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CP asymmetry factor in SWSM Zoltan Trocsanyi

1. Introduction

The standard model (SM) of fundamental interactions describes collider physics with remark-
able precision [1, 2], yet it fails to explain several experimental observations, which requires physics
beyond the SM (BSM). Most notably (i) neutrino masses, (ii) dark matter and dark energy, (iii)
baryon asymmetry of the Universe (BAU) require BSM physics. It is known that the neutrino min-
imal SM (vMSM) [3, 4] can explain these with assuming the existence of 3 right-handed neutrinos
(RHNSs), which are however invisible (sterile under the SM interactions).

There are also puzzles in the scalar sector of the SM, namely (i) the form of the potential
energy and its parameters, (ii) the origin and hierarchy of the Yukawa couplings, (iii) any possible
connection to cosmological inflation, (iv) the metastability of the vacuum, and (v) why the only
dimensionful parameter of the SM, the quadratic coupling u is so vastly different from the Planck
mass (scale of gravity), which is typically called the problem of naturalness.

BSM physics also concerns the existence of new particles that are so far elusive in the vigorous
collider searches [5, 6]. Such particles can be either too heavy to be created in current experiments,
or may interact too weakly with ordinary matter. While anomalies are reported occasionally in this
context, these have not lead to discoveries so far, and they are not part of the discussion here.

In this contribution we focus on the last item of the list of confirmed BSM phenomena,
i.e. BAU, within a specific model, the superweak extension of the SM [7]. It is known that the
observed baryon asymmetry, conventionally given as the baryon-to-photon ratio  ~ 6 x 10710 [8],
cannot be generated within the SM due to insufficient CP violation and lack of a sufficiently strong
first order phase transition.

While the famous Sakharov conditions needed for BAU [9] — namely (i) baryon number
violation, (ii) C and CP symmetry violations, and (iii) deviation from equilibrium — do exist in the
SM, those are insufficient to generate the observed ;7. The first condition is fulfilled in the SM via the
sphaleron processes [10], which violate B + L but conserve B — L. In particular, a weak sphaleron
process changes B + L by six units. However, the CP violation present in the CKM matrix falls short
by almost 10 orders of magnitude [11], and the electroweak phase transition is a cross-over only
[12, 13], which does not provide sufficient deviation from equilibrium. The Sakharov conditions
for baryogenesis may be sufficiently satisfied in extensions of the SM. CP violation is likely present
in decays and oscillations of RHNs, and the deviation from equilibrium can be sufficient in the
production and decay of RHNSs.

2. Lepto-baryogenesis

The BAU can also be produced via leptogenesis, which involves two processes, namely (i)
the generation of a lepton asymmetry, and (ii) its conversion to baryon asymmetry via sphaleron
processes. The latter are suppressed exponentially with decreasing temperature, but remains un-
suppressed above Ty, ~ 132 GeV [14].!

The neutrino masses and leptogenesis can naturally be explained by adding RHNs to the particle
spectrum with Majorana mass terms. The Majorana nature of these particles is crucial for standard
thermal leptogenesis, as it allows for lepton number violating decays. The scale of the Majorana

I'We use natural units when ¢ = i = kg = 1.
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Figure 1: Required ingredients for estimating the baryon asymmetry in the Boltzmann approach.

masses sets the scale of leptogenesis. The scale of resonant leptogenesis [15, 16] is in the range
[102, 10°] GeV. Our focus is the experimentally achievable range of about 0.1 to 1 TeV. With such
a Majorana mass scale the experimentally relevant active neutrino masses can be generated via a
type-I see-saw mechanism in the SWSM [17].

The decays of such RHNs lead to a non-vanishing lepton asymmetry AL that can be esti-
mated either by the Kadanoff-Baym equations of non-equilibrium QFT [18], or by semi-classical
Boltzmann equations. The latter can be obtained from the KB equations employing quasi-particle
approximation, which is valid close to equilibrium. The Boltzmann approach is much simpler
technically, so it is easier to apply in specific BSM models. Nevertheless, the computation has a
good number of ingredients, as shown in Fig. 1. Those shown in dark green have already been
accomplished in the SWSM. The topic of this talk is the computation of the CP-violating parameter
€ in the SWSM, which appears in the Boltzmann equation for the co-moving lepton asymmetry.

3. Boltzmann equation for lepton asymmetry

The evolution of the co-moving lepton asymmetry is described by

dyAL 1 «yAL yN
az = E [(SFD - 7’ab—>NLy—zq) (y—;}q - 1) - WyAL] s (D

where (i) z = A/T is inverse temperature made dimensionless with an arbitrary scale A on which
the predictions cannot depend, (ii) s(z) is entropy density when the temperature is T = A/z, (iii)
H(z) is Hubble parameter, (iv) y.»—nr is the thermal rate for the process ab — leptons, (v) qu
is the equilibrium value of the lepton abundance, and (vi) W is the collection of terms emerging
from scattering processes that wash out the asymmetry and lead to equilibration. The asymmetry is
generated by CP-violating decays of the RHNs, represented by the thermal rate yp in the Boltzmann
equation. The asymmetry is proportional to the CP asymmetry factor € defined as

_F(a—>b+c)—r‘(ci—>13+c_‘)
" Ta—>b+c)+T(@a—-b+¢)
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from the decay processes a — b + ¢ and its CP-conjugate @ — b + ¢. In the SWSM we have either
RHN decay N — L + ¢ or scalar decay ¢ — N + L depending on the relative magnitude of the
masses my; and mg.

The CP asymmetry factor is often used as a constant obtained in a computation at zero

temperature,
G 1 X m%\,
) _ ~ my,
SNi—>¢+L(x)—§\/J_Cf(X), f@) =1+ 1+(1+x)1n(1+x)] , x= m?v’ (3)

where G = Im[(YTY )1.2].] /(YTY);; # 0 is a coupling factor obtained from the Yukawa coupling
matrix Y;;. The function f(x) have two terms. These are contributions of the imaginary part of
the self energy (first term, obtained from cut bubble diagram in Fig. 2 ) and the vertex correction
(second one, obtained from the cut of the vertex diagram in Fig. 2 ). In the limit x > 1, the first
one is approximately twice the second one.

Figure 2: One-loop cuts contributing to the CP asymmetry factor at 7 = 0: the cut neutrino self-energy
diagram with intermediate lepton and scalar fields in the loop, and the cut on the one-loop vertex correction
diagrams.

At finite temperature there are two more possible cuts on the vertex diagram that contribute to
the imaginary part, marked with 2 and 3 in Fig. 3. The cuts involving the heavy RHN in the loop
are generally neglected in the standard literature (for instance, they can be neglected in the study of
Ref. [19]), but those may be relevant for low-scale leptogenesis when my =~ T.

The cut diagrams shown in Fig. 3 are evaluated using the cutting rules from the real time
formalism of finite temperature quantum field theory. In this procedure, the vacuum propagators
are replaced with 2-by-2 propagator matrices, corresponding to the two temporal lines of the
Schwinger-Keldysh contour. Correspondingly, the 2- and 3-point functions appearing in Fig. 3
are also matrices with 22 and 23 entries. As the decay corresponds to a real physical process, the
nature of the external legs can be appropriately fixed according to the particle flow, which selects a
particular component of the n-point matrix. The resulting cut amplitude explicitly depends on the
temperature through the Fermi-Dirac and Bose-Einstein quantum statistics. A detailed computation
with explicit integral representations, ready for numerical evaluation can be found in Refs. [22, 23].

4. Superweak extension of the standard model

In order to compute the effective potential and its consequences (see Fig. 1), one has to choose a
BSM, which in our case is the SWSM [7]. The SWSM contains 3 right-handed neutrinos in addition
to the SM fields, and extends the SM gauge group with an extra U(1) symmetry, G = Gsm X U(1),.
The corresponding neutral gauge boson must be massive, which requires a second scalar with a
non-zero vacuum expectation value, allowing for Majorana masses for right-handed neutrinos. The
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Figure 3: One-loop cut diagrams contributing to the CP asymmetry factor. a) Neutrino self-energy diagram
with cut on the intermediate lepton and scalar fields in the loop. b) The three cuts of the one-loop vertex
correction diagram. The particle types of the incoming and outgoing states as well as the internal lines
depend on the particular process considered, N;(P;) — ¢(P3) + L(P3) or ¢(Py) — N;(Py) + L(P3).
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Figure 4: Left: Thermal masses for the lighter one of the heavy RHNs (i, (T)), the leptons (i1, (T')) and
the Brout-Englert-Higgs field (14 (T)) in the SWSM at VEV ratio 10. Right: temperature dependence of
the CP asymmetry factor broken into sub-contributions. Plots taken from Ref. [29].

z-charges of the fermion and scalar fields are fixed by the requirement of gauge and gravity anomaly
cancellation and the gauge invariant Yukawa terms for neutrino mass generation. The SWSM was
designed to (i) explain the origin of neutrino masses and oscillations through Dirac and Majorana
neutrino mass terms generated by the spontaneous symmetry breaking by the VEVs of the two
scalar fields [17, 20]; (ii) provide a candidate for WIMP dark matter [21]; (iii) provide a suitable
lepto-baryogenesis [22, 23], as observed. The parameter space has already been partially explored
in a series of papers [24-27].

5. Estimating leptogenesis in the SWSM

The first step in estimating the amount of lepton number violation during leptogenesis is to
evaluate the thermal masses, which was achieved in Ref. [28]. In our example, we used the following
parameters: (i) vacuum RHN masses my, = 275 GeV and m N; = L.Imn,, (i1) the vacuum mass of
the new scalar is m, = 650 GeV and (iii) the ratio of the VEVs w/v = 10 (v = 246 GeV is the usual
SM VEV). The thermal masses, defined for a general particle p as m p(T)Z = m?, +c pTz, with
such parameter values are shown in Fig. 4. In the temperature range shown, we have neglected the
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Figure 5: Preliminary estimate of the comoving lepton asymmetry and lepton abundance using parameter
values as in Fig. 4. In the pink shaded region.

vacuum mass of the scalar and lepton. In the shaded region at intermediate temperatures the thermal
masses are such that decays involving sterile RHNs, leptons, and scalar fields are kinematically
excluded. We indicate a low temperature cut-off at T, ~ 132 GeV where the sphaleron processes
freeze-out. The values T; indicate kinematic thresholds where mpy,(T1) = mg(T1) + mp(Th),
my(T2) = my,(T2) + mp(T2), my(T3) = my;(T3) + mp(T3).

The second step in the computation is the evaluation of the CP asymmetry factor, which is
given by the thermal average

(o] 1
/ dyq ft(a)(—ya)\/y%z -z ‘/—1dx EM(VarX) fim) (Vo) frie) (Ve)
) 1
/ dyq ft(a>(—ya)\/y¢21 -z /_ldxft(b)(yb)ft(c)(yc)

where z, = mq/T, fp/r(y) = [exp(y) ¥ 117! are the Bose and Fermi statistical factors, and

) “)

€a—b+c =

t(p) = B(ose) or F(ermi) represents the statistics of particle p. The only non-trivial input to this
formula is the amplitude level CP-asymmetry factor, indicated in red, that is obtained through

2
, where

the procedure described in Sec. 3. Specifically, it is given by ep( = |M£1]|2 / |MJ(rO)

we defined |M£"]|2 = Yab.a [<|M(a£["]|2> + <}le;[n]|2>], with the summation on o meant

over the two components of the lepton doublet L in the spin-averaged squared matrix elements
MG I = M OF g O

Having estimated the CP asymmetry parameter, one can write the Boltzmann equations for
the lepton asymmetry and lepton abundances by including the relevant cross sections and decay
rates as indicated in Fig. 1. We solve those equations numerically. Then applying the sphaleron
conversion process, we can compute the comoving lepton asymmetry needed for the generation of
baryon asymmetry in agreement with the measured value, shown with the dotted horizontal line in
Fig. 5. In the same figure the solid red (lower) line shows the dependence of a particular solution
of the Boltzmann equations for the lepton asymmetry, while the black solid (upper) line shows that
for the comoving RHN density for the SWSM with fixed values of parameters.
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We observe that it is possible to provide the correct abundance of lepton asymmetry in the
SWSM at the sphaleron conversion temperature Ty, where the sphaleron conversion freezes. Thus
we obtain the baryon asymmetry in agreement with the measurements. We also see that the lepton
asymmetry reaches its maximum when the lepton density reaches its equilibrium value. At smaller
temperatures both densities decrease. The pink shaded region, where the lepton asymmetry does
not change with temperature, corresponds to the kinematically excluded region shown in Fig. 4. We
note that these predictions do not alter significantly whether or not the vertex cuts 2 and 3, discussed
in Sect. 3, are included in the computation.

6. Conclusions

In this presentation we have discussed the established experimental observations that call for
BSM physics: the non-vanishing masses of active neutrinos, the existence of dark matter, dark
energy and baryon asymmetry in the universe. We have shown that the superweak extension of
the standard model can provide quantitative explanation to these observations in agreement with
measurements.

In particular, we focused on how the observed baryon asymmetry can be generated in the
SWSM via leptogenesis and sphaleron conversion. We have detailed how the lepton asymmetry can
be estimated within the semi-classical Boltzmann approach. A key ingredient of the computation
is the CP asymmetry factor that had not been computed at one loop completely before our work.
We found that the formerly missing parts of the CP asymmetry factor computation however, do not
visibly influence the prediction for the lepton asymmetry predicted in the SWSM.
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