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A possible connection between the abundances of baryonic and dark matter (DM) has been ex-
plored so far mostly in the context of the so-called asymmetric DM. Recently, a very different
mechanism, dubbed “WIMPy baryogenesis”, has been proposed to relate the baryon asymmetry
to DM annihilation. The DM candidate is a weakly interacting massive particle (WIMP), and the
usual WIMP scenario is slightly extended to accommodate baryogenesis, which is accomplished
around the time of DM freeze-out. We construct an effective field theory that encompasses a
quite general class of models which implement the WIMPy baryogenesis. Under some reason-
able, simplifying assumptions, we show that a good portion of the parameter space is allowed
for these models, after experimental constraints are taken into account. Bounds from the LHC
require that the WIMP be heavier than 500 GeV.
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WIMP dark matter and baryogenesis Nicolas Bernal

1. Introduction

The presence of non-luminous and non-baryonic matter, the so-called Dark Matter (DM) [1, 2,
3,4,5, 6, 7], and the existence of the baryon asymmetry of the Universe (BAU) [8, 9] are two well
established facts. Cosmic microwave background (CMB) anisotropy observations by the Planck
satellite yield an accurate determination of the total amount of baryonic matter [9],

Qph? = 0.02205 £ 0.00028, (1.1)

and of non-baryonic matter
Qpmh® = 0.1199 £0.0027. (1.2)

The fact that the two abundances are comparable Qpy/Qp ~ 5 can be fortuitous, or may be the
sign that they have a common origin. This intriguing possibility has been vastly explored in the
literature, mostly by invoking asymmetric DM scenarios [10, 11, 12, 13]. The common feature
of all such models is that the DM abundance is determined by a matter-antimatter asymmetry in
the dark sector, which in turn is connected to the baryon asymmetry in the visible sector. Let us
emphasize that this kind of models aim to explain the factor of a few between this two quantities.

Different approaches have been proposed where the DM candidate is given by just one weakly
interacting massive particle (WIMP), and where always the dark sector is minimally extended
in order to accomplish the BAU [14, 15, 16, 17, 18, 19]. In particular, in reference [17] a new
mechanism called “WIMPy baryogenesis” has been presented: On top of the DM WIMP, one
heavy particle (~ TeV) charged under the Standard Model (SM) quantum numbers, ¥, and one
very light and uncharged particle n are introduced. DM annihilates into ¥ and a quark, and y
subsequently decays into the light, sterile state n, storing the negative asymmetry in baryon number
in a sequestered sector. The DM relic density is that of a thermal WIMP, and by the time the DM
annihilations freeze out one has generated a baryon asymmetry, when the annihilation is into y
plus quark. Baryogenesis can occur after the electroweak phase transition and masses down to a
few hundreds GeV are allowed.

The aim of the current paper is to review a general class of models that implements the WIMPy
baryogenesis mechanism. In the spirit of keeping the models as simple as possible we identify the
minimal particle content that does the job, and in the framework of an effective field theory (EFT)
we find the complete set of four-fermion interaction terms (Section 2). In section 3 we describe the
evolution of the DM and the BAU, via the study of the Boltzmann equations. Sections 4 to 6 are
devoted to the discussion of the experimental constraints from the LHC, cosmology and DM direct
detection. We summarize our conclusions in section 7. In reference [18] the reader can find more
details about this study.

2. An effective-field-theory approach

2.1 Field content of the model and Lagrangian

We add to the SM the minimal particle content which is needed in order to have a successful
WIMPy baryogenesis. All the new particles are fermions. We consider vector-like gauge singlet
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SUB). | SUQR)L | Quqy, | Quayy | Za
X 1 1 0 0 +i
X 1 1 0 0 —i
v 3 1 +2/3 | +1/3 | +1
v 3 1 =2/3 | —1/3 | +1
n 1 1 0 Oor+1 | +1
i 3 1 =2/3 | —=1/3 | -1
d 3 1 +1/3 | —-1/3 | -1

Table 1: Particle content of the model. i and d are the right-handed up and down quarks of the SM. The
rest of the SM quarks also have charge —1, while all the leptons are neutral under the Z4 Ssymmetry.

DM X and X, vector-like exotic quark color triplets  and ¥, and a massless singlet n, into which
the exotic quark decays.

A discrete symmetry is needed in our model, in order to stabilize the DM and to avoid danger-
ous decays of the exotic quark that could spoil the baryon asymmetry. Note that all the SM quarks
carry charge —1 under the Z4, while all the leptons and the Higgs boson are neutral, so that the
familiar renormalizable SM Lagrangian is unchanged.

Given the particle content of the model (table 1), we want to write down all the possible
dimension six operators. Our Lagrangian has the form

Z D —Z)Lz S
= L AR 000) i)+ A3() (i) + 23 (XX (i) + 23 (X (i)
+A3 (X ) (i) + A8 (X ) (Xa) + A7 (Xa) (X Ta") + Ag (Xa) (X Tt

+23 (wy) (i) + Ao (wir) (W) + A7 (W) (i) + Ay (9" ) (w

AL (XX) (W) + A5 (X XD (W) + A5 (X ) (X§) + A (X9

(p

(X (Xw)
+AGE XN XP) + AR (X Ty (X ) + A% (X Ty ) (X w) + A3 (Wd) (dn) | +h.c.,(2.1)

where the two-component spinor formalism [20] has been used.
In this paper we set the scale A to 10 TeV. The reader should keep in mind that varying the cou-
plings A;’s is equivalent to varying the scale A, the only measurable quantity in an EFT being the
combination A;/A.

To keep the number of parameters in the numerical analysis manageable, we set some equali-
ties among the relevant couplings and we relabel them for the ease of the discussion:

e A1 =LA =43, Ap = A, = A4: couplings for DM (or anti-DM) annihilation into yii and
v’ in the s-channel;

e A, = As = Ag: couplings for DM (or anti-DM) annihilation into yii and w'ii" in the t-channel;
e Awo = A9 = Ay1: couplings responsible for the “pure” washout processes;

e 1, = Ay: coupling implying the decay v — ddn;
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o Ayy = A3 = Ais = Ais = 416 = 417 = Aig = Ajo: couplings for the annihilation XX — y;

e A7 and Ag: couplings responsible for the DM annihilation into two quarks and to DM direct
detection.

The couplings Ay, A and A, are also involved in the “mixed” washout processes, that are related to
the annihilations by crossing symmetry; whereas the “pure” washout terms (proportional to Awo)
involve only y and .
In our analysis we will consider two limiting cases:
A2 = A2 =+A2 scalar s-channel, (2.2)

)L[% = /lszl = _7%22 pseudoscalar s-channel. (2.3)

Only the couplings appearing in the previous relabeling list are relevant to the following phe-
nomenological study. Let us note that the annihilation channel XX — y could be a potentially
problematic source of washout of the BAU. In order to avoid this problem, in the numerical analysis
that follows we scan for my, in the range [0.8, 2] x m,. Hence the coupling Ay, is completely ir-
relevant in most of this range, namely between m, and 2m,,, because this channel is not kinetically
open.

3. Boltzmann equations

The evolution of the DM, y and baryon asymmetry number densities in the expanding Uni-
verse is governed by a set of Boltzmann equations. Introducing the rescaled inverse temperature
z=my /T and the comoving number densities Yz = ng(z)/s(z), s(z) being the entropy density, we
can write:

dYpm PV PC Yo \?
ZS(Z)H(Z) dz =-2 (%Sm (Z)+ ann (Z)) ((qu > 1) s (3.1
DM
dYAu o PV YDM 27
25 H) D = o) 150V () ((YS%A ) 1)
Yau Y Y
- (Yéq - Yf;'ﬁ) <Y2§j %(z)ﬂr&o(z)) : (3.2)
dy, Yom \ Yaek Y, Y
s@HE- Y = €@’ ) ((YDqE) —1> + (Yjeq - Yf;“é) (Ygé\i?’{{'/o(z)+27€vo(z))
Yay | »Yaa
W (Yiﬂ +2Y;q> , (3.3)
d¥paa Yay | Yaa
es(2)H(z)— = = —2 <Y;,q +2Ydeq> ; (3.4)

where H(z) is the Hubble expansion rate and the y’s correspond to the thermally averaged interac-
tion rates.

The Boltzmann equations are quadratic in the DM density Ypm = Yx + Yx, but we only expand
them to first order in the asymmetries € and Yaq = Yy — Yg, with @ = u,d, v, as these are expected
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to be small. Up to this approximation and given the list of operators above, these equations are
the most general ones one can write. They reflect the fact that while DM annihilates through
many channels, only a part of them (XX — ywu + h.c.) is CP-violating (CPV) and contributes
to the generation of SM and exotic baryons asymmetries. The CP-violating (CPV) interactions

(PV

Zmn’ ) are proportional to the u-quark number violating operators and correspond to the operators

0. 6. The CP-conserving annihilations involve the operators €7 g and &3 . 19. Further, the number
asymmetries undergo washout processes. The mixed washout, ¥y, (operators &), mix DM with
u-y, whereas the pure washout, 7\[;10 (operators Oy and 1), involves only u and .

In equations 3.3 and 3.4, we introduced the decays of Y into two down-quarks, parametrized
by the rate yp. This decay provides the only source of d-quark number violation. Let us note
that the decays of y inject high-energy down-quarks in the thermal bath. To avoid spoiling Big-
Bang nucleosynthesis predictions (see, e.g. [21]), these decays have to be fast enough, with 7(y —
ddn) <1 s. This places constraints on A, that are rather weak.

3.1 Generation of the baryon asymmetry via WIMP annihilations

DM annihilates into a i quark and an exotic quark, y. We emphasize that in these models the
DM, despite being a Dirac fermion, annihilates with itself rather than with its antiparticle. During
these annihilations, CP is violated and an u-quark number asymmetry is created, in an equal and
opposite amount to a Y-number asymmetry. After being produced, the exotic quark decays into a
SM singlet fermion, n, plus two antiquarks: W — ddn. It is crucial that ¥ does not decay only into
SM quarks, since that could eliminate the asymmetry. The Z4 symmetry prevents such dangerous
decays. To avoid overclosing the Universe, n has to be light. For the sake of simplicity we take it
to be massless. Two scenarios are contemplated:

1. The singlet n carries baryon number + 1. In this case the decay W — ddn is baryon-number-
conserving, but n is sequestered in a sterile sector, so we are left with a net baryon number
in the visible sector. The overall process violates the SM baryon number.

2. The singlet n does not carry baryon number. The decay of y explicitly violates baryon
number and it contributes to the baryon asymmetry.

Both cases satisfy the first Sakharov condition [22], that is baryon number violation. The other two

conditions are also easily satisfied: CP violation is achieved with complex couplings A; and with

the interference between tree-level and one-loop diagrams; departure from thermal equilibrium is

automatically implemented, given that WIMP annihilation around freeze-out is out of equilibrium.
The physical CP asymmetry is defined as

£(2)

Eq. (3.5) can be calculated in our model, at leading order, from the interference between tree-level

T

Y(XX — ay) +y(XX = ay) —y(XX — ad'yh) —y(XX = a'y")
V(XX — ay) +y(XX — ay) + (XX — a' yh) +y(XX — afy')

(3.5)

and one-loop diagrams, as shown in figure 1.
It is instructive to look at some limiting cases rather than at the general full expression. Setting
the relations among the couplings and taking the low temperature limit (z — o), we find
Awol? My 2 QA+ 3xA2 A2 425224
£ = ’ WO| sm(25) (J) (1-)(2)2 14 P2 4 . t :
4w A 245 = 2xA2 A7+ Al (14x2)

(3.6)
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Figure 1: Diagrams for the annihilation process XX — iy. The diagrams in the first two lines involve s-
channel-annihilation operators, while in the last line they involve t-channel-annihilation operators. The cross
in the last diagram represents a mass insertion, my. The annihilation processes XX — iy are obtained
from similar diagrams, with the replacements A3 — A, A, = A, As <> A and A9 — A§.

where x = my, /(2my) and Awo = |Awo|e'® = Ao.

To further simplify the analysis, we make the assumption that the phase is large and we set
0 = m/4. This is not in conflict with current electric dipole moments (EDMs) measurements that
would be the most constraining for these phases, given that the lowest order contribution to EDMs
in these models is at three loops [17, 18] and so very suppressed.

A very important result, emphasized by the authors of [17], is that in order to produce a
significant baryon asymmetry, washout processes must freeze out before WIMP freeze-out. To
achieve this early washout freeze-out, one needs either a y heavier than the DM, my, > m,, so that
the washout is Boltzmann suppressed while DM is still annihilating, or a small couplings, such that
the washout cross section is small compared to the annihilation cross section.

4. Constraints from the LHC

One of the new particles that we need in our models, vy, is colored, which makes it a good
candidate to be discovered at the LHC. Alternatively, the LHC can put severe bounds on these
models. Y can be pair-produced at the hadron collider, through the process g7 — g — YV, where
a quark and an antiquark annihilate into a gluon, which then splits into y and y. Given that
each y decays into two (anti-)down quarks plus a singlet n, the signature to look for is four jets
plus missing energy. Both the CMS [23] and the ATLAS [24] collaborations search for such a
signature in the context of supersymmetry (SUSY), and they put bounds on the masses of gluinos
and squarks from the process pp — g¢ — 4j+ Er, where the missing energy is carried away by
the lightest neutralinos. In the case of a massless neutralino, which is considered in [24], the SUSY
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process is completely analogous to the one we are interested in, with ¥ in place of the gluino.
The production cross section differs only by a group theory factor, since y is a color triplet, while
the gluino is an octet. Once that is taken into account, we can translate the bound on the gluinos,
mg 2, 1200 GeV, into

my 2, 1000 GeV. 4.1)

In these models DM has to annihilate into a quark, whose mass can be neglected, and an exotic
antiquark, v, in order to generate a baryon asymmetry. Therefore we have the kinematical bound

my < 2my. “4.2)

Thus, the DM has to be heavier than ~ 500 GeV.

5. Constraints from cosmology

In this section we assess the impact of the DM relic density and BAU constraints on our
parameter space. To that end, we make use of Boltzmann equations, detailed in section 3, for the
evolution of the DM density and the baryon asymmetry.

In the numerical evaluations, we fix A = 10 TeV, and we scan over m, and my,, with m, <1
TeV, and 800 GeV < my < 2 my. The lower and upper bounds on my, are dictated by the LHC and
the kinematics of DM annihilations, respectively.

5.1 Dark matter relic abundance

Figure 2 shows contour levels for the coupling A, (upper left pane), A; (upper right pane) and
As (lower pane) needed for generating the DM relic density abundance measured by the Planck
satellite, in the [my /m,, my] plane. The white lower left region in each plot corresponds to a
mass already ruled out by the LHC (my, < 800 GeV). In general, the couplings 4, s ; have to be
larger than 10. Let us remember that the scalar s-channel is velocity suppressed compared to the
pseudoscalar one. Thus a larger A, compared to A, and 4,, is needed to get the right relic density.
We see that for a fixed my,/my ratio, smaller couplings are needed for larger m,. Indeed, with
the increase of m, the DM relic abundance gets reduced due to the thermal average (for a fixed
DM annihilation cross section), and to the increase of the DM cross section itself, hence smaller
couplings are required. Oppositely, for a fixed DM mass the annihilation cross section decreases
for larger ¥ masses, therefore larger couplings are needed in order to compensate for the reduction
of the available phase space.

5.2 Baryon asymmetry

Now we want to impose the constraint from the BAU, on top of the DM relic abundance
already considered in the previous subsection. The final baryon asymmetry, that has to match the
measured value, results from competing processes: CP-violating DM annihilations generate an
asymmetry, while washout processes tend to deplete it.

In figure 3 we depict contour levels for the modulus of the coupling Awo needed for generating
the measured value for the BAU, in the plane [my,/m,, m,|, again for the limiting cases considered
before. Although not shown in the plots, the values for A,, A, and A, are fixed to reproduce the
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Values of A, for A,=1,=0 Values of A; for A5=2,=0
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Figure 2: Contour level for the couplings A, (upper left pane), A, (upper right pane) and A (lower
pane) needed for generating the DM relic density in the [my /my, my] plane. The white lower left part
corresponds to my < 800 GeV, which is excluded by the LHC.

correct DM relic density. It is worth noticing that, except for the white region already ruled out
by the LHC, the rest of the parameter space could give rise to the correct DM relic density and

the baryon asymmetry, for reasonable values for the couplings. The behavior of |Awo| can be
2
x’
For a fixed value of my, increasing my, both € and

understood as follows. Recall that € «< |Awo 2m?2, while the mixed washout, which dominates

over the pure one, is proportional to 2,;757 /-
the washout decrease. But while the washout rates decrease quickly, € goes down slowly for
my /my < 1.8, 50 |Awo| has to decrease in this direction in order to not overproduce the asymmetry.
For my,/m, 2 1.8 the washout processes are not important anymore and € would become too small,
thus [Awo| has to invert the trend and start increasing. For a fixed my,/m, ratio smaller values of

|Awo| are needed when m,, increases.

Figure 4 shows contour levels for € (in the low temperature limit) generated when imposing
both the DM relic density and BAU constraints. The parameter € roughly follows the same behavior
as if we were keeping |Awo| constant: it decreases with the increase of my, /m, (see equation (3.6)).
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Figure 3: Contour levels for the modulus of the coupling Awo needed for generating the measured BAU,
in the [my /my, my] plane. We display the pseudoscalar (upper left pane), t-channel (upper right pane) and
scalar (Iower pane) cases.

6. Constraints from dark matter direct detection

We have two operators in our effective Lagrangian that contribute to the direct detection of

DM at tree level: |

A2

In this case the spin-independent (SI) contribution is proportional to the difference of the couplings
(A¢ — A?), while the spin-dependent (SD) one to the sum (13 + A7).

The operators in eq. (6.1) are also responsible for DM annihilation into a quark plus an anti-

(A7 (Xa) (X a") + A5 (Xa)(XTa")] +h.c.. (6.1)

quark. This annihilation channel, which does not contribute to the asymmetry, would be competing
with the one into quark plus exotic anti-quark. We want the former to be suppressed with respect to
the latter, in order to generate the correct BAU. Therefore, even strict bounds on the couplings A7
and Ag from direct detection, would not challenge these models. Put another way, for the WIMPy
baryogenesis to work, A7 and Ag must be suppressed with respect to A, A, and A;, which would
explain why no signal has been seen so far in direct detection experiments.

The impact of the XENON100 exclusion limits after 225 live days of data [25] implies that
the combination of the couplings A7 — A¢ has to be smaller than ~ 10. If A7 = Ag, there is no
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Figure 4: Contour levels for €. We display the pseudoscalar (upper left pane), t-channel (upper right pane)
and scalar (lower pane) cases.

SI contribution, but the SD one is at its maximum. The SD limits are a few orders of magnitude
weaker than SI limits, and are of no interest for the present study.

7. Summary and discussion

In this work we have investigated whether a general class of WIMPy baryogenesis models is
viable, after experimental constraints are taken into account. Our models are based on the same
mechanism and on the same external particles as in Ref. [17, 18]. However, by following an EFT
approach and writing down a complete list of four-fermion operators, we extend and generalize
their study, considering all the possible DM annihilation channels. The models considered here
require the presence of a heavy fermion, y, which is crucial to the success of the whole mecha-
nism. Because y is colored, the LHC represents an excellent laboratory for testing these models.
Although we have not yet studied in detail possible collider signals, current LHC searches already
put a lower bound of 1000 GeV on the mass of y, which in turn directly translates into a lower
bound of 500 GeV on the DM mass. With the impressive pace at which the LHC and the ATLAS
and CMS collaborations are operating, this bound can increase relative quickly, pointing to even

10
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higher masses, or, in a better (luckier) scenario, a heavy colored fermion could be discovered soon,
which would provide a hint that these models could be realized in nature indeed.

In this work we focused mainly on the cosmological aspects and we examined in some detail
the constraints from the measured DM relic density and BAU. We considered three different chan-
nels for DM annihilation into a quark and an exotic antiquark: scalar and pseudoscalar s-channel,
and 7-channel. We found the pseudoscalar channel to be the most promising: it has the highest
annihilation cross section, the lowest washout cross section and it generates a large asymmetry €.
This combination results in lower values of the coupling 4,,, compared to A, and A;, and in the most
efficient production of the BAU. In the spirit that lower rather than higher values of the couplings
are generally preferred in the EFT, our analysis, in all cases, points toward a high DM mass, be-
tween 800 GeV and 1 TeV, and a small hierarchy between v and x, my < 1.4m, (see the figures
in Section 5).

We also considered bounds from direct detection. These constrain only two operators that
would be responsible for the annihilation of DM into a pair of quarks. Given that this channel does
not contribute to the generation of the baryon asymmetry, we want it to be suppressed anyway. In
this sense such bounds do not challenge these models at all. There are in principle one-loop dia-
grams, involving the couplings that also enter the generation of the asymmetry, that could contribute
to the direct detection cross section. We showed that they are not only loop suppressed, but also
velocity suppressed. Thus, this scenario is out of reach for current direct detection experiments.

Since CP violation is a crucial ingredient in these models, one has to worry that the physical
phases are not too constrained. As already pointed out in [17, 18], it seems that the strongest
constraints on the phases would come from EDMs measurements. For the models of [17, 18], the
lowest order contribution to the neutron EDM only appears at three loops, and as a consequence
their phases are not much constrained at all. In our EFT context, the diagrams contributing to the
neutron EDM are slightly different, but it is still true that the lowest order contribution appears at
three loops, so we reach the same conclusion: the CP violating phases are not much constrained by
current experiment, so we have the freedom of taking them quite large.
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