CP -violation arises only in couplings to one chirality of fermion. In both the Standard Model and WIMPy
baryogenesis, the neutron EDM is non-zero at three loops, and we show the relevant diagrams in Figure 17.
The principal difference between the two is that CP violation vanishes in the Standard Model with fewer than
three generations, so the Standard Model EDM is suppressed by mixings involving all three generations. By
contrast, WIMPy baryogenesis has a contribution to the EDM with only two generations of quarks that couple
to more than one flavor of S, and if the model is minimally flavor violating, the EDM will be suppressed
by sin2 θc ≈ 0.05, the square of the Cabibbo angle. The näıve estimate for the neutron EDM in WIMPy
baryogenesis with O(1) couplings is
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∼
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(16π2)3

mu

m2
S

. (43)

Substituting mS ∼ 5 TeV and mf ∼ MeV gives dn/e ! 5 × 10−32 cm, which is well below the current
experimental bound of dn/e < 2.9 × 10−26 cm [31]. The electron EDM from WIMPy leptogenesis is even
smaller than this, as flavor-changing effects in the charged lepton sector are suppressed by neutrino masses,
and the EDM is also well below the experimental bound of de/e < 1.05× 10−27 cm [32].

Phases fromWIMPy leptogenesis can also contribute to EDMs via other new, weak-scale fields not included
in our minimal models. Since these contributions are model-dependent, we do not consider them further.

Minimal models of WIMPy baryogenesis do not suffer from a CP problem and are consistent with low-
energy experiments, but it is possible that other, model-dependent contributions to the EDM could be con-
strained by and give rise to signals in electron and neutron EDM experiments.
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one- and two-loop diagrams appear in pairs that are complex conjugates of one another. Summing over each
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not contribute to the electron EDM.

The two-loop EDM in the Standard Model vanishes for the same reason as in WIMPy baryogenesis:
CP -violation arises only in couplings to one chirality of fermion. In both the Standard Model and WIMPy
baryogenesis, the neutron EDM is non-zero at three loops, and we show the relevant diagrams in Figure 17.
The principal difference between the two is that CP violation vanishes in the Standard Model with fewer than
three generations, so the Standard Model EDM is suppressed by mixings involving all three generations. By
contrast, WIMPy baryogenesis has a contribution to the EDM with only two generations of quarks that couple
to more than one flavor of S, and if the model is minimally flavor violating, the EDM will be suppressed
by sin2 θc ≈ 0.05, the square of the Cabibbo angle. The näıve estimate for the neutron EDM in WIMPy
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Substituting mS ∼ 5 TeV and mf ∼ MeV gives dn/e ! 5 × 10−32 cm, which is well below the current
experimental bound of dn/e < 2.9 × 10−26 cm [31]. The electron EDM from WIMPy leptogenesis is even
smaller than this, as flavor-changing effects in the charged lepton sector are suppressed by neutrino masses,
and the EDM is also well below the experimental bound of de/e < 1.05× 10−27 cm [32].

Phases fromWIMPy leptogenesis can also contribute to EDMs via other new, weak-scale fields not included
in our minimal models. Since these contributions are model-dependent, we do not consider them further.

Minimal models of WIMPy baryogenesis do not suffer from a CP problem and are consistent with low-
energy experiments, but it is possible that other, model-dependent contributions to the EDM could be con-
strained by and give rise to signals in electron and neutron EDM experiments.
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find CP phases in WIMPy baryogenesis are not constrained by EDM experiments. The minimal models of
WIMPy baryogenesis presented in this paper couple new fields to either left-handed or right-handed light
fermions (but not both), resulting in suppressed EDMs that are consistent with current observations. As a
result, minimal models of WIMPy baryogenesis do not have the CP problem often associated with models of
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with an even number of Yukawa couplings, half of which are of the form λα i and the other half λ∗β j . By
summing over all permutations of different flavors of S, L and ψ on the internal lines, it can be shown that all
one- and two-loop diagrams appear in pairs that are complex conjugates of one another. Summing over each
set of pairs leads to a result that is real, and hence a vanishing EDM. As an example, we show in Figure 16 a
set of four diagrams contributing to the electron EDM: the sum of the first two is proportional to λLα1λ∗L β1,
while the sum of the second two is proportional to λ∗Lα1λL β1. Therefore, the sum of all four is real and does
not contribute to the electron EDM.

The two-loop EDM in the Standard Model vanishes for the same reason as in WIMPy baryogenesis:
CP -violation arises only in couplings to one chirality of fermion. In both the Standard Model and WIMPy
baryogenesis, the neutron EDM is non-zero at three loops, and we show the relevant diagrams in Figure 17.
The principal difference between the two is that CP violation vanishes in the Standard Model with fewer than
three generations, so the Standard Model EDM is suppressed by mixings involving all three generations. By
contrast, WIMPy baryogenesis has a contribution to the EDM with only two generations of quarks that couple
to more than one flavor of S, and if the model is minimally flavor violating, the EDM will be suppressed
by sin2 θc ≈ 0.05, the square of the Cabibbo angle. The näıve estimate for the neutron EDM in WIMPy
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Substituting mS ∼ 5 TeV and mf ∼ MeV gives dn/e ! 5 × 10−32 cm, which is well below the current
experimental bound of dn/e < 2.9 × 10−26 cm [31]. The electron EDM from WIMPy leptogenesis is even
smaller than this, as flavor-changing effects in the charged lepton sector are suppressed by neutrino masses,
and the EDM is also well below the experimental bound of de/e < 1.05× 10−27 cm [32].

Phases fromWIMPy leptogenesis can also contribute to EDMs via other new, weak-scale fields not included
in our minimal models. Since these contributions are model-dependent, we do not consider them further.

Minimal models of WIMPy baryogenesis do not suffer from a CP problem and are consistent with low-
energy experiments, but it is possible that other, model-dependent contributions to the EDM could be con-
strained by and give rise to signals in electron and neutron EDM experiments.
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QL
<latexit sha1_base64="2ApPvGo3vAKenpdMnGdXD0a++Dk=">AAAB73icbVBNS8NAEJ3Ur1q/qh69LBbBU0lEUG9FLx48tGBspQ1ls920S3c3YXcjlJBf4cWDilf/jjf/jds2B219MPB4b4aZeWHCmTau++2UVlbX1jfKm5Wt7Z3dver+wYOOU0WoT2Ieq06INeVMUt8ww2knURSLkNN2OL6Z+u0nqjSL5b2ZJDQQeChZxAg2Vnps9bOeEugu71drbt2dAS0TryA1KNDsV796g5ikgkpDONa667mJCTKsDCOc5pVeqmmCyRgPaddSiQXVQTY7OEcnVhmgKFa2pEEz9fdEhoXWExHaToHNSC96U/E/r5ua6DLImExSQyWZL4pSjkyMpt+jAVOUGD6xBBPF7K2IjLDCxNiMKjYEb/HlZeKf1a/qXuu81rgu0ijDERzDKXhwAQ24hSb4QEDAM7zCm6OcF+fd+Zi3lpxi5hD+wPn8AdSpj/c=</latexit><latexit sha1_base64="2ApPvGo3vAKenpdMnGdXD0a++Dk=">AAAB73icbVBNS8NAEJ3Ur1q/qh69LBbBU0lEUG9FLx48tGBspQ1ls920S3c3YXcjlJBf4cWDilf/jjf/jds2B219MPB4b4aZeWHCmTau++2UVlbX1jfKm5Wt7Z3dver+wYOOU0WoT2Ieq06INeVMUt8ww2knURSLkNN2OL6Z+u0nqjSL5b2ZJDQQeChZxAg2Vnps9bOeEugu71drbt2dAS0TryA1KNDsV796g5ikgkpDONa667mJCTKsDCOc5pVeqmmCyRgPaddSiQXVQTY7OEcnVhmgKFa2pEEz9fdEhoXWExHaToHNSC96U/E/r5ua6DLImExSQyWZL4pSjkyMpt+jAVOUGD6xBBPF7K2IjLDCxNiMKjYEb/HlZeKf1a/qXuu81rgu0ijDERzDKXhwAQ24hSb4QEDAM7zCm6OcF+fd+Zi3lpxi5hD+wPn8AdSpj/c=</latexit><latexit sha1_base64="2ApPvGo3vAKenpdMnGdXD0a++Dk=">AAAB73icbVBNS8NAEJ3Ur1q/qh69LBbBU0lEUG9FLx48tGBspQ1ls920S3c3YXcjlJBf4cWDilf/jjf/jds2B219MPB4b4aZeWHCmTau++2UVlbX1jfKm5Wt7Z3dver+wYOOU0WoT2Ieq06INeVMUt8ww2knURSLkNN2OL6Z+u0nqjSL5b2ZJDQQeChZxAg2Vnps9bOeEugu71drbt2dAS0TryA1KNDsV796g5ikgkpDONa667mJCTKsDCOc5pVeqmmCyRgPaddSiQXVQTY7OEcnVhmgKFa2pEEz9fdEhoXWExHaToHNSC96U/E/r5ua6DLImExSQyWZL4pSjkyMpt+jAVOUGD6xBBPF7K2IjLDCxNiMKjYEb/HlZeKf1a/qXuu81rgu0ijDERzDKXhwAQ24hSb4QEDAM7zCm6OcF+fd+Zi3lpxi5hD+wPn8AdSpj/c=</latexit><latexit sha1_base64="2ApPvGo3vAKenpdMnGdXD0a++Dk=">AAAB73icbVBNS8NAEJ3Ur1q/qh69LBbBU0lEUG9FLx48tGBspQ1ls920S3c3YXcjlJBf4cWDilf/jjf/jds2B219MPB4b4aZeWHCmTau++2UVlbX1jfKm5Wt7Z3dver+wYOOU0WoT2Ieq06INeVMUt8ww2knURSLkNN2OL6Z+u0nqjSL5b2ZJDQQeChZxAg2Vnps9bOeEugu71drbt2dAS0TryA1KNDsV796g5ikgkpDONa667mJCTKsDCOc5pVeqmmCyRgPaddSiQXVQTY7OEcnVhmgKFa2pEEz9fdEhoXWExHaToHNSC96U/E/r5ua6DLImExSQyWZL4pSjkyMpt+jAVOUGD6xBBPF7K2IjLDCxNiMKjYEb/HlZeKf1a/qXuu81rgu0ijDERzDKXhwAQ24hSb4QEDAM7zCm6OcF+fd+Zi3lpxi5hD+wPn8AdSpj/c=</latexit>

QR
<latexit sha1_base64="h5dl45zXp51VFrY08wvwin/r5cw=">AAAB73icbVBNS8NAEJ3Ur1q/qh69LBbBU0lEUG9FLx5bMbbShrLZbtqlu5uwuxFKyK/w4kHFq3/Hm//GbZuDtj4YeLw3w8y8MOFMG9f9dkorq2vrG+XNytb2zu5edf/gQcepItQnMY9VJ8Saciapb5jhtJMoikXIaTsc30z99hNVmsXy3kwSGgg8lCxiBBsrPbb6WU8JdJf3qzW37s6AlolXkBoUaParX71BTFJBpSEca9313MQEGVaGEU7zSi/VNMFkjIe0a6nEguogmx2coxOrDFAUK1vSoJn6eyLDQuuJCG2nwGakF72p+J/XTU10GWRMJqmhkswXRSlHJkbT79GAKUoMn1iCiWL2VkRGWGFibEYVG4K3+PIy8c/qV3WvdV5rXBdplOEIjuEUPLiABtxCE3wgIOAZXuHNUc6L8+58zFtLTjFzCH/gfP4A3cGP/Q==</latexit><latexit sha1_base64="h5dl45zXp51VFrY08wvwin/r5cw=">AAAB73icbVBNS8NAEJ3Ur1q/qh69LBbBU0lEUG9FLx5bMbbShrLZbtqlu5uwuxFKyK/w4kHFq3/Hm//GbZuDtj4YeLw3w8y8MOFMG9f9dkorq2vrG+XNytb2zu5edf/gQcepItQnMY9VJ8Saciapb5jhtJMoikXIaTsc30z99hNVmsXy3kwSGgg8lCxiBBsrPbb6WU8JdJf3qzW37s6AlolXkBoUaParX71BTFJBpSEca9313MQEGVaGEU7zSi/VNMFkjIe0a6nEguogmx2coxOrDFAUK1vSoJn6eyLDQuuJCG2nwGakF72p+J/XTU10GWRMJqmhkswXRSlHJkbT79GAKUoMn1iCiWL2VkRGWGFibEYVG4K3+PIy8c/qV3WvdV5rXBdplOEIjuEUPLiABtxCE3wgIOAZXuHNUc6L8+58zFtLTjFzCH/gfP4A3cGP/Q==</latexit><latexit sha1_base64="h5dl45zXp51VFrY08wvwin/r5cw=">AAAB73icbVBNS8NAEJ3Ur1q/qh69LBbBU0lEUG9FLx5bMbbShrLZbtqlu5uwuxFKyK/w4kHFq3/Hm//GbZuDtj4YeLw3w8y8MOFMG9f9dkorq2vrG+XNytb2zu5edf/gQcepItQnMY9VJ8Saciapb5jhtJMoikXIaTsc30z99hNVmsXy3kwSGgg8lCxiBBsrPbb6WU8JdJf3qzW37s6AlolXkBoUaParX71BTFJBpSEca9313MQEGVaGEU7zSi/VNMFkjIe0a6nEguogmx2coxOrDFAUK1vSoJn6eyLDQuuJCG2nwGakF72p+J/XTU10GWRMJqmhkswXRSlHJkbT79GAKUoMn1iCiWL2VkRGWGFibEYVG4K3+PIy8c/qV3WvdV5rXBdplOEIjuEUPLiABtxCE3wgIOAZXuHNUc6L8+58zFtLTjFzCH/gfP4A3cGP/Q==</latexit><latexit sha1_base64="h5dl45zXp51VFrY08wvwin/r5cw=">AAAB73icbVBNS8NAEJ3Ur1q/qh69LBbBU0lEUG9FLx5bMbbShrLZbtqlu5uwuxFKyK/w4kHFq3/Hm//GbZuDtj4YeLw3w8y8MOFMG9f9dkorq2vrG+XNytb2zu5edf/gQcepItQnMY9VJ8Saciapb5jhtJMoikXIaTsc30z99hNVmsXy3kwSGgg8lCxiBBsrPbb6WU8JdJf3qzW37s6AlolXkBoUaParX71BTFJBpSEca9313MQEGVaGEU7zSi/VNMFkjIe0a6nEguogmx2coxOrDFAUK1vSoJn6eyLDQuuJCG2nwGakF72p+J/XTU10GWRMJqmhkswXRSlHJkbT79GAKUoMn1iCiWL2VkRGWGFibEYVG4K3+PIy8c/qV3WvdV5rXBdplOEIjuEUPLiABtxCE3wgIOAZXuHNUc6L8+58zFtLTjFzCH/gfP4A3cGP/Q==</latexit>

Q†
i,R

<latexit sha1_base64="aBS9IrAxjRDnep4WyOkQAUHzdxw=">AAAB+3icbVBNS8NAEN34WetXtEcvi0XwICURQb0VvXhsxdhCE8Nms0mXbjZhdyOEUP+KFw8qXv0j3vw3btsctPXBwOO9GWbmBRmjUlnWt7G0vLK6tl7bqG9ube/smnv79zLNBSYOTlkq+gGShFFOHEUVI/1MEJQEjPSC0fXE7z0SIWnK71SRES9BMacRxUhpyTcbXb+kJ65I4O34wQ1RHBPhm02rZU0BF4ldkSao0PHNLzdMcZ4QrjBDUg5sK1NeiYSimJFx3c0lyRAeoZgMNOUoIdIrp8eP4ZFWQhilQhdXcKr+nihRImWRBLozQWoo572J+J83yFV04ZWUZ7kiHM8WRTmDKoWTJGBIBcGKFZogLKi+FeIhEggrnVddh2DPv7xInNPWZcvunjXbV1UaNXAADsExsME5aIMb0AEOwKAAz+AVvBlPxovxbnzMWpeMaqYB/sD4/AGY9ZRL</latexit><latexit sha1_base64="aBS9IrAxjRDnep4WyOkQAUHzdxw=">AAAB+3icbVBNS8NAEN34WetXtEcvi0XwICURQb0VvXhsxdhCE8Nms0mXbjZhdyOEUP+KFw8qXv0j3vw3btsctPXBwOO9GWbmBRmjUlnWt7G0vLK6tl7bqG9ube/smnv79zLNBSYOTlkq+gGShFFOHEUVI/1MEJQEjPSC0fXE7z0SIWnK71SRES9BMacRxUhpyTcbXb+kJ65I4O34wQ1RHBPhm02rZU0BF4ldkSao0PHNLzdMcZ4QrjBDUg5sK1NeiYSimJFx3c0lyRAeoZgMNOUoIdIrp8eP4ZFWQhilQhdXcKr+nihRImWRBLozQWoo572J+J83yFV04ZWUZ7kiHM8WRTmDKoWTJGBIBcGKFZogLKi+FeIhEggrnVddh2DPv7xInNPWZcvunjXbV1UaNXAADsExsME5aIMb0AEOwKAAz+AVvBlPxovxbnzMWpeMaqYB/sD4/AGY9ZRL</latexit><latexit sha1_base64="aBS9IrAxjRDnep4WyOkQAUHzdxw=">AAAB+3icbVBNS8NAEN34WetXtEcvi0XwICURQb0VvXhsxdhCE8Nms0mXbjZhdyOEUP+KFw8qXv0j3vw3btsctPXBwOO9GWbmBRmjUlnWt7G0vLK6tl7bqG9ube/smnv79zLNBSYOTlkq+gGShFFOHEUVI/1MEJQEjPSC0fXE7z0SIWnK71SRES9BMacRxUhpyTcbXb+kJ65I4O34wQ1RHBPhm02rZU0BF4ldkSao0PHNLzdMcZ4QrjBDUg5sK1NeiYSimJFx3c0lyRAeoZgMNOUoIdIrp8eP4ZFWQhilQhdXcKr+nihRImWRBLozQWoo572J+J83yFV04ZWUZ7kiHM8WRTmDKoWTJGBIBcGKFZogLKi+FeIhEggrnVddh2DPv7xInNPWZcvunjXbV1UaNXAADsExsME5aIMb0AEOwKAAz+AVvBlPxovxbnzMWpeMaqYB/sD4/AGY9ZRL</latexit><latexit sha1_base64="aBS9IrAxjRDnep4WyOkQAUHzdxw=">AAAB+3icbVBNS8NAEN34WetXtEcvi0XwICURQb0VvXhsxdhCE8Nms0mXbjZhdyOEUP+KFw8qXv0j3vw3btsctPXBwOO9GWbmBRmjUlnWt7G0vLK6tl7bqG9ube/smnv79zLNBSYOTlkq+gGShFFOHEUVI/1MEJQEjPSC0fXE7z0SIWnK71SRES9BMacRxUhpyTcbXb+kJ65I4O34wQ1RHBPhm02rZU0BF4ldkSao0PHNLzdMcZ4QrjBDUg5sK1NeiYSimJFx3c0lyRAeoZgMNOUoIdIrp8eP4ZFWQhilQhdXcKr+nihRImWRBLozQWoo572J+J83yFV04ZWUZ7kiHM8WRTmDKoWTJGBIBcGKFZogLKi+FeIhEggrnVddh2DPv7xInNPWZcvunjXbV1UaNXAADsExsME5aIMb0AEOwKAAz+AVvBlPxovxbnzMWpeMaqYB/sD4/AGY9ZRL</latexit>

Q†
i,R

<latexit sha1_base64="aBS9IrAxjRDnep4WyOkQAUHzdxw=">AAAB+3icbVBNS8NAEN34WetXtEcvi0XwICURQb0VvXhsxdhCE8Nms0mXbjZhdyOEUP+KFw8qXv0j3vw3btsctPXBwOO9GWbmBRmjUlnWt7G0vLK6tl7bqG9ube/smnv79zLNBSYOTlkq+gGShFFOHEUVI/1MEJQEjPSC0fXE7z0SIWnK71SRES9BMacRxUhpyTcbXb+kJ65I4O34wQ1RHBPhm02rZU0BF4ldkSao0PHNLzdMcZ4QrjBDUg5sK1NeiYSimJFx3c0lyRAeoZgMNOUoIdIrp8eP4ZFWQhilQhdXcKr+nihRImWRBLozQWoo572J+J83yFV04ZWUZ7kiHM8WRTmDKoWTJGBIBcGKFZogLKi+FeIhEggrnVddh2DPv7xInNPWZcvunjXbV1UaNXAADsExsME5aIMb0AEOwKAAz+AVvBlPxovxbnzMWpeMaqYB/sD4/AGY9ZRL</latexit><latexit sha1_base64="aBS9IrAxjRDnep4WyOkQAUHzdxw=">AAAB+3icbVBNS8NAEN34WetXtEcvi0XwICURQb0VvXhsxdhCE8Nms0mXbjZhdyOEUP+KFw8qXv0j3vw3btsctPXBwOO9GWbmBRmjUlnWt7G0vLK6tl7bqG9ube/smnv79zLNBSYOTlkq+gGShFFOHEUVI/1MEJQEjPSC0fXE7z0SIWnK71SRES9BMacRxUhpyTcbXb+kJ65I4O34wQ1RHBPhm02rZU0BF4ldkSao0PHNLzdMcZ4QrjBDUg5sK1NeiYSimJFx3c0lyRAeoZgMNOUoIdIrp8eP4ZFWQhilQhdXcKr+nihRImWRBLozQWoo572J+J83yFV04ZWUZ7kiHM8WRTmDKoWTJGBIBcGKFZogLKi+FeIhEggrnVddh2DPv7xInNPWZcvunjXbV1UaNXAADsExsME5aIMb0AEOwKAAz+AVvBlPxovxbnzMWpeMaqYB/sD4/AGY9ZRL</latexit><latexit sha1_base64="aBS9IrAxjRDnep4WyOkQAUHzdxw=">AAAB+3icbVBNS8NAEN34WetXtEcvi0XwICURQb0VvXhsxdhCE8Nms0mXbjZhdyOEUP+KFw8qXv0j3vw3btsctPXBwOO9GWbmBRmjUlnWt7G0vLK6tl7bqG9ube/smnv79zLNBSYOTlkq+gGShFFOHEUVI/1MEJQEjPSC0fXE7z0SIWnK71SRES9BMacRxUhpyTcbXb+kJ65I4O34wQ1RHBPhm02rZU0BF4ldkSao0PHNLzdMcZ4QrjBDUg5sK1NeiYSimJFx3c0lyRAeoZgMNOUoIdIrp8eP4ZFWQhilQhdXcKr+nihRImWRBLozQWoo572J+J83yFV04ZWUZ7kiHM8WRTmDKoWTJGBIBcGKFZogLKi+FeIhEggrnVddh2DPv7xInNPWZcvunjXbV1UaNXAADsExsME5aIMb0AEOwKAAz+AVvBlPxovxbnzMWpeMaqYB/sD4/AGY9ZRL</latexit><latexit sha1_base64="aBS9IrAxjRDnep4WyOkQAUHzdxw=">AAAB+3icbVBNS8NAEN34WetXtEcvi0XwICURQb0VvXhsxdhCE8Nms0mXbjZhdyOEUP+KFw8qXv0j3vw3btsctPXBwOO9GWbmBRmjUlnWt7G0vLK6tl7bqG9ube/smnv79zLNBSYOTlkq+gGShFFOHEUVI/1MEJQEjPSC0fXE7z0SIWnK71SRES9BMacRxUhpyTcbXb+kJ65I4O34wQ1RHBPhm02rZU0BF4ldkSao0PHNLzdMcZ4QrjBDUg5sK1NeiYSimJFx3c0lyRAeoZgMNOUoIdIrp8eP4ZFWQhilQhdXcKr+nihRImWRBLozQWoo572J+J83yFV04ZWUZ7kiHM8WRTmDKoWTJGBIBcGKFZogLKi+FeIhEggrnVddh2DPv7xInNPWZcvunjXbV1UaNXAADsExsME5aIMb0AEOwKAAz+AVvBlPxovxbnzMWpeMaqYB/sD4/AGY9ZRL</latexit>

Qi,R
<latexit sha1_base64="OyGy/Q67LEBI1yJbUJIdqDc+Yzw=">AAAB8XicbVBNS8NAEJ3Ur1q/qh69LBbBg5REBPVW9OKxFWMLaSib7aZdutkNuxuhhP4MLx5UvPpvvPlv3LY5aOuDgcd7M8zMi1LOtHHdb6e0srq2vlHerGxt7+zuVfcPHrXMFKE+kVyqToQ15UxQ3zDDaSdVFCcRp+1odDv1209UaSbFgxmnNEzwQLCYEWysFLR6OTvrqgTdT3rVmlt3Z0DLxCtIDQo0e9Wvbl+SLKHCEI61Djw3NWGOlWGE00mlm2maYjLCAxpYKnBCdZjPTp6gE6v0USyVLWHQTP09keNE63ES2c4Em6Fe9Kbif16QmfgqzJlIM0MFmS+KM46MRNP/UZ8pSgwfW4KJYvZWRIZYYWJsShUbgrf48jLxz+vXda91UWvcFGmU4QiO4RQ8uIQG3EETfCAg4Rle4c0xzovz7nzMW0tOMXMIf+B8/gAPQ5Cm</latexit><latexit sha1_base64="OyGy/Q67LEBI1yJbUJIdqDc+Yzw=">AAAB8XicbVBNS8NAEJ3Ur1q/qh69LBbBg5REBPVW9OKxFWMLaSib7aZdutkNuxuhhP4MLx5UvPpvvPlv3LY5aOuDgcd7M8zMi1LOtHHdb6e0srq2vlHerGxt7+zuVfcPHrXMFKE+kVyqToQ15UxQ3zDDaSdVFCcRp+1odDv1209UaSbFgxmnNEzwQLCYEWysFLR6OTvrqgTdT3rVmlt3Z0DLxCtIDQo0e9Wvbl+SLKHCEI61Djw3NWGOlWGE00mlm2maYjLCAxpYKnBCdZjPTp6gE6v0USyVLWHQTP09keNE63ES2c4Em6Fe9Kbif16QmfgqzJlIM0MFmS+KM46MRNP/UZ8pSgwfW4KJYvZWRIZYYWJsShUbgrf48jLxz+vXda91UWvcFGmU4QiO4RQ8uIQG3EETfCAg4Rle4c0xzovz7nzMW0tOMXMIf+B8/gAPQ5Cm</latexit><latexit sha1_base64="OyGy/Q67LEBI1yJbUJIdqDc+Yzw=">AAAB8XicbVBNS8NAEJ3Ur1q/qh69LBbBg5REBPVW9OKxFWMLaSib7aZdutkNuxuhhP4MLx5UvPpvvPlv3LY5aOuDgcd7M8zMi1LOtHHdb6e0srq2vlHerGxt7+zuVfcPHrXMFKE+kVyqToQ15UxQ3zDDaSdVFCcRp+1odDv1209UaSbFgxmnNEzwQLCYEWysFLR6OTvrqgTdT3rVmlt3Z0DLxCtIDQo0e9Wvbl+SLKHCEI61Djw3NWGOlWGE00mlm2maYjLCAxpYKnBCdZjPTp6gE6v0USyVLWHQTP09keNE63ES2c4Em6Fe9Kbif16QmfgqzJlIM0MFmS+KM46MRNP/UZ8pSgwfW4KJYvZWRIZYYWJsShUbgrf48jLxz+vXda91UWvcFGmU4QiO4RQ8uIQG3EETfCAg4Rle4c0xzovz7nzMW0tOMXMIf+B8/gAPQ5Cm</latexit><latexit sha1_base64="OyGy/Q67LEBI1yJbUJIdqDc+Yzw=">AAAB8XicbVBNS8NAEJ3Ur1q/qh69LBbBg5REBPVW9OKxFWMLaSib7aZdutkNuxuhhP4MLx5UvPpvvPlv3LY5aOuDgcd7M8zMi1LOtHHdb6e0srq2vlHerGxt7+zuVfcPHrXMFKE+kVyqToQ15UxQ3zDDaSdVFCcRp+1odDv1209UaSbFgxmnNEzwQLCYEWysFLR6OTvrqgTdT3rVmlt3Z0DLxCtIDQo0e9Wvbl+SLKHCEI61Djw3NWGOlWGE00mlm2maYjLCAxpYKnBCdZjPTp6gE6v0USyVLWHQTP09keNE63ES2c4Em6Fe9Kbif16QmfgqzJlIM0MFmS+KM46MRNP/UZ8pSgwfW4KJYvZWRIZYYWJsShUbgrf48jLxz+vXda91UWvcFGmU4QiO4RQ8uIQG3EETfCAg4Rle4c0xzovz7nzMW0tOMXMIf+B8/gAPQ5Cm</latexit>

Qi,R
<latexit sha1_base64="OyGy/Q67LEBI1yJbUJIdqDc+Yzw=">AAAB8XicbVBNS8NAEJ3Ur1q/qh69LBbBg5REBPVW9OKxFWMLaSib7aZdutkNuxuhhP4MLx5UvPpvvPlv3LY5aOuDgcd7M8zMi1LOtHHdb6e0srq2vlHerGxt7+zuVfcPHrXMFKE+kVyqToQ15UxQ3zDDaSdVFCcRp+1odDv1209UaSbFgxmnNEzwQLCYEWysFLR6OTvrqgTdT3rVmlt3Z0DLxCtIDQo0e9Wvbl+SLKHCEI61Djw3NWGOlWGE00mlm2maYjLCAxpYKnBCdZjPTp6gE6v0USyVLWHQTP09keNE63ES2c4Em6Fe9Kbif16QmfgqzJlIM0MFmS+KM46MRNP/UZ8pSgwfW4KJYvZWRIZYYWJsShUbgrf48jLxz+vXda91UWvcFGmU4QiO4RQ8uIQG3EETfCAg4Rle4c0xzovz7nzMW0tOMXMIf+B8/gAPQ5Cm</latexit><latexit sha1_base64="OyGy/Q67LEBI1yJbUJIdqDc+Yzw=">AAAB8XicbVBNS8NAEJ3Ur1q/qh69LBbBg5REBPVW9OKxFWMLaSib7aZdutkNuxuhhP4MLx5UvPpvvPlv3LY5aOuDgcd7M8zMi1LOtHHdb6e0srq2vlHerGxt7+zuVfcPHrXMFKE+kVyqToQ15UxQ3zDDaSdVFCcRp+1odDv1209UaSbFgxmnNEzwQLCYEWysFLR6OTvrqgTdT3rVmlt3Z0DLxCtIDQo0e9Wvbl+SLKHCEI61Djw3NWGOlWGE00mlm2maYjLCAxpYKnBCdZjPTp6gE6v0USyVLWHQTP09keNE63ES2c4Em6Fe9Kbif16QmfgqzJlIM0MFmS+KM46MRNP/UZ8pSgwfW4KJYvZWRIZYYWJsShUbgrf48jLxz+vXda91UWvcFGmU4QiO4RQ8uIQG3EETfCAg4Rle4c0xzovz7nzMW0tOMXMIf+B8/gAPQ5Cm</latexit><latexit sha1_base64="OyGy/Q67LEBI1yJbUJIdqDc+Yzw=">AAAB8XicbVBNS8NAEJ3Ur1q/qh69LBbBg5REBPVW9OKxFWMLaSib7aZdutkNuxuhhP4MLx5UvPpvvPlv3LY5aOuDgcd7M8zMi1LOtHHdb6e0srq2vlHerGxt7+zuVfcPHrXMFKE+kVyqToQ15UxQ3zDDaSdVFCcRp+1odDv1209UaSbFgxmnNEzwQLCYEWysFLR6OTvrqgTdT3rVmlt3Z0DLxCtIDQo0e9Wvbl+SLKHCEI61Djw3NWGOlWGE00mlm2maYjLCAxpYKnBCdZjPTp6gE6v0USyVLWHQTP09keNE63ES2c4Em6Fe9Kbif16QmfgqzJlIM0MFmS+KM46MRNP/UZ8pSgwfW4KJYvZWRIZYYWJsShUbgrf48jLxz+vXda91UWvcFGmU4QiO4RQ8uIQG3EETfCAg4Rle4c0xzovz7nzMW0tOMXMIf+B8/gAPQ5Cm</latexit><latexit sha1_base64="OyGy/Q67LEBI1yJbUJIdqDc+Yzw=">AAAB8XicbVBNS8NAEJ3Ur1q/qh69LBbBg5REBPVW9OKxFWMLaSib7aZdutkNuxuhhP4MLx5UvPpvvPlv3LY5aOuDgcd7M8zMi1LOtHHdb6e0srq2vlHerGxt7+zuVfcPHrXMFKE+kVyqToQ15UxQ3zDDaSdVFCcRp+1odDv1209UaSbFgxmnNEzwQLCYEWysFLR6OTvrqgTdT3rVmlt3Z0DLxCtIDQo0e9Wvbl+SLKHCEI61Djw3NWGOlWGE00mlm2maYjLCAxpYKnBCdZjPTp6gE6v0USyVLWHQTP09keNE63ES2c4Em6Fe9Kbif16QmfgqzJlIM0MFmS+KM46MRNP/UZ8pSgwfW4KJYvZWRIZYYWJsShUbgrf48jLxz+vXda91UWvcFGmU4QiO4RQ8uIQG3EETfCAg4Rle4c0xzovz7nzMW0tOMXMIf+B8/gAPQ5Cm</latexit>

QL
<latexit sha1_base64="2ApPvGo3vAKenpdMnGdXD0a++Dk=">AAAB73icbVBNS8NAEJ3Ur1q/qh69LBbBU0lEUG9FLx48tGBspQ1ls920S3c3YXcjlJBf4cWDilf/jjf/jds2B219MPB4b4aZeWHCmTau++2UVlbX1jfKm5Wt7Z3dver+wYOOU0WoT2Ieq06INeVMUt8ww2knURSLkNN2OL6Z+u0nqjSL5b2ZJDQQeChZxAg2Vnps9bOeEugu71drbt2dAS0TryA1KNDsV796g5ikgkpDONa667mJCTKsDCOc5pVeqmmCyRgPaddSiQXVQTY7OEcnVhmgKFa2pEEz9fdEhoXWExHaToHNSC96U/E/r5ua6DLImExSQyWZL4pSjkyMpt+jAVOUGD6xBBPF7K2IjLDCxNiMKjYEb/HlZeKf1a/qXuu81rgu0ijDERzDKXhwAQ24hSb4QEDAM7zCm6OcF+fd+Zi3lpxi5hD+wPn8AdSpj/c=</latexit><latexit sha1_base64="2ApPvGo3vAKenpdMnGdXD0a++Dk=">AAAB73icbVBNS8NAEJ3Ur1q/qh69LBbBU0lEUG9FLx48tGBspQ1ls920S3c3YXcjlJBf4cWDilf/jjf/jds2B219MPB4b4aZeWHCmTau++2UVlbX1jfKm5Wt7Z3dver+wYOOU0WoT2Ieq06INeVMUt8ww2knURSLkNN2OL6Z+u0nqjSL5b2ZJDQQeChZxAg2Vnps9bOeEugu71drbt2dAS0TryA1KNDsV796g5ikgkpDONa667mJCTKsDCOc5pVeqmmCyRgPaddSiQXVQTY7OEcnVhmgKFa2pEEz9fdEhoXWExHaToHNSC96U/E/r5ua6DLImExSQyWZL4pSjkyMpt+jAVOUGD6xBBPF7K2IjLDCxNiMKjYEb/HlZeKf1a/qXuu81rgu0ijDERzDKXhwAQ24hSb4QEDAM7zCm6OcF+fd+Zi3lpxi5hD+wPn8AdSpj/c=</latexit><latexit sha1_base64="2ApPvGo3vAKenpdMnGdXD0a++Dk=">AAAB73icbVBNS8NAEJ3Ur1q/qh69LBbBU0lEUG9FLx48tGBspQ1ls920S3c3YXcjlJBf4cWDilf/jjf/jds2B219MPB4b4aZeWHCmTau++2UVlbX1jfKm5Wt7Z3dver+wYOOU0WoT2Ieq06INeVMUt8ww2knURSLkNN2OL6Z+u0nqjSL5b2ZJDQQeChZxAg2Vnps9bOeEugu71drbt2dAS0TryA1KNDsV796g5ikgkpDONa667mJCTKsDCOc5pVeqmmCyRgPaddSiQXVQTY7OEcnVhmgKFa2pEEz9fdEhoXWExHaToHNSC96U/E/r5ua6DLImExSQyWZL4pSjkyMpt+jAVOUGD6xBBPF7K2IjLDCxNiMKjYEb/HlZeKf1a/qXuu81rgu0ijDERzDKXhwAQ24hSb4QEDAM7zCm6OcF+fd+Zi3lpxi5hD+wPn8AdSpj/c=</latexit><latexit sha1_base64="2ApPvGo3vAKenpdMnGdXD0a++Dk=">AAAB73icbVBNS8NAEJ3Ur1q/qh69LBbBU0lEUG9FLx48tGBspQ1ls920S3c3YXcjlJBf4cWDilf/jjf/jds2B219MPB4b4aZeWHCmTau++2UVlbX1jfKm5Wt7Z3dver+wYOOU0WoT2Ieq06INeVMUt8ww2knURSLkNN2OL6Z+u0nqjSL5b2ZJDQQeChZxAg2Vnps9bOeEugu71drbt2dAS0TryA1KNDsV796g5ikgkpDONa667mJCTKsDCOc5pVeqmmCyRgPaddSiQXVQTY7OEcnVhmgKFa2pEEz9fdEhoXWExHaToHNSC96U/E/r5ua6DLImExSQyWZL4pSjkyMpt+jAVOUGD6xBBPF7K2IjLDCxNiMKjYEb/HlZeKf1a/qXuu81rgu0ijDERzDKXhwAQ24hSb4QEDAM7zCm6OcF+fd+Zi3lpxi5hD+wPn8AdSpj/c=</latexit>

QR
<latexit sha1_base64="h5dl45zXp51VFrY08wvwin/r5cw=">AAAB73icbVBNS8NAEJ3Ur1q/qh69LBbBU0lEUG9FLx5bMbbShrLZbtqlu5uwuxFKyK/w4kHFq3/Hm//GbZuDtj4YeLw3w8y8MOFMG9f9dkorq2vrG+XNytb2zu5edf/gQcepItQnMY9VJ8Saciapb5jhtJMoikXIaTsc30z99hNVmsXy3kwSGgg8lCxiBBsrPbb6WU8JdJf3qzW37s6AlolXkBoUaParX71BTFJBpSEca9313MQEGVaGEU7zSi/VNMFkjIe0a6nEguogmx2coxOrDFAUK1vSoJn6eyLDQuuJCG2nwGakF72p+J/XTU10GWRMJqmhkswXRSlHJkbT79GAKUoMn1iCiWL2VkRGWGFibEYVG4K3+PIy8c/qV3WvdV5rXBdplOEIjuEUPLiABtxCE3wgIOAZXuHNUc6L8+58zFtLTjFzCH/gfP4A3cGP/Q==</latexit><latexit sha1_base64="h5dl45zXp51VFrY08wvwin/r5cw=">AAAB73icbVBNS8NAEJ3Ur1q/qh69LBbBU0lEUG9FLx5bMbbShrLZbtqlu5uwuxFKyK/w4kHFq3/Hm//GbZuDtj4YeLw3w8y8MOFMG9f9dkorq2vrG+XNytb2zu5edf/gQcepItQnMY9VJ8Saciapb5jhtJMoikXIaTsc30z99hNVmsXy3kwSGgg8lCxiBBsrPbb6WU8JdJf3qzW37s6AlolXkBoUaParX71BTFJBpSEca9313MQEGVaGEU7zSi/VNMFkjIe0a6nEguogmx2coxOrDFAUK1vSoJn6eyLDQuuJCG2nwGakF72p+J/XTU10GWRMJqmhkswXRSlHJkbT79GAKUoMn1iCiWL2VkRGWGFibEYVG4K3+PIy8c/qV3WvdV5rXBdplOEIjuEUPLiABtxCE3wgIOAZXuHNUc6L8+58zFtLTjFzCH/gfP4A3cGP/Q==</latexit><latexit sha1_base64="h5dl45zXp51VFrY08wvwin/r5cw=">AAAB73icbVBNS8NAEJ3Ur1q/qh69LBbBU0lEUG9FLx5bMbbShrLZbtqlu5uwuxFKyK/w4kHFq3/Hm//GbZuDtj4YeLw3w8y8MOFMG9f9dkorq2vrG+XNytb2zu5edf/gQcepItQnMY9VJ8Saciapb5jhtJMoikXIaTsc30z99hNVmsXy3kwSGgg8lCxiBBsrPbb6WU8JdJf3qzW37s6AlolXkBoUaParX71BTFJBpSEca9313MQEGVaGEU7zSi/VNMFkjIe0a6nEguogmx2coxOrDFAUK1vSoJn6eyLDQuuJCG2nwGakF72p+J/XTU10GWRMJqmhkswXRSlHJkbT79GAKUoMn1iCiWL2VkRGWGFibEYVG4K3+PIy8c/qV3WvdV5rXBdplOEIjuEUPLiABtxCE3wgIOAZXuHNUc6L8+58zFtLTjFzCH/gfP4A3cGP/Q==</latexit><latexit sha1_base64="h5dl45zXp51VFrY08wvwin/r5cw=">AAAB73icbVBNS8NAEJ3Ur1q/qh69LBbBU0lEUG9FLx5bMbbShrLZbtqlu5uwuxFKyK/w4kHFq3/Hm//GbZuDtj4YeLw3w8y8MOFMG9f9dkorq2vrG+XNytb2zu5edf/gQcepItQnMY9VJ8Saciapb5jhtJMoikXIaTsc30z99hNVmsXy3kwSGgg8lCxiBBsrPbb6WU8JdJf3qzW37s6AlolXkBoUaParX71BTFJBpSEca9313MQEGVaGEU7zSi/VNMFkjIe0a6nEguogmx2coxOrDFAUK1vSoJn6eyLDQuuJCG2nwGakF72p+J/XTU10GWRMJqmhkswXRSlHJkbT79GAKUoMn1iCiWL2VkRGWGFibEYVG4K3+PIy8c/qV3WvdV5rXBdplOEIjuEUPLiABtxCE3wgIOAZXuHNUc6L8+58zFtLTjFzCH/gfP4A3cGP/Q==</latexit>

dn . 10�31 e · cm
<latexit sha1_base64="xOH3t3Aupo2S4gDm9qKmTAM3seM=">AAACEHicbVBNS8NAEN34WetX1KOXYBF6qCVRQb0VvXisYG2hiWWzmbZLdzdhdyOU0L/gxb/ixYOKV4/e/Ddu2xy09cHA470ZZuaFCaNKu+63tbC4tLyyWlgrrm9sbm3bO7t3Kk4lgQaJWSxbIVbAqICGpppBK5GAecigGQ6uxn7zAaSisbjVwwQCjnuCdinB2kgduxx1hM9AKUW5595nRyfeyK/4FfBJFGufY92XPCN81LFLbtWdwJknXk5KKEe9Y3/5UUxSDkIThpVqe26igwxLTQmDUdFPFSSYDHAP2oYKzEEF2eSjkXNolMjpxtKU0M5E/T2RYa7UkIemc3yimvXG4n9eO9Xd8yCjIkk1CDJd1E2Zo2NnHI8TUQlEs6EhmEhqbnVIH0tMtAmxaELwZl+eJ43j6kXVuzkt1S7zNApoHx2gMvLQGaqha1RHDUTQI3pGr+jNerJerHfrY9q6YOUze+gPrM8fhJqdDA==</latexit><latexit sha1_base64="xOH3t3Aupo2S4gDm9qKmTAM3seM=">AAACEHicbVBNS8NAEN34WetX1KOXYBF6qCVRQb0VvXisYG2hiWWzmbZLdzdhdyOU0L/gxb/ixYOKV4/e/Ddu2xy09cHA470ZZuaFCaNKu+63tbC4tLyyWlgrrm9sbm3bO7t3Kk4lgQaJWSxbIVbAqICGpppBK5GAecigGQ6uxn7zAaSisbjVwwQCjnuCdinB2kgduxx1hM9AKUW5595nRyfeyK/4FfBJFGufY92XPCN81LFLbtWdwJknXk5KKEe9Y3/5UUxSDkIThpVqe26igwxLTQmDUdFPFSSYDHAP2oYKzEEF2eSjkXNolMjpxtKU0M5E/T2RYa7UkIemc3yimvXG4n9eO9Xd8yCjIkk1CDJd1E2Zo2NnHI8TUQlEs6EhmEhqbnVIH0tMtAmxaELwZl+eJ43j6kXVuzkt1S7zNApoHx2gMvLQGaqha1RHDUTQI3pGr+jNerJerHfrY9q6YOUze+gPrM8fhJqdDA==</latexit><latexit sha1_base64="xOH3t3Aupo2S4gDm9qKmTAM3seM=">AAACEHicbVBNS8NAEN34WetX1KOXYBF6qCVRQb0VvXisYG2hiWWzmbZLdzdhdyOU0L/gxb/ixYOKV4/e/Ddu2xy09cHA470ZZuaFCaNKu+63tbC4tLyyWlgrrm9sbm3bO7t3Kk4lgQaJWSxbIVbAqICGpppBK5GAecigGQ6uxn7zAaSisbjVwwQCjnuCdinB2kgduxx1hM9AKUW5595nRyfeyK/4FfBJFGufY92XPCN81LFLbtWdwJknXk5KKEe9Y3/5UUxSDkIThpVqe26igwxLTQmDUdFPFSSYDHAP2oYKzEEF2eSjkXNolMjpxtKU0M5E/T2RYa7UkIemc3yimvXG4n9eO9Xd8yCjIkk1CDJd1E2Zo2NnHI8TUQlEs6EhmEhqbnVIH0tMtAmxaELwZl+eJ43j6kXVuzkt1S7zNApoHx2gMvLQGaqha1RHDUTQI3pGr+jNerJerHfrY9q6YOUze+gPrM8fhJqdDA==</latexit><latexit sha1_base64="xOH3t3Aupo2S4gDm9qKmTAM3seM=">AAACEHicbVBNS8NAEN34WetX1KOXYBF6qCVRQb0VvXisYG2hiWWzmbZLdzdhdyOU0L/gxb/ixYOKV4/e/Ddu2xy09cHA470ZZuaFCaNKu+63tbC4tLyyWlgrrm9sbm3bO7t3Kk4lgQaJWSxbIVbAqICGpppBK5GAecigGQ6uxn7zAaSisbjVwwQCjnuCdinB2kgduxx1hM9AKUW5595nRyfeyK/4FfBJFGufY92XPCN81LFLbtWdwJknXk5KKEe9Y3/5UUxSDkIThpVqe26igwxLTQmDUdFPFSSYDHAP2oYKzEEF2eSjkXNolMjpxtKU0M5E/T2RYa7UkIemc3yimvXG4n9eO9Xd8yCjIkk1CDJd1E2Zo2NnHI8TUQlEs6EhmEhqbnVIH0tMtAmxaELwZl+eJ43j6kXVuzkt1S7zNApoHx2gMvLQGaqha1RHDUTQI3pGr+jNerJerHfrY9q6YOUze+gPrM8fhJqdDA==</latexit>

• In extended 
models, could have 
coupling to both 
LH+RH quarks
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HIDDEN SECTOR BARYOGENESIS

• Collider phenomenology:
Cui, Randall, BS, arXiv:1112.2704

• Can produce new vectorlike quark(s) at LHC 

• Due to constraints of not wiping out baryon asymmetry from  
decays, typically     decays into other hidden-sector particles

 
<latexit sha1_base64="fYJX9pkPa3xD4PNOJcgdBDiVkBg=">AAAB6nicbVBNSwMxEJ2tX7V+VT16CRbBU9kVQb0VvXis4NpCu5Rsmm1Dk2xIskJZ+he8eFDx6i/y5r8x2+5Bqw8GHu/NMDMvVpwZ6/tfXmVldW19o7pZ29re2d2r7x88mDTThIYk5anuxthQziQNLbOcdpWmWMScduLJTeF3Hqk2LJX3dqpoJPBIsoQRbAuprwwb1Bt+058D/SVBSRpQoj2of/aHKckElZZwbEwv8JWNcqwtI5zOav3MUIXJBI9oz1GJBTVRPr91hk6cMkRJql1Ji+bqz4kcC2OmInadAtuxWfYK8T+vl9nkMsqZVJmlkiwWJRlHNkXF42jINCWWTx3BRDN3KyJjrDGxLp6aCyFYfvkvCc+aV83g7rzRui7TqMIRHMMpBHABLbiFNoRAYAxP8AKvnvCevTfvfdFa8cqZQ/gF7+MbkWOOHg==</latexit><latexit sha1_base64="fYJX9pkPa3xD4PNOJcgdBDiVkBg=">AAAB6nicbVBNSwMxEJ2tX7V+VT16CRbBU9kVQb0VvXis4NpCu5Rsmm1Dk2xIskJZ+he8eFDx6i/y5r8x2+5Bqw8GHu/NMDMvVpwZ6/tfXmVldW19o7pZ29re2d2r7x88mDTThIYk5anuxthQziQNLbOcdpWmWMScduLJTeF3Hqk2LJX3dqpoJPBIsoQRbAuprwwb1Bt+058D/SVBSRpQoj2of/aHKckElZZwbEwv8JWNcqwtI5zOav3MUIXJBI9oz1GJBTVRPr91hk6cMkRJql1Ji+bqz4kcC2OmInadAtuxWfYK8T+vl9nkMsqZVJmlkiwWJRlHNkXF42jINCWWTx3BRDN3KyJjrDGxLp6aCyFYfvkvCc+aV83g7rzRui7TqMIRHMMpBHABLbiFNoRAYAxP8AKvnvCevTfvfdFa8cqZQ/gF7+MbkWOOHg==</latexit><latexit sha1_base64="fYJX9pkPa3xD4PNOJcgdBDiVkBg=">AAAB6nicbVBNSwMxEJ2tX7V+VT16CRbBU9kVQb0VvXis4NpCu5Rsmm1Dk2xIskJZ+he8eFDx6i/y5r8x2+5Bqw8GHu/NMDMvVpwZ6/tfXmVldW19o7pZ29re2d2r7x88mDTThIYk5anuxthQziQNLbOcdpWmWMScduLJTeF3Hqk2LJX3dqpoJPBIsoQRbAuprwwb1Bt+058D/SVBSRpQoj2of/aHKckElZZwbEwv8JWNcqwtI5zOav3MUIXJBI9oz1GJBTVRPr91hk6cMkRJql1Ji+bqz4kcC2OmInadAtuxWfYK8T+vl9nkMsqZVJmlkiwWJRlHNkXF42jINCWWTx3BRDN3KyJjrDGxLp6aCyFYfvkvCc+aV83g7rzRui7TqMIRHMMpBHABLbiFNoRAYAxP8AKvnvCevTfvfdFa8cqZQ/gF7+MbkWOOHg==</latexit><latexit sha1_base64="fYJX9pkPa3xD4PNOJcgdBDiVkBg=">AAAB6nicbVBNSwMxEJ2tX7V+VT16CRbBU9kVQb0VvXis4NpCu5Rsmm1Dk2xIskJZ+he8eFDx6i/y5r8x2+5Bqw8GHu/NMDMvVpwZ6/tfXmVldW19o7pZ29re2d2r7x88mDTThIYk5anuxthQziQNLbOcdpWmWMScduLJTeF3Hqk2LJX3dqpoJPBIsoQRbAuprwwb1Bt+058D/SVBSRpQoj2of/aHKckElZZwbEwv8JWNcqwtI5zOav3MUIXJBI9oz1GJBTVRPr91hk6cMkRJql1Ji+bqz4kcC2OmInadAtuxWfYK8T+vl9nkMsqZVJmlkiwWJRlHNkXF42jINCWWTx3BRDN3KyJjrDGxLp6aCyFYfvkvCc+aV83g7rzRui7TqMIRHMMpBHABLbiFNoRAYAxP8AKvnvCevTfvfdFa8cqZQ/gF7+MbkWOOHg==</latexit>
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Figure 15: LHC pair production of ψ̄ and its subsequent decay in the model with WIMP annihilation to
quarks.

WIMP annihilation to quarks: As with WIMP annihilation to leptons, there are new charged states at the
weak scale. In this model, ψ carries color charge, and the bounds are consequently much stronger than
for WIMPy leptogenesis: mψ ! 590 GeV as inferred from the current LHC gluino search at 7 TeV. The
phenomenology depends on how ψ decays, and we outlined two possible models in (38) and (39). In both, ψ
decays to two jets plus a singlet, and so the collider phenomenology is identical. For the purposes of notation
in this section, we assume that ψ decays through an intermediate colored scalar φ to 2 Standard Model quarks
and a singlet fermion, n.

ψ can be pair-produced at the LHC with the signature pp → ψψ̄ → 4j+!ET. We show the relevant diagram
in Figure 15.

Gluino searches at LHC7 bound the ψ mass. Both gluinos and ψ decay to jj +!ET, and the bounds on
both gluinos and ψ are comparable, as their cross sections differ only by a group theory factor. We correct
the gluino bounds for this factor. We apply simplified model searches from ATLAS, which place bounds on
gluino and squark masses in the presence of a massless neutralino [28]. The corresponding fields in WIMPy
baryogenesis are ψ, the colored scalar φ, and the massless singlet fermion n. The lower bound on the ψ mass is
mψ ! 590 GeV, which comes from the gluino bound when the squark is much heavier than the gluino. In our
scenario, this means that mψ ! 590 GeV when mφ ≫ mψ (numerically, mφ ! 1.2 TeV). The bounds on mψ

cut significantly into the allowed parameter space for dark matter because 2mX > mψ, and so mX ! 295 GeV
for heavy φ. The bounds are stronger for lighter φ because φ and ψ can be jointly produced. For example,
the bound on mψ is about 30% higher for mφ = 1 TeV.

The LHC search reach for gluinos is expected to be mg̃ ≈ 1.44 TeV at 100 fb−1 and
√
s = 14 TeV [29]

(with the assumptions of mSUGRA and heavy squarks), so models of WIMPy baryogenesis will be strongly
constrained by future running of the LHC. The LHC will not reach the highest-mass regions of WIMPy
baryogenesis, but will exclude models with masses mψ " 2 TeV, mX " 1 TeV, and O(1) couplings.

LHC searches also constrain the mass of the colored scalar φ. Since mφ is not directly relevant to the
outcome of WIMPy baryogenesis (apart from the requirement that it be light enough for ψ decays to be
in thermal equilibrium), bounds on mφ do not directly constrain WIMPy baryogenesis. Nevertheless, the
production rate of φ is comparable to that of squarks and is very high at the LHC. With the interaction
(38), φ decays to di +!ET and has an event topology identical to squark pair production in the MSSM: two
jets (possibly b-tagged) plus missing energy. The current model-independent constraint is mφ ! 875 GeV for
degenerate squarks of the first two generations [28]. In WIMPy baryogenesis, however, only a single field φ is
necessary, so the bound can be relaxed. Since φ can decay into b, the bound is approximately that of a sbottom
squark from DØ, mb̃ > 250 GeV [30]. Future LHC running at 14 TeV will improve the bound to ∼ 2 TeV at
100 fb−1 [29], and has the potential to discover colored scalars in the mass range of WIMPy baryogenesis.
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• Current constraints for minimal 
model are on m . 1.5 TeV
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• Need for baryon number violation 
in decays could give more exotic 
signals in other models

Cui, Sundrum, arXiv:1212.2973; Cui, BS, arXiv:1409.6729
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SUMMARY

• EDM, flavour, collider, and other probes give complementary 
coverage: all are needed to close in on low-scale baryogenesis!

• Low-scale leptogenesis and hidden-sector baryogenesis offer 
opportunities for experimentally discovering the physics of 
baryogenesis

• Multiple CP phases gives large parameter space, can give varied 
phenomenological predictions
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LIGHTNING REVIEW OF CPV
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M(ā ! b̄) = x e�i� |M(ā ! b̄)|2 = x2
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|M(a ! b)|2 = x2

�|M|2 = 0
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• Parameter space (gluino constraint on this plot is old, 
much stronger now…)

Cui, Randall, BS, arXiv:1112.2704
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Figure 10: Regions in the mX -mψ plane with the correct WIMP relic density and baryon asymmetry from
WIMPy baryogenesis, with (left) mS = 1.5 TeV and (right) mS = 5 TeV, and any choice of perturbative
couplings. The masses giving both observed abundances are shown in blue (middle stripe). The descriptions
of the regions on the plot are the same as those in Figure 7.

For Tlep = 50 GeV and mψ = 1 TeV, we find that the constraint on the geometric mean of the couplings is

√

λiλ′i ! 6× 10−5

√

mφ

2 TeV
. (41)

The constraints on scenario #2 are comparable.

4.2 Numerical Results

Because of its similarity to leptogenesis, we use the quark flavor structure of scenario #1 in our analysis, since it
allows for a more direct comparison of numerical results in both cases. We consider two scenarios: mS = 5 TeV,
to compare the results for quarks with that for leptons, and mS = 1.5 TeV, because dark matter can be much
lighter than in WIMPy leptogenesis since there are no constraints from sphaleron decoupling. For simplicity,
we consider sphalerons to be out of equilibrium for the 1.5 TeV case and in equilibrium for the 5 TeV case to
avoid considering sphaleron decoupling effects, although the calculation can be easily extended to include them.

Range of allowed masses: We show the range of allowed masses in Figure 10. Gluino searches at the LHC
constrain this scenario (see Section 5.2), in contrast with the leptogenesis model, for which the entire parameter
space is unconstrained by collider searches. This is particularly true for mS = 1.5 TeV, where LHC searches
will cover almost the entire parameter space for dark matter annihilation to quarks during the 14 TeV run.
The WIMP mass is already constrained to be mX ! 295 GeV by the gluino bound discussed in Section 5.2
along with the kinematic requirement that 2mX > mψ. This is true independent of all other parameters.

In both cases, the results are qualitatively similar to leptogenesis. With WIMP annihilation to quarks, the
annihilation and washout cross sections are enhanced because the final states are charged under SU(3)C. As
a result, the baryon asymmetry is suppressed by the increased washout rate. This is partially offset by the
fact that the self-energy contribution to ϵ is enhanced by a group theory factor as well. With mX = 0.9 TeV,
the parameter space is actually larger than for mX = 4.25 TeV or WIMPy leptogenesis. Since in this case,
sphalerons no longer inter-convert baryon and lepton number, the asymmetry created in quarks is distributed
among fewer fields, enhancing the asymmetry.

Range of allowed couplings: We do the same analysis as in Section 3.2. To compare the results of direct
baryon asymmetry production with those for WIMPy leptogenesis, we choose a set of parameters used in the
leptogenesis analysis: mX = 4.25 TeV, mψ = 7.25 TeV, mS = 5 TeV, and |ϵ| = 0.075. We also consider a
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Figure 17: (left) Three loop EDM in the Standard Model. (right) The analogous diagram for quark EDMs
in WIMPy baryogenesis. The photon line attaches to any charged internal fields.

6 Conclusions

In this paper, we explored a novel scenario called WIMPy baryogenesis that extends the WIMP miracle by
generating the observed baryon asymmetry through annihilations of weak-scale dark matter and provides a
dynamical connection between the dark matter and baryon abundances. We found that natural couplings and
weak-scale masses for the new fields can lead to the correct baryon asymmetry. As a by-product of linking
baryogenesis with dark matter annihilation, we introduced a new mechanism for weak-scale baryogenesis,
avoiding any conflicts with reheat bounds in supersymmetric theories.

The key observation is that, if dark matter annihilation proceeds via CP− and (Standard Model) B− or
L−violating operators, all Sakharov conditions for baryogenesis are satisfied. Successful models also suppress
washout prior to dark matter freeze-out. In our models, such suppression results from the heaviness of the
field ψ carrying Standard Model gauge charges and B− or L−number that is one of the final states in dark
matter annihilation. Additional discrete symmetries forbid such exotic fields from decaying back to Standard
Model fields. We presented models where dark matter annihilates to either quarks or leptons, and found viable
parameter spaces with natural couplings and TeV-scale masses in both scenarios.

In models where dark matter annihilates to leptons, the lepton asymmetry must be generated before the
electroweak phase transition so that the asymmetry can be transferred to baryons via sphalerons. As a result,
dark matter and ψ masses must be O(TeV). Because the new states are heavy and dark matter does not
couple directly to quarks, dark matter in this set-up is not in reach of near-future direct and indirect detection
experiments. In this scenario, ψ is charged only under weak interactions, making LHC searches challenging,
although targeted searches at high integrated luminosity may allow discovery.

If dark matter annihilates to quarks, baryogenesis can occur after the electroweak phase transition, allowing
smaller dark matter and ψ masses. With lighter new states and colored objects, dark matter in these models
can be within reach of direct detection experiments and indirect detection searches for antideuterons. LHC
searches for ψ are similar to gluino searches and can exclude mψ ! 1.44 TeV at 100 fb−1 and

√
s = 14 TeV.

In both scenarios, WIMPy baryogenesis models can generate both the correct dark matter relic density
and the baryon asymmetry at the weak scale. Such models predict new weak-scale particles that can lead to
signals in dark matter direct and indirect detection experiments, and that may be accessible at the LHC.
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