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Baryogenesis for weakly interacting massive particles
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We propose a robust, unified framework, in which the similar baryon and dark matter cosmic
abundances both arise from the physics of weakly interacting massive particles (WIMPs), with the rough
quantitative success of the so-called “WIMP miracle.” In particular the baryon asymmetry arises from the
decay of a metastable WIMP after its thermal freeze-out at or below the weak scale. A minimal model and
its embedding in R-parity violating supersymmetry are studied as examples. The new mechanism saves
R-parity violating supersymmetry from the potential crisis of washing out primordial baryon asymmetry.
Phenomenological implications for the LHC and precision tests are discussed.
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I. INTRODUCTION

The observed dark matter (DM) and baryon abundances
Qpm = 23%, Op =4% have long been addressed with
separate mechanisms at separate scales. The conventional
paradigm for DM theory is the “weakly interacting
massive particle (WIMP) miracle,” which gives a striking
yet rough guideline for {)py: thermal relic abundance of a
stable WIMP naturally falls in the right ballpark of the
observed (). The past few years have seen rising interest
in the intriguing “coincidence” of Qpy ~ ), bringing in
the new paradigm of “asymmetric dark matter” [1].
However, antisymmetric dark matter’s success is at the
cost of the WIMP miracle. A unified mechanism that can
both address the coincidence and preserve the WIMP
miracle would surely be more desirable. Only very re-
cently, a few attempts have been made in this direction
[2—4], with partial success. However, Ref. [2] has extra
parametrical sensitivity to a long lifetime; Ref. [3] pro-
poses a novel baryogenesis triggered by WIMP DM anni-
hilation, but moderate adjustment of parameters is required
to suppress washout effects; Ref. [4] is also sensitive to
washout, and its reliance on leptogenesis further restricts
working parameters. In this paper we explore an alternative
baryogenesis mechanism with a robust connection to the
WIMP miracle and less sensitivity to model details.

Various scenarios addressing the electroweak hierarchy
problem come with new particles of the WIMP type [5].
Generically there may be an array of WIMPs, some of
which are stable, some of which decay promptly, some of
which have long lifetimes, depending on protection from
symmetries and mass hierarchies. Although conventionally,
the WIMP miracle only applies to stable WIMPs as DM
candidates, it has a more general application. We consider a
metastable WIMP that first undergoes thermal freeze-out
and later decays in a B, CP way, triggering baryogenesis [6].
The complex phases associated with the baryon parent
WIMP can be large, just as in the Standard Model (SM).
Consequently, without any special suppression mechanism
such as the Glashow-Iliopoulos—Maiani mechanism in the
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SM, the CP effect responsible for baryogenesis can be
generically near maximal, up to ~10%. The resultant Qg
therefore inherits the would-be miracle abundance from the
WIMP parent up to only moderate suppression from CP
asymmetry and the baryon/WIMP mass ratio and thus
makes it roughly comparable to Qpy of a WIMP DM. A
precise fit to ), {dpy only requires a O(1) adjustment of
the different WIMP parameters and is insensitive to the
precise WIMP lifetime. Our mechanism thus shares the
similar modest success of the WIMP miracle, in that both
make predictions naturally around the observed values,
yet up to a finite range. Furthermore, when embedded in
R-parity violating (RPV) B supersymmetry (SUSY), this
mechanism provides a remedy to a cosmological problem
there: B leading to prompt decays at a collider typically
washes out primordial baryon density and calls for baryo-
genesis below the weak scale. Alternative solutions to this
problem [7,8] are less generic. References [9,10] considered
low scale baryogenesis in # SUSY to solve the gravitino
problem, but the results are sensitive to details about the
inflaton or gravitino. The scenario in Ref. [11] can barely
achieve the currently observed ()5 due to the strong sup-
pression from heavy mediator mass. These works do not
address the WIMP miracle or py; — ()5 coincidence.

II. GENERAL FORMULATION

A. Stage 1: WIMP freeze-out

A thermal WIMP y freezes out of equilibrium around 7%
when its thermal annihilation rate I'y = n}'(o 5 v) matches
Hubble rate H. This results in the estimate [12]

T; = m,[In (0.038(g/ gt >)m, Myloav)]™!, (1)

which is typically ~ 2—10 m,. g counts the internal degrees of
freedom of y. g. counts total degrees of freedom of rela-
tivistic species. At the end of this stage, the comoving
density of y is
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where s is entropy, g., = 27 25. If x is stable, Y, (Ty) =
Y (Tp), where T, is today’s temperature, and its relic
density today is

O = mXYX(Tf)SO ~0.1 a%veak/(TeV)z
X Po (TAV)
~0.1 (gweak)4( 2mﬁled 2)’ (3)
&y my, - TeV
where p, = 87TG , HO, and s, are the current energy density,

Hubble rate, and entropy, respectively. The second line in
Eq. (3) manifests the dependence on model parameters in
the generic case of a heavier mediator with myeq = m,.
Now consider two species of WIMPs: ypy, which is stable
DM, and yp, which decays at time 7, after freeze-out. The
observation that Eq. (3) readily fits the measured dark
matter abundance (), = =~23% is the well-known WIMP
miracle. In the case of ,\/B, v (Tr) = Y} ini " acts as the initial
condition for later baryogenes1s as we now discuss.

B. Stage 2: Baryogenesis

Consider the baryogenesis “parent” yjp to have CP, B
decay after its freeze-out but before big bang nucleosyn-
thesis (BBN), i.e., 1 MeV ~ Tgpy < Tp < T, so that we
can treat the freeze-out and baryogenesis as nearly de-
coupled processes and retain the conventional success of
BBN. Solving the Boltzmann equations [12], we get the
asymmetric baryon density per comoving volume today
YB(TO = 0)

Tp dY TI'w(T") dT'
Y5(0) = Xs — | S0 —)
50) EC”[o dr ( o H(T) T
- Toi I'yw (T) dT
+ yini _ _ 4
ven(- " S ) @

where we assume yjp decay violates B by 1 unit. €cp is CP
asymmetry in yp decay, I'y is the rate of the B washout
processes. Yl represents possible preexisting B asymme-
try, which we first assume to be 0. In the case of a weak
washout, i.e., I'yy < H, which can be easily realistic as we
will estimate in model examples, the exponential factor in
Eq. (4) can be dropped. Then using Egs. (3) and (4), we
obtain
Y5(0) = GCPYXB(Tf): Q5(0) = GCP—QT_'OO, (5)
XB
where (27" is the would-be relic abundance of WIMP y
in the limit where it is stable, given by Eq. (3). {) given in
Eq. (5) is insensitive to the precise lifetime of yp as long as
it survives thermal freeze-out. The observed )z =~ 4% to-
day corresponds to Y5(0) = "2 = 10719, Q4(0) in Eq. (5)
takes the form of the WIMP miracle, but with an extra
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factor ECP—~ 107#-1073 for weak scale yp and O(1)

couplings and phases, in the general case of CP at 1 loop as

will be shown in our model examples. Nonetheless, as can

~ 1
5

arise from a O(1) difference in masses and couplings
associated with the two WIMP species ypy and . This
is our central result.

Note that as long as y decays well before BBN, the
produced baryons get thermalized efficiently because
Ix—px ~T > H at Tggy < T = Tgy, where X can be
e~, p, p in the thermal bath. Thus, as in conventional
baryogenesis, the symmetric component of baryons is
rapidly depleted by thermal annihilation. Dilution/reheat-
ing from yp decay is negligible because at T, the energy
density of yp is much less than radiation density. To see

. ~ _4 Qp(Ty) 3
this, recall that today T, = 10 QB(TO(.) 10°.

Qyp TD)
Quap)

% < 1 for Tp > Tgpy and sizeable €cp.

be se

Redshifting back to Tp, and using Eq. (5), we get

Op(Ty) "My
Ora(To) €cpm,,

1. MINIMAL MODEL AND CONSTRAINTS
We add to the SM Lagrangian

+ ax®S + BIHI2S + M2S? + H.., (6)

where H is the SM Higgs; d, u are right-handed (RH) SM
quarks, with family indices j = 1, 2, 3; ¢ is a diquark
scalar with the same SM gauge charge as u. ), ¢ are SM
singlet Majorana fermions, and S is a singlet scalar.
X = xg is the earlier WIMP parent for baryogenesis. g; <
1 are our formal small parameters leading to long-lived y.
They can represent a naturally small breaking of a y-parity
symmetry under which only y is odd. S mediates thermal
annihilation of yy into SM states. The first 3 terms of
Eq. (6) give rise to the collective breaking of U(1)z. Out-
of-equilibrium decay y — ¢*u is followed by the prompt
decay ¢ — dd with AB = 1, €cp # 0. CP asymmetry €cp
in y decay comes from the ¢-mediated interference be-
tween tree-level and loop diagrams as shown in Fig. 1. In
the case of My, > M, > My + M, , in close analogy to
leptogenesis [13], we obtain

o grgtop () a0

FIG. 1. Loop diagrams that interfere with tree-level decay to
generate €cp.
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which is nonzero for generic complex couplings. We omit
2

extra phase space factors such as (1 — %), which consti-
X

tute only O(1) modifications of Eq. (7), unless the masses
are tuned to be close. We also see that the key to a large
€cp ~ 10% is to have y; ~ O(1) for at least one flavor i.
Note the analogous ecp from i decay is O(g?), with
gy, M, =M, inEq. (7).

It is straightforward to incorporate WIMP DM by in-
troducing another singlet ypy with analogous interactions
to y, except with epy = 0 enforced by an exact ypu
parity. We will not write out the ypy physics explicitly.
We next consider various constraints on this minimal
model. We start with a generic flavor structure and drop
family indices in y, & for now.

A. Lifetime of y

szm

The decay rate of y at T <m, is I'p = —_*. With T}y ~
100 GeV, our requirement of y decay within the range
Ty < Tp < Ty leads to the constraint 10713 < & < 10783,

We next consider potential washout effects and discuss
the constraints from the weak washout assumption, which
leads to Eq. (5). We will focus on considering processes
involving ¢ ; there are analogous diagrams with ¢ — y,

but they give much looser constraints since ¢ < y ~ O(1).

B. Early time washout at T > A cp

As we will see, in this epoch I'y,/H decreases with T.
Thus, for each early washout process X, we define T3 such
that T'}, < H for T < T3,. We require T, < T3 to have a
weak washout effect.

(A) Inverse decay udd — i via an on-shell ¢*:

€q cq 2
my e Yy

N ~
W e T Y

8)

This gives the constraint

0.076 y*My\7-!
TD<T{,\1,)'¢’:m¢|:ln< 7 8me;)] C)
o

(B) AB=1, 2—2 scattering yu—dd via ¢

exchange:
22
S YA
PV = Ty My for my =g, (10)

) AZyZM o\ -1
0.076 A2y pl)] Can

AB=1 -
fo=hv= m“”[ln< o7 T6mm,

(C) AB = 23 — 3 scattering udd — i d d via on-shell
¢ and i exchange. This is effectively 2 — 2
(¢*u — i), and similarly to case B,
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_ 0.076 y*My \1-!
AB=22—2
Tp<Ty —md,l:ln(—gl/2 = Pd})] . (12)

(D) AB=23—3, 2—4, 4—2 scattering: udd —
iidd via i exchange and off-shell ¢, or

ud— addd.
Taking 3 — 3, for example,
)t4y4 T10
373~ T, 13
W 167(2m)3 mi},m?/, (13)

1.66g% 1287 m
y4A4Mpl

Tp <Ty3 = < (14)

)% »

m~ T
20(yA)

where we simplified the expression by taking all masses ~m.

We compare the constraints on T given in Egs. (9), (11),
(12), and (14) with T} given in Eq. (1), where for this model

2
mx
167m}

O(1) couplings, v> ~ an—f With nonhierarchical weak scale
X

p-wave annihilation {(o,v) ~ v? for m, < mg and

masses of y, ¢, ¢, S and O(1) couplings, we find for all
washout processes considered Ty ~ T;. Therefore, with
Tp < T}, early washout is not a concern. Notice that a
potential washout from an electroweak (EW) sphaleron is
also easily avoided since the sphaleron shuts off at
~100 GeV = T; > Tp for m, up to O(1) TeV.

After the QCD phase transition, the neutron and proton
become new effective degrees of freedom to consider. n — 7
oscillation is the typical washout process in this era. The
general formula for the transition probability is [14]

2 JAE T asn
45m> 2( AE? + 4om -;), s

AE: + dom2 " 2

Pn—vﬁ(t) =

where dm is the B Majorana mass. The splitting AE =
E, — E; is 0 in vacuum or in a medium where n, 71 are
symmetric, e.g., the thermal bath shortly after QCD transi-
tion when baryons are dominated by the symmetric compo-
nent. AE >> dm may occur in an asymmetric medium, e.g.,
the thermal bath close to the BBN time or the nucleus
environment after BBN, which strongly suppresses P,_.;.
In a medium where there is a characteristic time scale 7, the
washout rate can be estimated as

Iy = P_s(7)/7. 16)

C. Intermediate-time washout: 7' < Aocp

In this epoch n scatters off the thermal background, and
7 is set by the mean free path of n, bound by H~! from
above. In reality both AE and 7 are varying functions in
this period. To simplify we consider the most ““dangerous”
limit where AE— 0 and 7— H~!, which maximizes
washout according to Egs. (15) and (16), F'{V_'ﬁ‘imm ~
(8m)*H~'. Requiring I}, < H at T < Agcp, we
find 6m < 10~ GeV.
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D. Late-time washout: T < TN

After BBN 7 is bound in the nucleus. Now the character-
istic time 7 is set by a nuclear time scale, which is 7, ~
(1 GeV)~!. In the nucleus AE ~ 100 MeV [14]. Thus, in
this era Eq. (15) becomes approximately P,_; = i’gﬁ .
Thus, the

Fn—>ﬁ,1ate __ om?
w
Requiring I < H,, we find §m < 1072 GeV.

washout rate is

(AE)? /Tnuc-

E. Current-day precision tests

n — 7 oscillation reactor experiments today set a bound
dm =6 X10733 GeV = (10® sec)™' [14], which is
stronger than the washout constraints above. Now we con-
sider constraints from dm on model parameters A;;. In this
minimal model, A;; for ¢d;d; have to be antisymmetric in
i, j. Consequently the uddudd operator giving rise to 6m is
highly suppressed, and A;; are not effectively constrained
by n — nn oscillation [15]. A more relevant constraint
comes from pp — K" K™ decay via a higher-dimensional
B operator, which gives bound A, < 1077 for Mg, My ~
1 TeV, y; ~ 1 [15]. As we will show later, when embed-
ding this model in natural SUSY where additional fields
such as d; and related interactions are involved, n — 7
oscillation gives strong bound on A-type couplings. We
are also constrained by flavor changing neutral currents
such as D, — D, mixing, which gives y,y, =< 1072 with
TeV masses. The large €.p required for baryogenesis may
bring additional constraints from the neutron electric
dipole moment (EDM). If €-p comes from an O(1) phase
in my, y;, in the minimal model where new couplings only
involve RH u;, then the contribution involving external
quarks vanishes at 2 loops for a similar reason as in the
SM [16,17]. An even safer option is to have large €-p come
from phases m,,, &;, so that the EDM is safely suppressed

2 —
by ~-£5 <1078

Now we have seen that precision constraints require
the new couplings to the first two generations of quarks
to be suppressed. A simple solution is to consider a
third-generation dominated pattern where the new fields
couple mostly to b, ¢, with Cabibbo-Kobayashi-Maskawa—
like suppressions to light quarks. This choice further
strongly suppresses the earlier washout.

IV. SUSY INCARNATION AND
PHENOMENOLOGY

The minimal model we presented can be easily mapped
onto a SUSY model in the “natural SUSY” [18] frame-
work with # RPV couplings [19]. We promote singlets y
and S to chiral superfields, which we add to the Minimal
Supersymmetric Standard Model (MSSM). Superpotential
terms relevant to our setup are

W D A;TD;D; + ¢'xyH,H; + y,OH,T + ., x*
+ wH,H,; + ugS* + ax*S + BSH, H,. (17)
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We assume SUSY breaking such that the scalar component
of y and the first two generation squarks are heavy and
decouple from the low energy spectrum, as in natural
SUSY. The diquark ¢ in our minimal model is identified
with the light 7 in superfield T; Majorana ¢ is identified as
a gaugino (Dirac Higgsino mass is not J§). In Eq. (17) the
terms in the first line ensure B and CP in y decay, the u
terms give masses to fermions and also induce S — H,,
mixing which enables a promising channel for LHC search
as we will discuss later, and the last two trilinear terms
involving S provide WIMP annihilation for y. &' is a
reflection of the & in our non-SUSY model, enabling late
decay y — it via x — H, mixing. Most of our earlier
analysis for the non-SUSY model directly applies here,
except for effects from additional fields and interactions.
Here gaugino ¢ has both left-handed (LH) and RH cou-
plings. Therefore, if €.p is from a gaugino, the 1-loop
neutron EDM with external quarks is nonvanishing but is
well suppressed with third-generation-dominated flavor
pattern [20]. The dominant contribution then arises from
the gluonic Weinberg operator [21], which still allows
phase up to 1/3 for O(1) couplings and TeV masses [20].
n, ii oscillation now constrains Ay, Ay =< 1073, but Ay,
could be O(1) [22], which are again naturally satisfied with
third-generation dominance. On the other hand, such a
third-generation dominance pattern can be within the reach
of upcoming experiments such as Refs. [23,24].

RPV B natural SUSY is intriguing in both theoretical and
experimental aspects. However, this scenario suffers from a
cosmological crisis. Assuming an otherwise successful con-
ventional baryogenesis at or above the EW scale, RPV
strong enough for prompt decays within the LHC would
typically wash out any primordial B asymmetry [25]. Our
SUSY model serves as a robust cure to this problem by
having a baryogenesis below the weak scale when all wash-
out effects decouple. To see the problem clearly, as shown in
Ref. [19], for a natural stop that dominantly decays by B
couplings, A;; = 1077 is required to have a prompt decay at
the collider, i.e., decay length L = 1 mm. On the other
hand, A;; = 1077 happens to be the range where J§ scatter-
ing such as H,t — d,d ; can efficiently destroy preexisting
B asymmetry Yt [25]. A simple estimate of such a washout
effect can be read off by dropping the first term on the
ths of Eq. (4). With T'yy ~ A%,y7T, we find an exponential
A,zj 7 My

reduction Y (T = 0) ~ Yiitg <=V,

A. LHC phenomenology

A promising channel is single resonance production of a
mostly singlet heavy scalar admixture of H and S which
dominantly decays to y . The production channels are the
same as for the SM Higgs, except for a mixing suppression.
At the 14 TeV LHC run, a Higgs-like boson can be pro-
duced copiously, even when it is as heavy as 800 GeV, with
say 10% mixing, o ~ 10 fb. The produced y must live
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beyond its freeze-out, so its lifetime 7, = 7 ~ (1 sec) X
(MTer)2 >1cm, where T, =100 GeV so that m, <

O(TeV) is within the LHC reach. Close to this bound on
Tp, x decay leaves a displaced vertex inside the detector
involving 7, . The search can be based on dedicated dis-
placed vertex trigger [26,27] or triggered on two tagging
jets in the vector boson fusion production channel.
A challenging but exciting further step is to measure the
CP responsible for baryogenesis from the charge asymme-
try in the #7 system.

V. SUMMARY/OUTLOOK

We proposed a new mechanism addressing Qpy — Qp
coincidence while preserving the merits of the WIMP
miracle, presenting a simple example model as well as its
incarnation in J natural SUSY. Even independent of the
physics associated with dark matter, it is a novel low scale
baryogenesis mechanism with a WIMP miracle acting on

PHYSICAL REVIEW D 87, 116013 (2013)

the baryon abundance. Our basic idea allows for further
elaborations, e.g., the WIMP parent may decay to both
asymmetric DM and baryons, or baryogenesis may pro-
ceed through 3-body decay, accommodating a lighter y. In
minisplit SUSY [28-30] the latter has a natural incarnation
[31]. On the phenomenology side, our mechanism brings
the exciting possibility of having the cosmological origin
of matter being testable at current-day colliders. It is
also possible that with improvements low energy experi-
ments will be another frontier to test the mechanism we
proposed.
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