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Dark matter, baryon asymmetry, and spontaneous B and L breaking
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We investigate the dark matter and the cosmological baryon asymmetry in a simple theory where
baryon (B) and lepton (L) number are local gauge symmetries that are spontaneously broken. In this
model, the cold dark matter candidate is the lightest new field with baryon number and its stability is an
automatic consequence of the gauge symmetry. Dark matter annihilation is either through a leptophobic
gauge boson whose mass must be below a TeV or through the Higgs boson. Since the mass of the
leptophobic gauge boson has to be below the TeV scale, one finds that in the first scenario there is a
lower bound on the elastic cross section of about 5 X 10746 ¢cm?. Even though baryon number is
gauged and not spontaneously broken until the weak scale, a cosmologically acceptable baryon excess
is possible. There can be a tension between achieving both the measured baryon excess and the dark

matter density.
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L. INTRODUCTION

In the LHC era, we hope to either verify the standard
model or discover the theory that describes the physics of
the weak scale. One of the open issues in the standard
model (SM) is the origin of the accidental global symme-
tries, U(1)z and U(1),, where B stands for baryon number
and L for the total lepton number. At the nonrenormaliz-
able level in the SM, one can find operators that violate
baryon number and Ilepton number. For example,
QQQI/A% and IIHH /A, where A and A are the scales
where B and L are, respectively, broken [1]. Since the
0001/ A% operator gives rise to proton decay [2] the
cutoff of the theory has to be very large Az > 10'° GeV.
There is no other reason that the cutoff of the SM has to be
that large and so it is worth thinking about the possibility
that both B and L are local gauge symmetries that are
spontaneously broken [3] at a much lower scale (e.g., the
weak scale) and it is these gauge symmetries that prevent
proton decay.

Recently, two simple models [denoted model (1) and
model (2)]) where B and L are local gauge symmetries
have been proposed [3]. In these models, all anomalies are
cancelled by adding a single new fermionic generation.
One of the theories [model (1)] has an interesting realiza-
tion of the seesaw mechanism [4—6] for neutrino masses,
and they both have a natural suppression of tree-level
flavor changing neutral currents in the quark and leptonic
sectors due to the gauge symmetries and particle content.
In model (2), the neutrinos have Dirac masses. In addition,
for model (2), the lightest new field with baryon number is
a candidate for the cold dark matter and its stability is an
automatic consequence of the gauge symmetry. It has been
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shown in Ref. [3] that B and L can be broken at the weak
scale and one does not generate dangerous operators
mediating proton decay. We show how a dark matter
candidate can arise in model (1).

In this article, we investigate the properties of the cold
dark matter candidates in the models proposed in Ref. [3]
and study the implications of spontaneous B and L break-
ing at the weak scale for the baryon asymmetry in the
Universe. In model (2), the dark matter candidate X, which
has baryon number —2/3, can either annihilate through the
leptophobic Zp present in the theory or through the Higgs
boson. We study the constraints from the relic density and
the predictions for the elastic cross section relevant for
direct detection experiments. We discuss the implications
of the gauging of B and L for baryogenesis. In model (2),
there is a potential conflict between the measured baryon
excess and dark matter density.

For model (1), we discuss the generation of a baryon
excess. We introduce a limit of the theory where L is
broken at a high scale but B is spontaneously broken at
the weak scale. In this limit, standard leptogenesis plus a
primordial excess in the field responsible for baryon num-
ber breaking can give rise to an acceptable baryon excess
and dark matter density even though the baryon number
gauge symmetry is not broken until the weak scale.

This paper is organized as follows: In Sec. 11, we discuss
the main features of the model. In Sec. III, we discuss, for
model (2), the properties of the dark matter candidate in
the theory, constraints from the relic density, and the
predictions for the elastic cross section relevant for direct
detection experiments. The properties of the dark matter
candidate in model (1) are similar to cases already dis-
cussed in the literature (see for example [7,8]). In Sec. IV,
we discuss the implications of the breaking of B and L at
the weak scale for baryogenesis. We summarize the main
results in Sec. V.
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II. SPONTANEOUS B AND L BREAKING

The theory proposed in Ref. [3] is based on the gauge
group

SUBR)c @ SU@), Q Uy @ Ul @ U(l),.

To fix notation, the particle content of the SM is summa-
rized in Table 1. The superscript index (i) on standard
model fermion fields labels the generation. We have added
three generations of right-handed neutrinos to the minimal
standard model.

When gauging B and L, one can have two different
scenarios.

A. Model (1)

In this model, the baryonic anomalies are cancelled by
adding the new quarks Q), uj, and dj, which transform
under the SM gauge group in the same way as the SM
quarks but have baryon number B = —1. At the same time,
the leptonic anomalies are cancelled if one adds new
leptons I}, vk, and ej with lepton number L = —3. All
anomalies in the SM gauge group are cancelled since we
have added one full new family. The particle content of
model (1), beyond that of the SM, is summarized in the
Table II.

Let us discuss the main features of this scenario.

(1) Quark Sector

In this model, the masses for the new quarks are
generated through the terms
—AsD

¢'mass

=Y, 0, Hu}y + Y},Q} Hd}, + H.c.
(1

Here H = io»H*. In order to avoid a stable colored
quark, the scalar doublet ¢ has been added to medi-
ate the decays of the fourth generation of quarks.
The following terms occur in the Lagrange density

~ ALY, = ¥,0} dug + Y20, ¢dy + He. (2)

TABLE I. Standard Model Particle Content.
Field SU(3) SU(2) U1y Ul U1,
(i)

(W _(u

L= ( dii)) 3 2 § 3 0
uly 3 1 3 3 0

(i) _

% 0 3 1 ! ! 0
1= (" 1 2 -1 0 1
L e(Li) 2
0 1 1 0 0 1
e 1 1 -1 0 1

H+
H= ( 7o ) 1 2 : 0 0
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TABLE II. Particle Content Beyond the SM in Model (1).
Field SUB) SU®2) Ul)y U1y U1,
u/
0L = (di) 3 2 1 -1
ulh 3 1 % -1
dy 3 1 f% -1
V/
() e
Vi 1 1 0 0 -3
eh 1 1 - 0 -3
Sp 1 1 0 —% 0
S 1 1 0 0 2
S 1 1 0 —% 0
+
bp T idy

FIG. 1.

Here flavor indices on the Yukawa couplings Y; and
the standard model quark fields have been sup-
pressed. The field ¢ does not get a vacuum expec-
tation value (VEV), and so there is no mass mixing
between the new exotic generation of quarks and
their SM counterparts. When the real or imaginary
component of ¢ is the lightest new particle with
baryon number, it is stable. The field ¢ has flavor
changing couplings that cause transitions between
quarks with baryon number —1 and the usual quarks
with baryon number 1/3. However, since there is no
mass mixing between these two types of quarks,
integrating out the ¢ does not generate any tree-level
flavor changing neutral currents for the ordinary
quarks.

These effects first occur at one loop. For example,
there are one loop box diagrams (see Fig. 1) that give
a contribution to K — K mixing.

We estimate this mixing to be of order

2 4
M) 3)

Am (16772M2
where Y*# is a shorthand for something quartic in the
Yukawa couplings Yq, Y,. For M = 400 GeV and
Yukawas of about 1072, this mass difference is on
the order of 10715 MeV which is much smaller than
the measured value. A detailed study of the model’s
flavor sector is beyond the scope of this work and
will be reserved for a future publication.

qQ—<—7F-------1 ——q
q q
q—t------- ——<—q

Box diagram leading to a contribution to K — K mixing.
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(i1) Leptonic Sector
The interactions that generate masses for the new
charged leptons are

— ALY =y}l Hel + He, (4)

while for the neutrinos they are
A
~ ALY =y, IHVC + Y I'HN + 5 €S, vC
+ A, CSIN + Hee, (5)

where S; ~ (1,1,0,0,2) is the Higgs that breaks
U(1);, generating masses for the right-handed
neutrinos and the quark-phobic Z;. We introduce
the notation »¢ = (vg)¢ and N = (v})€. After sym-
metry breaking, the mass matrix for neutrinos in the
left handed basis (v, 7/, N, v°) is given by the eight
by eight matrix

0o 0 0 M
0 0 My 0
oy’ o M, | ©

My 0 Ml M,

Here, Mp = Y, vy,/~2 and M, = A,v, /2 are
3 X 3 matrices, M, = A, v} /+/2 is a 1 X 3 matrix,
M}y = Ylvy/+/2 is a number and (S;) = v, /+/2.
Let’s assume that the three right-handed neutrinos
v are the heaviest. Then, integrating them out
generates the following mass matrix for the three

light-neutrinos:

MNZ

M, =MpM;'MF. (7

In addition, a Majorana mass M’ for the fourth-
generation right-handed neutrino N,

M' = M,M;'MT, 8)

is generated. Furthermore, suppose that M’ < M/,
then the new fourth-generation neutrinos »' and N
are quasi-Dirac with a mass equal to M,. Of course,
we need this mass to be greater than M,/2 to be
consistent with the measured Z-boson width. In this
model, we have a consistent mechanism for neutrino
masses which is a particular combination of Type I
seesaw.
(iii) Higgs Sector

The minimal Higgs sector needed to have a realistic
theory, where B and L are both gauged and have a
DM candidate, is composed of the SM Higgs, H,
S;,S~(1,1,0,—4/3,0), S, and ¢. S; and S; are
the scalars field whose vacuum expectation values
break U(1)z and U(1),, respectively, generating
masses for the gauge bosons coupling to baryon
number and lepton number. Here, one introduces
the scalar field S in order to have a viable cold dark
matter candidate. In this case, the scalar potential of
the model must contain the terms
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wi(HT $)S + u,Shs? + He, )

in order to generate the effective interaction:
c(H' ¢)2Sp + H.c., which breaks the degeneration
between the ¢% and ¢?. Here S does not get the
vev. Then, one of them can be a dark matter can-
didate and the mass splitting is given by

2 2
e Z\EUHUBMIMZ' (10)

M2 0 4
b; M5

iz
By adjusting the phases of the fields S and ¢, the
parameters u;, can be made real and positive. In
this case, the imaginary part of the neutral compo-
nent of ¢, denoted ¢V, is the dark matter candidate.
Notice that this DM scenario is quite similar to the
case of the Inert Higgs Doublet Model since we do
not have annihilation through the Zy in the non-
degerate case. It is well-known that if the real and
imaginary parts are degenerate in mass, one cannot
satisfy the bounds coming from direct detection;
therefore, one needs a mass splitting. This dark
matter candidate is very similar to that of the
Inert Doublet Model (see, for example, [7,8]).
Before concluding the discussion of model (1) one
should mention that in this model local U(1)z and U(1),
are broken by the Higgs mechanism, as explained before,
and one gets that in the quark sector a global symmetry
(baryonic) is conserved, while in the leptonic sector the
total lepton number is broken.

B. Model (2)

In this model, the baryonic anomalies are cancelled by
adding the new quarks Q%, u}, and dj, which transform
under the SM gauge group the same way as the SM quarks
but have opposite chirality and baryon number B = 1. At
the same time, the leptonic anomalies are cancelled if one
adds new leptons I, v, and e} with opposite chirality of
their SM counterparts and with lepton number L = 3. The
particle content of model (2), beyond that of the SM, is
summarized in the Table III.

(1) Quark Sector

In this model, the masses for the new quarks are
generated through the terms
—A _£(2/)

mass — YuQrHU, + Y OHdy + He. (11)
As in the previous model, one has to avoid a stable
colored quark. For this reason, we add the scalar field
X to mediate the decays of the fourth generation of
quarks. The following terms occur in the Lagrange
density

—ALS = AoX 0, Ok + AyXiguy + ApXdgd)
+ H.c. (12)
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TABLE III. Particle Content Beyond the SM in Model (2).

Field SU(3) SU(2) U(l)y U(l)g U(l),
!/
0 = (ZZ) 3 2 L 1 0
ul 3 1 % 1 0
d; 3 1 -3 1 0
Vl

Iy = ( ei ) 1 2 - % 0 3
v 1 1 0 0 3
el 1 1 -1 0 3
SB 1 1 0 ng 0
S 1 1 0 0 2
\ 1 1 0 0 ny,
X 1 1 0 - % 0

Here flavor indices on the Yukawa couplings Y, A
and the standard model quark fields have been sup-
pressed. The field X does not get a vacuum expecta-
tion value (VEV) and so there is no mass mixing
between the new exotic generation of quarks and
their SM counterparts. When X is the lightest new
particle with baryon number, it is stable. This occurs
because the model has a global U(1) symmetry,
where the Ok, u}, d;, and X get multiplied by a
phase. This U(1) symmetry is an automatic conse-
quence of the gauge symmetry and the particle con-
tent. Notice that the new fermions have V + A
interactions with the W bosons.

The field X has flavor changing couplings that cause
transitions between quarks with baryon number 1
and the usual quarks with baryon number 1/3.
However, since there is no mass mixing between
these two types of quarks, integrating out the X
does not generate any tree-level flavor changing
neutral currents for the ordinary quarks. Those first
occur at the one loop level [see the discussion con-
cerning such flavor changing effects in model (1)].

(i1) Leptonic Sector

The interactions for the new leptons are

—ALP =Y, He, + AegStel, + v, I Hvg
o A
+ Y, I Hv, + 7“ vECSTvg

+ ARSIV, + NILS I, + He.  (13)

The neutrinos are Dirac fermions with masses pro-
portional to the vacuum expectation value of the SM
Higgs boson. Here, S; must be introduced to evade
the experimental constraints on heavy stable Dirac
neutrino from dark matter direct detection and col-
lider bounds. In order to avoid flavor violation in the
leptonic sector, we assume that §; does not get a
vacuum expectation value.

PHYSICAL REVIEW D 83, 023520 (2011)

(i) Higgs Sector

The minimal Higgs sector needed to have a realistic
theory, where B and L are both gauged and have a
DM candidate, is composed of the SM Higgs, H,
Sy, S;, Sp, and X. Sp and S are the scalars field
whose vacuum expectation values break U(1)z and
U(1);, respectively, generating masses for the
gauge bosons coupling to baryon number and lep-
ton number. The scalar potential of the model is
given by

- s

(Di=H:SLySIL,SB,X

+ ) Ao, (@ D)(@TD)).
Y

M3, Dl D,
(14)

In this theory, one has five physical CP-even neu-
tral Higgses {H°, S?, S, 8%, X%} and two CP-odd
neutral Higgses XV and S9. Here, X% and X? have
the same mass, and they are cold dark matter
candidates.

In this model, one should notice that the local symmetries
U(1)g and U(1); are broken, and after symmetry breaking
one has a baryonic and leptonic global symmetries.
Therefore, the proton is stable and the neutrinos are
Dirac fermions.

These are the main features of the two models that are
needed to investigate the implications and/or constraints
coming from cosmological observations.

ITI. X AS A CANDIDATE FOR THE COLD DARK
MATTER IN MODEL (2)

As we have mentioned before, the lightest new field with
baryon number, X, is a cold dark matter candidate in
model (2). In this section, we study in detail the possible
cosmological constraints and the predictions for elastic
dark matter-nucleon cross section relevant for direct
searches of dark matter. Some of this material is standard
and has been discussed in the literature in the context of
other dark matter candidates; however, we include it for
completeness.

A. Constraints from the relic density

There are two main scenarios for the study of the relic
density. In the first case, X annihilates through the lepto-
phobic Zp gauge boson, while in the second case X anni-
hilates through the SM Higgs. The properties of a SM
singlet scalar dark matter candidate that annihilates
through the Higgs have been investigated in many previous
studies [9-13]; however, the case of annihilation through
the Zp is more specific to the model we are currently
examining.

(i) Xxt — 75 — qq:

We begin by studying the case where X annihilation
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through the baryon number gauge boson Zj, i.e.
xxt — Zy — qq, dominates the annihilation cross
section. Here we include all the quarks that are kine-
matically allowed. Of course the heavy fourth-
generation quarks must be heavier than the X so
that they do not occur in the final state. This also
limits the upper range of X masses since the theory is
not perturbatively unitary if the fourth-generation
Yukawa’s are too large.

The annihilation cross section through intermediate
Z g in the nonrelativistic limit with a quark-antiquark
pair in the final state is given by

2¢% M3% v? m,
T4V T Sl M By T Z®(1_V)
Zo (1= 43 ) + 35 4 X

z Zp

m2 m%l

1+ 1——, 15
(eGRN -
where © is the unit step function and I, is the width

of the Zp. The width of the leptophobic gauge boson
is given by

2 2 2

gzM;y ( my )( my )1/2

Iy, => pf1—2—2)(1-4—1L

& 36m M2 M2
B B

2
X @(1 — 4m—2")
MZB

(i) XXt — H* — SMSM:
In the case where X annihilates into massive SM
fields, through an intermediate H, we find that the
annihilation cross section (in the nonrelativistic

(16)

limit) is
Ach my 20(1 - m’)(l ("1}’()2)3/2
(47TM2 )( ) (1-— _%()2
A2\ 00 - MW)(I ( )2)1/2
4= :
27TM (1_ _ +M_l~21
4 M2
L My +
X(l il M2) (17)
N A2\ 00— MZ)( (&)2)‘/2
(47TM ) (1 _4 AF/]%
( M, M2) ( A2 )
X1+ +
aMy M3 64mM%
1/2 M
(-G )) o(1=3)
( s
2
x |1+ , (18)
—* — 1)+ i3 F”
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where N*cf is the number of colors of the particular
species of fermion, My, , are the W and Z boson
masses. Included in the width, where kinematically
allowed, is the invisible decay to dark matter. We
have ignored corrections to this formula that come
from annihilation into two standard model massless
gauge bosons. For previous studies of this type of
scenario see [9-13].

Using these results, we are ready to compute the approxi-
mate freeze-out temperature x; = My /T, assuming that
one of the two annihilation channels dominates the anni-
hilation of the dark matter. Writing the thermally-averaged
annihilation cross section as (ov) = oy(T/Mx)", then the
freeze-out temperature is given by

xp = 1n[0.038(n + 1)(\/2_*)MPIMXO'0:| - (n + %)
X 1n[1n[0.038(n + 1)( J%)MPIMXU<)]],

where Mp; is the Planck mass, g is the number of internal
degrees of freedom, and g. is the effective number of
relativistic degrees of freedom evaluated around the
freeze-out temperature.'

The present day energy density of the relic dark matter
particles X is given by

19)

Qi = (20)

1.07 x 10° ((n + 1)x”“>
GeV \/g_*O'OMPl

where we have used the fact that g, (T) = g.(T) in our
case (all particle species have a common temperature).
The Wilkinson Microwave Anisotropy Probe (WMAP)
team recently gave a 7 yr fit [15] and found the present
day dark matter energy density to be Qpyh? = 0.1109 +
0.0056.

Using the experimental constraints on the relic density
of the cold dark matter and the annihilation cross sections
calculated above, we plot in Fig. 2 (left panel) the allowed
values for the gauge coupling gz and the mass of X when
the annihilation occurs through an intermediate Zg boson.
Here, we use as input parameter the mass of Zg, M, =
500 GeV. In order to understand the behavior of the nu-
merical solutions close to resonance, we show the results in
Fig. 2 (right panel), where the mass region My =~ MZB/Z is
focussed on. In the second scenario, when the annihilation
takes place through the SM Higgs boson, one can display
similar results. Assuming only annihilation at tree level
into SM fermions and gauge bosons for simplicity, we
show in Fig. 3 the allowed parameter space after imposing
the constraints on the relic density when My = 120 GeV.

'See, for example, [14].
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T T T T T T T T T T T T T T T T T T T T T

T T T T T T T T T T |

FT T T T T T
I “o6 [ 10810(88) My, = 500 GeV 1
00— __ My, = 500 GeV 1 ]
—-0.5 ; -
L log,(gp)
_1ok i
s i ~1.6 - CDMSII Upper Limit .
I Iy ]
i My (GeV) 1 : My (GeV)
100 150 200 250 300 350 400 240 245 250 255 260
FIG. 2. In these figures, we plot the values of the (logarithm of the) coupling gz and dark matter mass My that lead to the value of the

dark matter relic abundance measured by WMAP assuming annihilation through intermediate Z; is dominant. We use M,, =
500 GeV for these plots. The plot on the right is an enlarged version of the left plot around the region near the resonance. For dark

matter masses around 250 GeV, CDMS 1II excludes dark matter-nucleon elastic scattering cross sections larger than 6 X 10™%* cm?.

The region below the dashed line is allowed by CDMS II [17].

It is important to note that using the perturbative limit on
the Yukawa couplings for the new fermions |Y'| < 2./,
the masses of the new quarks M g =Y "vy/ ﬁ are smaller
than 500 GeV (since the VEV of the SM Higgs vy is
246 GeV). In order to achieve the right value for the relic
density, M has to be close to the M, /2. Hence, in the first
scenario, MZB must be below a TeV if X annihilates pri-
marily through the Zz and is the dark matter. This is an
acceptable kinematic range for discovery at the LHC. Next,
we study the constraints coming from the direct detection
experiments (which have already been used in the right
panels of Figs. 2 and 3).

A more precise calculation of the dark matter relic
density is required when annihilation proceeds near reso-
nance. This is because the expansion of the annihilation
cross section in terms of a polynomial in the temperature

e s e e L s S s e

[ log,,@))

My = 120GeV B et

P XENON100 Projected Upper Limit

Eooy -

My(GeV)

00 200 300 200 500
FIG. 3 (color online). In these figures, we plot the values of the
(logarithm of the) coupling A; and dark matter mass My that
lead to the value of the dark matter relic abundance measured by
WMAP assuming annihilation through intermediate Higgs is

dominant. We use My = 120 GeV for these plots.

2

breaks down near the resonance [16]. Generalizing Eq. (15)
and (18) for general relative velocities, we determine
the relic abundance near the resonance using the more
precise calculation described below. The freeze-out tem-
perature can be determined iteratively from the following
equation:

NEEETE

where the thermally-averaged annihilation cross section is
determined numerically by

Xp = ln[

32 oo
— 2 —xv?/4
(ov) Py /;) vi(ov)e dv. (22)
The relic density is then given by
1.07 X 10° 1
Qn? = ( ) (23)
GeV J« /g*MPl
where
J= f‘” V) 4 (24)
xp X
v

takes into account the annihilations that continue to occur,
but become less effective, after the free-zeout temperature.

In Fig. 4, we show the contour that leads to the observed
relic abundance of dark matter, assuming annihilation
through an intermediate Zz with mass of 500 GeV is
dominant. After comparing this plot to the right panel in
Fig. 2, it is clear that one needs to take into account the
precise thermal averaging when annihilation proceeds near
resonance. The thermal averaging works to widen the
contour and move the minimum below M, /2. This is
because at finite temperatures, the effective mass of the
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_0‘8 T T T T T T T T T T T T T T T T T T T T T

_wé My, = 500GeV ]
b N0
11 k log,,(gp) é
-3 ]
o My (GeV) ]

ﬁéo - 2:;5 - 24110 ‘ ‘ 2215 ‘ ‘ 2%0 .

FIG. 4 (color online). In this figure, we plot the results of the
numerical relic abundance calculation with the correct thermal
averaging around the resonance. The contour plotted shows the
values of the (logarithm of the) coupling g and dark matter
mass My that lead to the value of the dark matter relic abundance
measured by WMAP assuming annihilation through an inter-
mediate Zp is dominant. We use M, = 500 GeV for this plot.

dark matter candidate is higher, and therefore the minimum
of the contour is shifted to lower dark matter masses.

Similarly, in Fig. 5, we show the contour that leads to the
observed relic abundance of dark matter, assuming anni-
hilation through an intermediate Higgs with mass of
120 GeV is dominant.

B. Constraints from direct detection

In this section, we present the cross sections for elastic
scattering of our dark matter candidate off of nucleons.
These cross sections are very tightly constrained by the
Cryogenic Dark Matter Search (CDMS) for dark matter
masses in above approximately 100 GeV and XENON100

F T T T T T T T T T T ™1
—10[ ]
F log,o(A) My = 120GeV ]
B I B O Uit
D0k TN
st XENON100 Upper Limit ]
30 [ XENON100 Projected Upper Limit ]
_ast My(GeV)
L 1 n n n n 1 n n n n 1 n n n n n n n n 1 ]
45 50 55 60 65

FIG. 5 (color online). In this figure, we plot the results of the
numerical relic abundance calculation with the correct thermal
averaging around the resonance. The contour plotted shows the
values of the (logarithm of the) coupling A; and dark matter
mass My that lead to the value of the dark matter relic abundance
measured by WMAP assuming annihilation through an inter-
mediate Higgs is dominant and taking My = 120 GeV.
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for dark matter masses below approximately 100 GeV
[17,18].

In the first scenario discussed above, we need the con-
straints coming from direct detection when the scattering is
through the U(1)5 gauge boson. In the nonrelativistic limit,
the cross section for elastic scattering of dark matter off of
nucleons through an intermediate Z is given by

4g4 /“2
B _ B
—285( 2 25
75T g <M§B> (23)

where u = MyMy/(My + My) is the reduced mass of the
dark matter-nucleon final state and My is the nucleon
mass. Putting in the numbers, this cross section can be
written as

500 GV
o8 = (8.8 X 1074 cm2)gg< © ) ( ~

2
My, 1 GeV) - (26)
From the CDMS II upper limits on the spin-independent
cross section in [17], one can conclude that if we want the
correct relic abundance, then 235 GeV = My =< 250 GeV
and gg = 107! for My, = 500 GeV. For the relevant re-
gion of parameter space, see Fig. 4.

If M, is near its 1 TeV upper bound, the direct detection
limits on the coupling gp are the weakest and the required
range is 0.06 < gp = 0.2. Using the plot in Fig. 4 and
Eq. (26), we set a lower limit on the dark matter-nucleon
scattering cross section of about o8 = 5 X 1074 cm?.

For the second case, when the elastic scattering of
the dark matter off of nucleons is via the Higgs exchange,
we need the effective coupling of the Higgs to nucleons.
For this purpose, we follow [19], and we find this
effective coupling appropriate for at rest nucleon matrix
element to be

h _ _
L =- ;(Zmzqqu + thQth)
] h

h(]O 17 .

i pp + iin).
37 g X JMa(Bp ). @)

v
Using the leading order chiral perturbation theory result in
the Appendix of [19] and the X,y term from [20], we
obtain y, = 0.55 = 0.18, where the errors are indicative
of a 30% violation of SU(3) flavor symmetry. This value of
X+ gives

L = —%(O.72)MN(ﬁp + 7in). (28)

With the three generations of the SM, one would have
expected a number 2/9 + 7/9(0.55) = 0.65 instead of
0.72. This is consistent with the 0.56 £ 0.11 number
quoted in references [21,22].

One can use this result to compute the elastic scattering
Cross section
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Plugging in the numbers, this cross section can be written
as (using y, = 0.55)

) 120 GeV\# :
ot =(3.0x 1074 sz),\%( My ) (1 geV)

(50 GeV>2
X .

M, (30)

In order to satisfy the direct detection bounds from
XENONI100 [18] for elastic scattering of dark matter off
of nucleons, 51 GeV < My =< 63 GeV with A; = 1071
for a 120 GeV Higgs. This gives us a narrow region of
parameter space that is not yet ruled out by the
XENON100 experiment and that also leads to the correct
dark matter relic abundance. See Fig. 5 for a plot of the
allowed region. For a 120 GeV Higgs, the dark matter-
nucleon elastic cross section has a lower bound of about
ol =107 cm?.

One can see from Fig. 3 that if XENON100 reaches its
projected sensitivity without detecting DM, the scenario
where annihilation proceeds through the Higgs will be all
but ruled out. The only region that will be allowed from
this future experiment will be the region in Fig. 5. For dark
matter masses at the lower end of this region, the decay of
the SM Higgs is dominated by the invisible decay into dark
matter.

In a more generic context, this model is different from
the literature in that the dark matter mass has an upper
bound (since it facilitates the decay of the fourth-
generation quarks and these quarks should have mass
below about 500 GeV if perturbative unitarity holds).
Most models of scalar dark matter do not have an upper
limit on the dark matter mass, and therefore a wider region
of masses are allowed at the TeV scale.

We need to also consider the limits direct detection
experiments place on dark matter scattering off of nucleons
from the interactions AXgq'. To fix notation, the interac-
tions in Eq. (12) are

S+ -
—ALpy = /\QXﬁ( 275)1/ + /\Uxa< 275)u'

+ A Xd( )d’ + Xd( 275)d/

+ H.c,, (31)

where {u, d} ({u/, d'}) are the Dirac spinors corresponding
to the standard model (fourth generation) quarks and
(Ag)i = UT(u, LY/(Ap); and (A}); = U'(d, L)/(Ay); are
the coefficients in Eq. (12) after rotating to the mass
eigenstate basis. We find the effective low energy interac-
tion of the dark matter with the standard model quarks by
integrating out the heavy fourth-generation quarks. Then,
the effective interactions for nonrelativistic X is given by
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~ L= (SN 4G + 1Rty

+ (F Gy + Gopina,
+ (Xszx)(lu W+ 1P,

( )((A VD) + AT, (32)

where the flavor index i should be summed over. To get the
effective interaction with nucleons, we need the nucleon
matrix elements (N|gt¢|N) and (N|Gg|N) when g = u, d.
We truncate the sum over flavors to the light up and down
flavors. The former simply counts the number of individual
valence quarks in the nucleon and the latter matrix element
is related by the coefficients f7, to the former matrix
elements. This gives the effective interactions appropriate
for the nucleon matrix elements

~ Lo (%)(KAQ) 2+ 15,0 @pp + iin)
f T = ~ ~
" @Mj)((@)l("z)l + A (A fru(2pp + iin)
t
+(X21}\(/[1;/[X)(|(/\ ) |2+|()‘ W) (pp +2in)

" (jM):)((A (A" + (Aph (X)) fra(pp + 27n).

(33)

To get an order of magnitude estimate of the size of the
couplings involved, we represent the various Yukawa cou-
plings by A assuming they are all the same order of
magnitude. The cross section for DM scattering off of
nucleons will be small enough to evade the direct detection
bounds if the Yukawa couplings A are on the order of 107!,
assuming the masses of the fourth-generation quarks are a
few hundred GeV. Similar constraints hold for Y, in
model (1), where ¢! is the dark matter candidate.

IV. COSMOLOGICAL BARYON NUMBER

It may be difficult to generate the observed cosmological
baryon density since baryon and lepton number are gauge
symmetries in the model we are considering. Here, we
study this issue following closely the approach of Harvey
and Turner [23]. Assuming pu << T, one can write the
excess of particle over antiparticle as

ny —n- _ 15g pu

- Ll 34
s 2mg. T (34

For bosons and in the case of fermions one has
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ny—n_ _ 15¢ u
s 4m’g, T’

(35)

where u is the chemical potential of the particle species, g
counts the internal degrees of freedom, s = 27%g,. T3 /45 is
the entropy density, and g, counts the total number of
relativistic degree of freedom.

For each of the fields, we associate a chemical potential.
Since the chemical potential of the gluons vanishes,
all colors of quarks have the same chemical potential.
Furthermore, we assume mixing between the quarks and
amongst the leptons is efficient. This reduces the number
of chemical potentials to a chemical potential for each
chirality of usual leptons {x,,, t,,, fy,, My} and quarks
{Mu,» Mg Mea,» a,} as well as the fourth-generation lep-
tons {fer, pers pyt, poy b and fourth-generation quarks
{tu, puy pear, rar y. We also have a chemical potential
for each of the scalars S; and Sp (denoted as ug, and ug,,
respectively), a chemical potential for wu_ for the charged
field in the Higgs doublet, w for the neutral Higgs field. At
temperatures above the electroweak phase transition
(T = 300 GeV), we set the third component of the gauged
weak isospin to zero. This condition implies that the
chemical potential for the charged W bosons vanishes
and leads to the conditions

Mo, = Mg, and  p, =, (36)
for the SM quark and lepton fields and
Fouj g = Hd and Gw M (7

in model 1 (2) for the fourth-generation quark and lepton
fields.

A. Model (1)

In model (1), we also need a chemical potential for the
scalar S, denoted g, a chemical potential for the charged
field in the doublet ¢, denoted w4+, and a chemical
potential for the neutral component of the ¢ doublet,
denoted w,. Again, since the chemical potential for the
charged W bosons vanishes, pg = .

Before studying the possibility to have a baryon asym-
metry, let us discuss the different conditions we must
satisfy. Using Eqgs. (1), (4), (5), and (9), one obtains

Mo = Iu‘u;e - M

L

Mo = Ma — Ma,  (38)

Mo = My — Moy Mo = My, — My, (39)

M, = 2y Mo = Mo — Mol (40)
Mo = pg t Mg Ms, = 2us, (41)

and
Ms, = "My, T Mot (42)
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Yukawa interactions with the Higgs boson in the SM imply
the following relations:

Mo = My, — My, —Mo = Ma, — M4, (43)

T = Moy T Moy Mo = My = My (44)

Now, we us these relations to write the baryon number
density (B), lepton number density (L), and electric charge
density (Q). We find the following expressions for these
comoving number densities:

ph ="8""8

S
15 20 16
= 120, — 120, — — g +—py) (45
4772g*T< P, — 12400y, = = s, T3 M¢) (45)
L) = np —ng
S
15
=g T(ZOMVL — 12p, +8uy +4ug,) (46)
1) — nQ nQ
Q h)
15
= W(ZOM(/, + 9/.LSB + 6,uuL + 2'““”2
—6p,, = 2u,). (47)

See Tables I and II for the leptonic and baryonic charges.
At high temperatures, each of the charge densities in
Eqgs. (45)—(47) must vanish. These three conditions, along
with the sphaleron condition

3Quu, + pa, ¥ o) T Cuy + pa + pe)
=9y, T3y, + 30y +py =0, (48)
give us four equations. Unfortunately, in the general case,
we do not have a symmetry which guarantees the conser-
vation of a given number density. We analyze the small A,

limit.? In this limit, we have the following approximate
global symmetries:

(B = L);: (O, ug, dg, ) — €'*3(Qy, ug, dg, ¢),
(I, eg, vg) — e "“(I, ek, V),

S, — e %y,

§— e ial3g,

Sy — e 2al3g,

and

2], must be small enough so that the mixing between the
ordinary right-handed neutrinos and the fourth-generation right-
handed neutrino can be neglected in the early Universe but large
enough so that the fourth-generation right-handed neutrino can
decay.
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(B = L),y: (O}, ul, db, S) — e~ '*(Q}, ul, df, S),
(I}, eh, Vi) — eBe(1l, ek, vh),
b=,
SB i e—2iaSB.

Both of these approximate global symmetries are
anomaly free and not gauged. The corresponding charge
densities are given by

15 4
(B—-L), = AreT Ru,, +opy — 120, —4pus,

3
- %Ms - %1#53), (49)
and
(B~ L)y = oo (~ 120, — 205+ 120,
47g, T L L
+ 2y — dus,). (50)

The baryon number density at late times will include the
contribution of the ordinary quarks and the contribution
from the decay of the fourth-generation quarks. In ordinary
quarks we have

1
5(3)(3)(MML + oy, + pg, + pg) =120, (51)

The contribution from the fourth-generation quarks
(Q'— ¢ +ugp and dy — ¢ + Q;) gives

1
5(3)(/% + pa, F20a) = dpy —2pg = pg,. (52)

Then,
15
1
Bf - 4772g*T(12MuL + 4Mul - zlu’qﬁ - /-‘LSB)
269 13
:m(B_L)l _ﬁ(B_L)z- (53)

Depending on the initial charge densities, it is possible
to simultaneously explain the DM relic density and the
baryon asymmetry in this scenario. Notice that one can
have leptogenesis at the high-scale if the symmetry break-
ing scale for U(1), is much larger than the electroweak
scale.

B. Model (2)

In model (2), we must introduce a chemical potential for
the scalar S} , denoted u s> and a chemical potential for the

dark matter candidate X, denoted wy.

The action is invariant under the transformations Sz —
e'*sSp and ) — e’ S, . These automatic U(1) symme-
tries are anomaly free since no fermions transform under
them. The symmetries are spontaneously broken by the
vacuum expectation values of Sz and S}, respectively;
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however, at high temperatures the symmetry is restored.
We begin by assuming that in the early Universe a nonzero
Sp and S} asymmetry is generated. This could occur, for
example, from the decay of the inflaton after inflation. We
examine if this can lead to the observed baryon excess.

We assume that lepton number and baryon number are
spontaneously broken at the weak scale. In this case, we
have the following relations, assuming that the coupling
constants {A,, Ap, A;, A} are large enough to preserve ther-
mal equilibrium when T = 300 GeV,

s, = 2y, (54)
Ms, = Myl T Moy (55)
Ms, = Ml ~ Moy (56)
Ms, = Mol T Moy (57)

Interactions with the Higgs boson imply the following
relations:

Mo = Mup — Mulp THo = Ma T Mdlp (58)

T = Mo, T Ml Mo = My — My (59)

We also have the following equations relating the chemical
potentials of the fourth-generation quarks, ordinary quarks,
and the dark matter:

Mx = My, = Moyl Mx = My, = M (60)

Mx = Mg, — Md, Mx = My = Md,» (61)

assuming the couplings in Eq. (12) are large enough that
these interactions are in thermal equilibrium at high
temperatures.

We use these relations to write the baryon number
density (B), lepton number density (L), and electric charge
density (Q) in terms of {u,,, o, fs,, Mg, Ms, x} We
find the following expressions for these comoving number
densities:

15 40
B(Z) — 47T2g*T<24,u,uL + an,LLSB - ?MX)} (62)
Lo -1 (28us, — 24pp +2 ) (63
4mrg, TS T e T LA :
15
0 = P T(&UmL + 26y — 6us, — 2uy), (64)

see Tables I and III for the leptonic and baryonic charges.
At high temperatures, each of these charge densities in
Egs. (62)—(64) must vanish. These three conditions, along
with the sphaleron condition
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3Qpmu, + pa, + o) = Qi + pay + per)

=06u,, —2pmo t+3ux =0, (65)

give us four equations and six unknowns. We solve this
system of equations in terms of the chemical potentials wu,
and M, since these are the chemical potentials corre-
sponding to the conserved charges in the transformation
laws Sz — e'“sSp and S} — €' S} .

We find that in thermal equilibrium the following rela-
tions amongst the chemical potentials

9
Mo = 8630 <2 2lngps, — 9n pg ),
Ms, = 8630(162"BM53 763npg ),
(66)
Mx = 8630 soan (24Tnpps, — 18”LMS')
Pu, = T 3455 Tic, 4lngps, +4nppg ).

Using these equilibrium relations, we find what is called
the baryon number density at late times. The baryon num-
ber density at late times will include the contribution of the
ordinary quarks and the contribution from the decay of
the fourth-generation quarks. In ordinary quarks we have

1
5(3)(3)(MML + oy, + pg, + pg) =120, (67)

The contribution from the fourth-generation quarks
(Q' — Xt + ¢) gives

1

5(3)(%; o, t g+ oma) =4y, — px). (68)

The observed baryon excess is the sum of these two con-
tributions and is given by

15
B}z) = W(12MML + 4(IU’L¢L - :“X)) (69)
15
4 2 (4(4/-Lu1 ,L,LX))

_ 1971( 15ng <@>)_ 66 ( 15n; (MS’L))
4315\27%g \ T 4315\27%g \ T
1 1 !
~—046( g (“Sﬂ))—o.oz( o (MSL)). (70)
2mg \ T 2m°g. \ T

Since X is the cold dark matter candidate in the theory, one
has to check the prediction for the ratio between the DM
density and the baryon asymmetry. The DM asymmetry is
given by

ny—ng 15
s _2772g*T('u
15
_2772g*T

3
X E(MM’L + lu“d’L + luu’R + Md;e))

(Tpx = 61,,). (71)
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Therefore, in this case using Eq. (66), one finds

ngy —ng 15 (3516 99
4315 "BMse T 4315

s - 27ng$T a1 LM ) (72)

One can find an upper bound on My using the constraint
|ny — ngl = npy. This gives the constraint
Qp/M, — 1971ASp + 66AS]

(73)

where M, =1 GeV is the proton mass and the observed
ratio Qpy = 5€),. So in this scenario the dark matter mass
must be in the range

My = m (QDM) 1971AS; + 66AS)
13516AS; — 99AS] |

(74)

The work in Sec. III shows that the dark matter mass must
be at least 50 GeV to obtain the correct dark matter relic
density while evading direct detection limits. Depending
on the initial charge densities, it is possible to simulta-
neously explain the DM relic density and the baryon
asymmetry in this scenario. Equation (74) shows that this
requires a somewhat awkward fine-tuning between the
initial charge densities of the global symmetries Sz —
e'*sSp and S| — e S, .

In model (2), one can have a nonzero baryon asymmetry
(even if B and L are broken at the low scale) if there is a
primordial asymmetry in the scalar sector; however, we
need physics beyond what is in model (2) to explain how
this primordial asymmetry is generated.

V. SUMMARY

We have investigated the cosmological aspects of two
simple models, denoted (1) and (2), in which baryon
number (B) and lepton number (L) are local gauge sym-
metries that are spontaneously broken around the weak
scale. In these models, the stability of our scalar dark
matter candidate is a consequence of the gauge symmetry.

In model (2), we studied the possible dark matter anni-
hilation channels and found what values of the masses and
couplings lead to the observed relic abundance of dark
matter. In the case where the s-wave annihilation through
an intermediate Higgs dominates, we find that, for My =
120 GeV, in order to evade the direct detection bounds the
coupling between the Higgs and the dark matter must be
less than 10713 and 51 GeV =< My =< 63 GeV. In the case
where the p-wave annihilation through an intermediate
leptophobic gauge boson dominates, we find that the cou-
pling between the leptophobic Zz and the dark matter must
be less than 0.1 and 235 GeV = My =< 250 GeV when
My, = 500 GeV. In this case, the leptophobic gauge bo-
son has to be below the TeV scale and one finds a lower
bound on the elastic cross section o5 = 5 X 107 c¢m?
In both cases, direct detection experiments constrain the
annihilation to proceed close to resonance in order to evade
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direct detection and to produce the observed relic abun-
dance of dark matter. We have shown that even though
baryon number is gauged and spontaneously broken at the
weak scale, it is possible to generate a cosmological baryon
excess. A modest fine-tuning is needed to achieve both the
measured dark matter relic abundance and baryon excess.

In model (1), we introduced a simple mechanism to split
the masses of the real of the imaginary part of the neutral
component of the new scalar doublet to evade direct de-
tection limits. We showed that one can simultaneously
achieve both the observed baryon asymmetry of the
Universe and the dark matter relic abundance. In particular,
when L is broken at the high scale but B is spontaneously
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broken at the weak scale, standard leptogenesis can be
applied.
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