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I. INTRODUCTION

The nature of dark matter (DM) in the Universe is one of the big open questions in science. Even

though no direct evidence for the particle nature of this non-luminous but gravitationally interacting

form of matter has been found yet, dark matter is embraced by the particle physics community as

one of the most pressing issues demanding an extension of the well-established Standard Model of

particle physics (SM). A particle candidate for dark matter has to be stable or at least long-lived

on cosmological time scales. Therefore, it is crucial to understand dynamically the stability of the

dark matter. Symmetries provide a nice way to guarantee the stability of a dark matter candidate,

but often such a symmetry is only imposed by hand in a particular dark matter model, without

following from an underlying principle.

There is a long history of attempts to consistently gauge the accidental global symmetries baryon

and lepton numbers [1–9] of the SM Lagrangian. Recently, the simplest realistic versions of such

theories for baryon and lepton numbers have been discussed [6–13]. Anomaly cancellation requires

the introduction of additional fermions, and new fields charged both under U(1)B and U(1)L—we

refer to them as lepto-baryons—provide a simple solution [9, 13]. The dark matter stability is

automatic in these theories since after symmetry breaking there is a remnant Z2 symmetry in the

new sector that forbids the decay of the lightest new particle with fractional baryon number.

These theories have a rich phenomenology and it is worthwhile to study them in more detail.

One of the most interesting predictions is that when local baryon number is broken at the low

scale the proton is stable and there is no need to postulate the existence of a large desert. The

cosmological aspects of these models have been investigated in Refs. [7, 12], where we have shown

that even though baryon number is broken at the low scale, a non-zero baryon asymmetry can be

generated in agreement with the experiment.

In this paper, we discuss phenomenological aspects of the simplest theory for spontaneous baryon

number violation [9, 11] in detail. Our main goal is to understand the testability of this model.

Therefore, we discuss the properties of the new leptophobic gauge boson related to baryon number,

as well as properties of the additional physical Higgs field. We present their decay properties as

well as possible production channels at the LHC. We investigate the predictions for dark matter

experiments using the relevant collider constraints. Finally, we discuss the possibility to find an

upper bound on the symmetry breaking scale using the relic density constraints. This upper bound

tells us that this model could be tested or ruled out at current or future colliders.

This paper is organized as follows. In Section II we review the simplest theories for local baryon
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Table I. Fermion content beyond the Standard Model and the corresponding quantum numbers of the lepto-
baryons in the model to be studied in detail in this paper, first presented in Ref. [9]. The right-handed
neutrinos ναR are present in the model (α = 1, 2, 3 is the family index).

Fields SU(3) SU(2) U(1)Y U(1)B U(1)L

ναR 1 1 0 0 1

ΨL 1 2 - 1
2 B1 L1

ΨR 1 2 - 1
2 B2 L2

ηR 1 1 - 1 B1 L1

ηL 1 1 - 1 B2 L2

χR 1 1 0 B1 L1

χL 1 1 0 B2 L2

number. In Section III we discuss phenomenological aspects of one of these theories at the LHC in

detail. We study the dark matter sector of this theory in Section IV, and finally we summarize our

main results in Section V.

II. THEORIES FOR LOCAL BARYON NUMBER

Recently, the simplest theories where the baryon and lepton numbers are local gauge symmetries

have been proposed and investigated in some detail [6–9, 11–13]. Therefore, these theories are based

on the gauge group

GBL = SU(3) ⊗ SU(2)⊗ U(1)Y ⊗ U(1)B ⊗ U(1)L. (1)

There are two simple realistic versions of these theories: one can add new vector-like fields with

baryon and lepton numbers to cancel all the anomalies [9], see the particle content beyond the

Standard Model in Table I, or have new fields with Majorana masses after symmetry breaking [13].

After symmetry breaking, both models have the same extra degrees of freedom, only eight, even

if the number of representations is different. Since the new fields carry both baryon and lepton

number, we refer to them as “lepto-baryons”.

In this article we discuss phenomenological and cosmological aspects of the model with the
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particle content given in Table I. We focus only on the sector with local baryon number such that

the relevant gauge group is given by

GB = SU(3)⊗ SU(2) ⊗ U(1)Y ⊗ U(1)B , (2)

obtained after the lepton number is broken at a high scale. The Lagrangian of the model is given

by

L = LSM + LB , (3)

where LSM is the Lagrangian for the SM fields. Since all quarks have baryon number, their kinetic

term is modified, taking into account an additional coupling to the new gauge boson related to

baryon number. The new part of the Lagrangian, LB, is given by

LB = −1

4
BB

µνB
µν,B − ǫB

2
BB

µνB
µν + Lf + LSB

, (4)

where Bµν = ∂µBν−∂νBµ is the U(1)Y field strength tensor and BB
µν = ∂µB

B
ν −∂νB

B
µ is the U(1)B

field strength tensor. The term Lf contains the couplings of the new fermions,

Lf = iΨL /DΨL + iΨR /DΨR + iηL /DηL + iηR /DηR + iχL /DχL + iχR /DχR

− Y1ΨLHηR − Y2ΨLH̃χR − Y3ΨRHηL − Y4ΨRH̃χL

− λΨΨLΨRSB − ληηRηLSB − λχχRχLSB + h.c., (5)

where the Standard Model Higgs field H and the additional scalar boson SB transform as

H ∼ (1,2, 1/2, 0) and SB ∼ (1,1, 0, B1 −B2), (6)

and H̃ = iσ2H
∗. The term LSB

is defined as

LSB
= (DµSB)

†DµSB −m2
BS

†
BSB − λB(S

†
BSB)

2 − λHB(H
†H)(S†

BSB). (7)

The baryon numbers B1 and B2 of the new fermions are constrained by the conditions of anomaly

cancellation (see the detailed discussion in Refs. [9, 13]), and one finds that all relevant anomalies
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are cancelled for any choice of B1 and B2 which satisfy the condition

B1 −B2 = −3. (8)

We will therefore treat B ≡ B1 + B2 as a free parameter in the rest of the paper. Notice that

couplings that generate Majorana masses for the SM singlet fields χL and χR after symmetry

breaking such as χLχLSB and χRχRS
†
B would be allowed for B1 = −B2. We will discuss only the

Dirac case, sticking to B1 6= −B2 in the remainder of the article.

The condition in Eq. (8) and the need to generate vector-like masses for the new fermions

unambiguously fix the baryon number of the new boson SB, such that it transforms as

SB ∼ (1,1, 0,−3). (9)

Therefore, once SB obtains a vacuum expectation value breaking local baryon number, we will only

have |∆B| = 3 interactions and proton decay never occurs. This is a key result which tells us that

the great desert is not needed to suppress proton decay and the cutoff of the theory can be low.

A few comments regarding the spectrum of the theory are in order. After spontaneous breaking

of baryon number, we have four charged and four neutral new fermions in the theory. These fermions

carry baryon number, see Table I, and do not couple directly to SM quarks and leptons. Therefore,

no new sources of flavor violation in the SM quark and lepton sectors are introduced. There is a

remnant Z2 symmetry after breaking of the local U(1)B under which the new fermions are odd

whereas all other fields are even. Thus, the lightest new fermion with fractional baryon number

is automatically stable and—if neutral—a DM candidate. Notice that this is a direct consequence

of symmetry breaking and does not have to be put into the theory by hand. We will assume that

the mixing between the SU(2) doublets and singlets in the new sector is small, i.e., small Yukawa

couplings Yi (i = 1, . . . , 4) in Eq. (5), and take the SM singlet-like Dirac field χ = χL + χR to be

our DM candidate. The rest of the new fermions is assumed to be heavy. We will discuss bounds

on the mass of the second physical Higgs field in Sec. III B.

III. PHENOMENOLOGICAL ASPECTS AT THE LHC

Our main goal is to understand the testability of the model. Therefore, one needs to identify

the properties of the decays of the leptophobic gauge boson ZB and the new Higgs field h2 and

understand the connection to dark matter. We will focus on the most optimistic scenario where
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MZB
,Mh2

> 2Mχ. In this case the leptophobic gauge boson and the new physical Higgs can decay

into dark matter and one can realize the test of this model at collider experiments. Therefore, we

can distinguish this theory from other scenarios where the baryon number is a local symmetry but

there is no dark matter candidate.

A. Leptophobic Gauge Boson Decays

The model predicts the existence of a new neutral gauge boson associated to the local baryon

number. The interactions of this gauge boson that are relevant for our discussion are given by

LB ⊃ −gBχ̄ (B1PL + B2PR) γ
µχ ZB

µ +
1

2
M2

ZB
ZB
µ ZB,µ − 1

3
gB
∑

i

q̄iγ
µqiZ

B
µ , (10)

where we have neglected the kinetic mixing between the two Abelian symmetries, the term propor-

tional to ǫB in Eq. (4), such that ZB
µ = BB

µ . Here PL = (1 − γ5)/2 and PR = (1 + γ5)/2 are the

usual left- and right-handed projection operators, while B1 and B2 are the baryon numbers of the

new fermions, see Table I for the assignment. The mass of the leptophobic gauge boson is given by

MZB
= 3gBvB , (11)

where vB is the vacuum expectation value of the SB boson and gB is the baryonic gauge coupling.

Motivated by the dark matter study in Section IV we assume that the ZB gauge boson decays only

into all the Standard Model quarks and into dark matter χ.

The ZB gauge boson can be produced at the LHC through its coupling to quarks. Its decay

properties are given in Fig. 1, where the left panel shows the total width Γtot(ZB) and the invisible

width Γinv(ZB) for two values of the gauge coupling, gB = 0.1 and gB = 0.5, and the right panel

shows the branching ratios to jets, top quark pairs, and dark matter. In both panels, the dark

matter mass is set to Mχ = 500GeV and B = 1/2.

For a given mass MZB
of the leptophobic gauge boson, one can use the left panel of Fig. 1

to read off the corresponding total width Γtot(ZB) for a particular gauge coupling gB , such that

a measurement of the total width could give us the value of the gauge coupling. For example,

using MZB
= 1.5TeV, one obtains Γtot(ZB) = 1.19GeV for gB = 0.1 and Γtot(ZB) = 29.7GeV

for gB = 0.5. Notice that the contribution of the invisible decay into dark matter to the total

width above threshold could be large. It is important to have this invisible decay to test the model.

Having only decays into the Standard Model quarks, it would be difficult to distinguish this model
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Figure 1. Decays of the leptophobic gauge boson ZB. The left panel shows the total width Γtot(ZB) and
the invisible width Γinv(ZB) for two values of the gauge coupling, gB = 0.1 (in blue) and gB = 0.5 (in red).
The right panel shows the branching ratios of the ZB decays into jets (in red), top quark pairs (in blue),
and dark matter (in green). Notice that the branching ratios are independent of the value of gB. The plots
are for a dark matter mass Mχ = 500GeV and B ≡ B1 +B2 = 1/2.

from other Z ′ models where there is no relation between baryon number and the dark matter sector.

The right panel of Fig. 1 shows the ZB branching ratios, which are independent of the choice

of gB . In most of the parameter space, the branching ratio into top quark pairs is about Br(ZB →
t̄t) ≈ 0.1. For large MZB

, the decay into dark matter is possible and may even become dominant,

for the given parameters up to Br(ZB → χ̄χ) ≈ 0.5 around MZB
= 3TeV.

Using the decay of ZB into two top quarks, the ATLAS collaboration has set bounds on this

type of gauge bosons [14]. The relevant process is the decay into two top quarks with mass Mt,

pp → Z∗
B → t̄t.

The hadronic production cross section for this process is given by

σ(pp → Z∗
B → t̄t)(s) =

∫ 1

τ0

dτ
dLpp

qq̄

dτ
σ(qq̄ → Z∗

B → t̄t)(ŝ). (12)

It can be computed using the cross section at the partonic level

σ(q̄q → Z∗
B → t̄t)(ŝ) =

g4B
√

ŝ− 4M2
t

972π
√
ŝ

(

2M2
t + ŝ

)

[

(ŝ −M2
ZB

)2 +M2
ZB

Γ2
ZB

] , (13)



9

σ
(p

p
→

Z
∗ B
→

t̄t
)

[f
b
]

MZB
[GeV]

√
s = 8 TeV, Mχ = 500 GeV

gB = 1.0
gB = 0.5
gB = 0.1

ATLAS bound

10−2

10−1

100

101

102

103

104

105

500 1000 1500 2000 2500 3000

σ
(p

p
→

Z
∗ B
→

t̄t
)

[f
b
]

MZB
[GeV]

√
s = 14 TeV, Mχ = 500 GeV

gB = 0.4
gB = 0.1

10−1

100

101

102

103

104

105

500 1000 1500 2000 2500 3000

Figure 2. Decay of the leptophobic gauge boson ZB into two top quarks. The left panel shows the experi-
mental bounds from the ATLAS collaboration [14] (solid black) and the theoretical predictions for different
values of the gauge couplings (gB = 1 in red, gB = 0.5 in blue, and gB = 0.1 in green) when

√
s = 8TeV.

The right panel shows the cross section for different values of the gauge couplings (gB = 0.4 in blue and
gB = 0.1 in green) when

√
s = 14TeV. Notice that we set (as before) Mχ = 500GeV, which has impact on

the cross section through the decay width ΓZB
.

together with the MSTW 2008 parton distribution functions [15] giving the parton luminosities via

dLpp
qq̄

dτ
=

∫ 1

τ

dx

x

[

fq/p (x, µ) fq̄/p

(τ

x
, µ
)

+ fq/p

(τ

x
, µ
)

fq̄/p (x, µ)
]

. (14)

Here, τ = ŝ/s, ŝ is the partonic center-of-mass energy squared, s is the hadronic center-of-mass

energy squared, τ0 = 4M2
t /s is the production threshold, and µ is the factorization scale. We use

the abbreviation ΓZB
= Γtot(ZB).

Using these equations, we show the numerical results for the cross section in Fig. 2 (left panel)

for different values of the gauge coupling, gB = 0.1, 0.5, and 1.0, for a center-of-mass energy of
√
s = 8TeV. The black curve is the experimental upper bound from the ATLAS collaboration [14].

We use a K-factor of K = 1.1 to account for next-to-leading order QCD effects in the ZB production

and decay into t̄t [16]. Notice that this is smaller than the value K = 1.3 typically used by

ATLAS [14]. Since the area above the black curve is ruled out by experiment, one can say that

the gauge coupling must be smaller than 0.5 to be consistent with the experiment in most of the

parameter space. This is the main result of this section. A value of gB = 0.5 is ruled out or at least

borderline for values MZB
≤ 1.1TeV, while for values MZB

≥ 1.6TeV still gB = 1 is viable. We will

use gB = 0.4 as benchmark value in the rest of the paper. Notice that the onset of decays into DM
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changes the width of the ZB, in the plot this is the case at MZB
= 1TeV because Mχ = 500TeV,

and the cross section is therefore modified. We will stick to ZB ’s with mass MZB
≥ 1TeV in our

discussion, for light ZB ’s with small gauge couplings see the discussion in Refs. [17–19]. We would

like to mention that the bounds from mono-jet searches are very weak when the ZB gauge boson

is heavy, see Ref. [20] for details.

In Fig. 2 (right panel) we show the numerical results for the center-of-mass energy
√
s = 14TeV

in order to understand the possibility to test this theory in the next run of the LHC. We can

estimate the expected number of events by

N(t̄t) = L × σ(pp → Z∗
B → t̄t). (15)

Assuming a luminosity of L = 30 fb−1, a gauge boson mass of MZB
= 1.5TeV and a gauge

coupling of gB = 0.4, one has σ(pp → Z∗
B → t̄t) = 131.8 fb, and thus one obtains N(t̄t) = 4.0×103.

Therefore, in this way we can probe most of the parameter space in this sector at the LHC even

with L = 30 fb−1. In order to distinguish between the signal and the large QCD background one

needs to impose the standard cut on the invariant mass of two quarks, i.e., Mtt̄ ≈ MZB
. See for

example Ref. [14, 21] for the reconstruction of these events.

B. Higgs Boson Decays and Production Mechanisms

The Higgs sector of the model is composed of the SM Higgs H and the SB boson breaking the

local baryon number, which we write as

HT =

(

0
h(x) + v0√

2

)

, and SB =
(hB(x) + vB)√

2
eiσB(x)/vB . (16)

Using the scalar potential at tree level

V (H,SB) = m2
HH†H + λH(H†H)2 +m2

BS
†
BSB + λB(S

†
BSB)

2 + λHB(H
†H)(S†

BSB), (17)

we find the minimization conditions

v0

(

m2
H + λHv20 +

1

2
λHB v2B

)

= 0, (18)

vB

(

m2
B + λBv

2
B +

1

2
λHB v20

)

= 0. (19)
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Therefore, there are four possible vacua:

1. v0 = 0 and vB = 0. This vacuum has zero energy, V
(1)
min

(0, 0) = 0, and of course it is not

phenomenologically viable.

2. v0 6= 0 and vB = 0. In this case we can generate only masses for the Standard Model particles

and the energy of the two degenerate vacua is given by

V
(2)
min

(v0, 0) = −1

8
M2

h v20 ≈ −1.2× 108 GeV4, (20)

where Mh is the Standard Model Higgs mass, Mh = 126GeV and v0 = 246GeV.

3. v0 = 0 and vB 6= 0. The local baryon number symmetry is broken in this case and the energy

of the minima is defined by

V
(3)
min

(0, vB) = −1

4
λB v4B , (21)

and as in the previous cases one cannot have a realistic scenario.

4. v0 6= 0 and vB 6= 0. This is the only realistic scenario and from the minimization conditions

we find

v20 = −2

(

2m2
HλB −m2

BλHB

)

4λBλH − λ2
HB

, v2B = −2

(

2m2
BλH −m2

HλHB

)

4λBλH − λ2
HB

. (22)

We will of course stick to case 4. In order to have a potential bounded from below and a

minimum we need to impose the conditions

λH > 0, λB > 0, and λHλB − 1

4
λ2
HB > 0. (23)

In this case the energy of the minima is given by

V
(4)
min(v0, vB) = −1

4
λH v40 −

1

4
λB v4B − 1

4
λHB v20v

2
B . (24)

Therefore, using this expression we can set the condition to use the global minimum when λHB is

positive. Now, we are ready to study the physical spectrum in this realistic scenario. The mass
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matrix for the physical Higgses in the basis (h, hB) is given by

M2
0 =

















2v20λH v0vBλHB

v0vBλHB 2v2BλB

















, (25)

and the physical states are defined as

h1 = cos θB h + sin θB hB , (26)

h2 = − sin θB h + cos θB hB , (27)

where the mixing angle is

tan 2θB =
v0vBλHB

v20λH − v2BλB
. (28)

The masses of the physical Higgs fields are

M2
h1

= v20λH + v2BλB − | csc 2θB | v0vBλHB ≈ 126GeV, (29)

M2
h2

= v20λH + v2BλB + | csc 2θB | v0vBλHB. (30)

These expressions are valid only when λHB 6= 0. Notice that when λHB = 0 the two Higgses do not

mix and we have the SM Higgs and the hB in the new sector. Here v0 = 246GeV, vB = MZB
/3gB

and the Higgs masses are related via

M2
h2

= M2
h1

+
2

3gB
| csc 2θB | v0 MZB

λHB . (31)

Using this expression, we show in Fig. 3 the numerical values for Mh2
as a function of the input

parameters. Notice that there is an upper limit on the mass of the h2, depending of course on the

value of the input parameters. In particular, for the used values, the h2 is always lighter than the

leptophobic gauge boson ZB . After symmetry breaking both Higgses will have interactions with

the SM fields, as well as self-interactions. The relevant interactions for our discussions are

L ⊃ −Mf

v0
cos θB f̄fh1 +

Mf

v0
sin θB f̄fh2 +

2M2
W

v0
cos θBh1WµW

µ +
M2

Z

v0
cos θBh1ZµZ

µ
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Figure 3. Mass of the heavy CP-even Higgs h2 vs. the mass of the leptophobic gauge boson ZB. We use
Mh1

= 126GeV, gB = 0.4 and vary λHB ∈ [0.001, 0.1]. Blue dots are for θB = 0.02, red triangles are for
θB = 0.1.

− 2M2
W

v0
sin θBh2WµW

µ − M2
Z

v0
sin θBh2ZµZ

µ − Mχ

vB
sin θB χ̄χh1 − Mχ

vB
cos θB χ̄χh2

− 1

2
c112 h21h2 + 6gBMZB

cos θBh2Z
B
µ ZB,µ, (32)

where

c112 = −6v0λH cos2 θB sin θB + 6vBλB cos θB sin2 θB

+ λHB

(

vB cos3 θB + 2v0 cos
2 θB sin θB − 2vB cos θB sin2 θB − v0 sin

3 θB
)

. (33)

The parameters λB , λH and λHB can be written as functions of the other free parameters,

λB =
9g2B
M2

ZB

(

M2
h1
c2 − M2

h2
c1
)

c22 − c21
, (34)

λH =
1

v20

(

M2
h1
c1 − M2

h2
c2
)

c21 − c22
, (35)

λHB =
3gB tan 2θB

MZB
v0

(

M2
h1

− M2
h2

)

c1 − c2
, (36)

where

c1 = 1− | csc 2θB | tan 2θB, and c2 = 1 + | csc 2θB| tan 2θB . (37)
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Figure 4. Branching ratios of h2 as a function of the mixing angle θB. Here we use Mχ = 500GeV,
MZB

= 1.2TeV, Mh2
= 1.1TeV, and gB = 0.4 as input parameters. The branching ratio to leptons is too

small to be visible in the plot. Notice that the decay into two ZB is not allowed kinematically for the given
choice of parameters.

Therefore, since Mh1
≈ 126GeV, this model has only six free parameters

gB , MZB
, θB, Mh2

, B, and Mχ,

and the complete discussion of its phenomenological and cosmological aspects can be done using

these parameters.

The SM-like Higgs h1 cannot decay into dark matter, χ, or into two h2 because the latter two

are too heavy. Therefore, in this model the branching ratios of h1 are the same as in the SM.

However, the couplings of h1 to fermions and to the gauge bosons contain the mixing angle via the

factor cos θB, which is constrained by the experiments. For example, using the ratios [22]

Rγγ =
σ(pp → h1)× Br(h1 → γγ)

σ(pp → h)SM × Br(h → γγ)SM

= 1.58+0.27
−0.23, (38)

RWW =
σ(pp → h1)× Br(h1 → WW ∗)

σ(pp → h)SM × Br(h → WW ∗)SM

= 0.87+0.24
−0.22, (39)

RZZ =
σ(pp → h1)× Br(h1 → ZZ∗)

σ(pp → h)SM × Br(h → ZZ∗)SM

= 1.11+0.34
−0.28, (40)

we can set a bound on the mixing angle. Using the central value RWW = 0.87 we find θB = 0.37 (∼
π/10). We will discuss phenomenologically viable values for the mixing angle in more detail below.
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Figure 5. Decays of the heavy Higgs boson h2. The left panel shows the total decay width Γ(h2) of the h2,
and the right panel shows the different branching ratios. We use Mχ = 500GeV, MZB

= 1.2TeV, θB = 0.02,
and gB = 0.4 as parameters for the plots. Three-body decays are taken into account for the decay into two
ZB’s, h2 → Z∗

BZB → q̄qZB.

The heavy Higgs h2 has interesting properties, because one can have the decays

h2 → q̄q, ēe,WW,ZZ, h1h1, χ̄χ, ZBZB.

In Fig. 4 we show the branching ratios as a function of the mixing angle θB . For small mixing angles

(θB ≤ 0.02), the decays into SM fields are suppressed, while the invisible decays into dark matter

dominate. For large mixing angles (θB ≫ 0.02), the decay into dark matter is strongly suppressed,

and the decay into the SM Higgs dominates over the decays into SM fermions and gauge bosons.

To have the distinguishing feature of decays into dark matter motivates the use of a rather small

mixing angle (θB = 0.02) in the phenomenological survey of the model.

In Fig. 5, we show the properties of the decay of the heavy Higgs in more detail for Mχ =

500GeV, MZB
= 1.2TeV, and gB = 0.4. The choice of the small value of θB = 0.02 is motivated

by the above discussion. In the left panel, we show the total decay width as a function of the mass

Mh2
, and in the right panel we display the branching ratios. Before the threshold for the decay

into dark matter the decay into the SM Higgs dominates. When becoming allowed, the decays into

dark matter become dominant.

The only viable production channel that is not suppressed by the mixing angle is the associated

ZBh2 production,

pp → Z∗
B → ZB h2.
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Figure 6. Associated production of the heavy Higgs h2 at the LHC. We show the prediction for a center-of-
mass energy of

√
s = 14TeV, and use MZB

= 1.2TeV, θB = 0.02. The red line is for gB = 0.5 and the blue
line for gB = 0.4.

Using the cross section at the partonic level

σ(q̄q → Z∗
B → ZBh2) =

g4B cos2 θB
144πŝ2

[

ŝ2 − 2ŝ(M2
ZB

+M2
h2
) + (M2

ZB
−M2

h2
)2
]1/2

[

(ŝ −M2
ZB

)2 +M2
ZB

Γ2
ZB

]

×
[

ŝ2 + 2ŝ(5M2
ZB

−M2
h2
) + (M2

ZB
−M2

h2
)2
]

, (41)

and the parton luminosities (compare Eq. (14)) we show in Fig. 6 the numerical results for this

cross section. Only for large values of the gauge coupling gB a significant production cross section

can be achieved. Notice that only gB = 0.4 is allowed over the whole parameter space, see Fig. 2 for

the bounds. In this case one can have interesting signatures at the LHC with a t̄t pair and missing

energy when ZB decays into two tops and h2 decays into dark matter. The number of events for

this channel is given by

N(t̄tEmiss
T ) = L × σ(pp → ZBh2)× Br(ZB → t̄t)× Br(h2 → χ̄χ). (42)

Using L = 300 fb−1, Mχ = 500GeV, MZB
= 1.2TeV, Mh2

= 1.1TeV, gB = 0.4, θB = 0.02, and

B = 1/2, one has σ(pp → ZBh2) = 0.181 fb, Br(ZB → t̄t) = 0.137, and Br(h2 → χ̄χ) = 0.452. One

therefore expects to have N(t̄tEmiss
T

) = 3 events for this channel. This naive estimation tells us

that the LHC could probe large fraction of the parameter space in this model looking for missing
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Figure 7. Invisible decays of the heavy Higgs h2. The plot shows the invisible branching ratio Br(h2 → χ̄χ)
as a function of Mh2

for different numbers of events (1 event in red, 10 events in blue, 100 events in green)
at the LHC with a center-of-mass energy of

√
s = 14TeV and a luminosity of L = 300 fb−1. We use

MZB
= 1.2TeV, θB = 0.02, and gB = 0.4.

energy and a t̄t pair. Notice that the current collider bounds on t̄tEmiss

T
are relevant for channels

with QCD production cross sections, but not for our model.

In Fig. 7, we give the Br(h2 → χ̄χ) for different numbers of expected events. Notice that

we can say that naively the mass of the h2 Higgs mass cannot be much beyond 1TeV in order

to have a significant number of events. The h2 can be produced through gluon fusion but this

channel is suppressed by the mixing angle, like all other SM-like production channels. For example,

when θB ≈ 10−2 the gluon fusion production cross section will be suppressed by four orders of

magnitude. In this case, in order to look for the decays into dark matter one needs to use a mono-

jet or mono-photon, and the cross section will be even more suppressed. The production of h2

through the vector-boson fusion with the ZB gauge boson is not suppressed by the mixing angle

but unfortunately it is suppressed by the ZB mass. Therefore, we have focused our study on the

study of the associated production which is not suppressed by the mixing angle.

As discussed before, a key element to identify these events at the LHC is the reconstruction of

the ZB gauge boson. In this way one can establish that the top quarks are from the ZB decays

and the QCD background can be suppressed. In summary, the discovery of the leptophobic gauge

boson ZB, the Higgs h2 with large branching ratio into dark matter, and the events with missing

energy will be crucial to identify this model in the near future.
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IV. BARYONIC DARK MATTER

In this theory one postulates the existence of a new sector needed to define an anomaly-free

theory. One of the predictions is that in this new sector the lightest field with fractional baryon

number can describe the cold dark matter in the universe. After the spontaneous breaking of local

baryon number a remnant discrete Z2 symmetry protects the dark matter candidate χ, which is a

Dirac fermion. In this section we discuss the main properties of this dark matter candidate.

A. Baryon Asymmetry vs. Dark Matter

In models where we have the spontaneous breaking of local baryon number at the low scale, we

must understand how it is possible to generate a baryon asymmetry in agreement with experiment.

This issue has been investigated in great detail in Ref. [12], where the authors studied the solution

for the chemical potentials in this theory. The analysis contains three key elements:

• The sphaleron condition on the chemical potentials is different because the sphaleron pro-

cesses conserve total baryon number,

(QLQLQLℓL)
3ΨRΨL, (43)

which imposes the following condition on the chemical potentials

3 (3µuL
+ µeL) + µΨL

− µΨR
= 0. (44)

• There are two conserved global symmetries which can be used to protect the asymmetries.

In the SM sector we have the B−L symmetry and in the new sector we have the η accidental

global symmetry. The new fermionic fields transform as

ΨL,R → eiη ΨL,R, (45)

ηL,R → eiη ηL,R, (46)

χL,R → eiη χL,R, (47)

under the η symmetry.

• Assuming chemical equilibrium and using all the interactions in the model, one can show [12]
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that the relation between the baryon and the dark matter asymmetries is given by

nq − nq̄

s
= C1 ∆(B − L)SM + C2 ∆η, (48)

where

C1 =
32

99
, and C2 =

15− 14B2

198
. (49)

In the above equation ∆(B−L)SM is the B−L asymmetry generated through a mechanism

such as leptogenesis, and

∆η =
nχ − nχ̄

s
, (50)

is the dark matter asymmetry.

In general we can discuss three main scenarios to understand the relation between the baryon

asymmetry and the dark matter relic density:

• ∆η = 0: In this case one has only a symmetric dark matter component and the baryon

asymmetry is defined by the B − L asymmetry,

ΩB =
32

99
ΩB−L, (51)

where ΩB−L = s∆(B − L)SMMp/ρc is normalized by the proton mass Mp. Here s is the

entropy density and ρc is the critical density. Notice that the coefficient is smaller than what

one obtains for only the SM fields [23]

ΩSM
B =

28

79
ΩB−L. (52)

The dark matter relic density in this case is only thermal and we will discuss the details in

the Section IV B.

• ∆(B−L)SM = 0: When there is no B−L asymmetry in the SM sector, there is a simple rela-

tion between the baryon asymmetry and the dark matter asymmetry. In this case one needs

to postulate a mechanism to generate the asymmetry in the dark matter sector. Imposing
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the condition Ωχ ≤ 5ΩDM one finds an upper bound on the dark matter mass

Mχ ≤ 5(15− 14B2)

198
Mp. (53)

• In the general case when both asymmetries, ∆(B−L)SM and ∆η, are different from zero one

finds [12] the following upper bound on the dark matter mass

Mχ ≤ C2 ΩDM Mp

|ΩB − C1 ΩB−L|
, (54)

As discussed in Ref. [12], this scenario can be in agreement with the cosmological constraints.

We have discussed the possible cases where one has a relation between the different asymmetries

in this model. However, since in this context we do not have a simple mechanism to explain an

asymmetry in the dark matter sector, we stick to the case when ∆η = 0. Then, there is simple

connection between the B−L asymmetry, generated by a mechanism such as leptogenesis, and the

baryon asymmetry. In this case we can explain the observed cold dark matter relic density using

standard thermal production. This is the main goal of the next section.

B. Cold Symmetric Dark Matter

Our dark matter candidate χ can annihilate into all the SM particles and into the new Higgs h2

and the leptophobic gauge boson ZB . Therefore, we can have the annihilation channels

χ̄ χ → q̄q, ℓ̄ℓ,WW, ZZ, hihj, ZBZB, hiZB ,

where hi = h1, h2. There are three main regimes for our study:

• Mχ < MZB
,Mh2

: In this case the allowed annihilation channels into two SM fermions or

gauge bosons are through the ZB gauge boson and the Higgses

χ̄ χ → Z∗
B → q̄q,

χ̄ χ → h∗i → q̄q, ℓ̄ℓ,WW,ZZ,
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and into two SM Higgs bosons

χ̄ χ → h1 h1.

All the channels through the Higgs bosons and the annihilation into two SM Higgs bosons

are velocity-suppressed, in addition to a suppression by the mixing angle. Therefore, in most

of the parameter space the annihilation through ZB will define the annihilation cross section

allowed by the relic density constraints.

• Mh2
< Mχ < MZB

: In this scenario there are two extra allowed channels

χ̄ χ → h1 h2, h2 h2,

which are velocity-suppressed.

• Mh2
,MZB

< Mχ: Finally, if the dark matter is heavier than the ZB and h2 bosons one can

have new open channels which are not velocity-suppressed:

χ̄ χ → hi ZB, ZBZB .

We have discussed in the previous section that in order to test this model one needs to discover the

ZB gauge boson and the h2 Higgs at the LHC. The decays ZB → χ̄χ and h2 → χ̄χ are crucial to

identify this model since the dark matter candidate is present in the theory to cancel the baryonic

anomalies. Therefore, this scenario has very important implications for the dark matter because

when the decays ZB → χ̄χ and h2 → χ̄χ are allowed, the most important annihilation channel is

χ̄ χ → Z∗
B → q̄q. The annihilation cross section for this channel is given by

σ(χ̄χ → Z∗
B → q̄q) =

3

16πs

√

s− 4M2
q

√

s− 4M2
χ

×
{

C2
1

[

s2 +
1

3

(

s− 4M2
q

) (

s− 4M2
χ

)

+ 4M2
q

(

s− 2M2
χ

)

]

+ 4M2
χC

2
2

(

s+ 2M2
q

)

}

, (55)

where the Ci coefficients are listed in Appendix C. The relic density can be computed using an

analytic approximation [24–26],

ΩDMh2 =
1.07 × 109 GeV−1

J(xf )
√
g∗ MPl

, (56)
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Figure 8. Constraints from the DM relic density. The plots show the DM relic density ΩDMh2 as a function
of the DM mass Mχ for MZB

= 1.5TeV and gB = 0.5 (red) and for MZB
= 1.0TeV and gB = 0.3

(blue). The left panel is for B = 1/2, and the right panel is for B = 2. The currently allowed value of
ΩDMh2 = 0.1199± 0.0024 [27] is marked by a thin blue band.

where MPl = 1.22 × 1019 GeV is the Planck scale, g∗ is the total number of effective relativistic

degrees of freedom at the time of freeze-out, and J(xf ) is given by

J(xf ) =

∫ ∞

xf

〈σv〉(x)
x2

dx. (57)

The quantity 〈σv〉 is a function of x, where x = Mχ/T , and is given by

〈σv〉(x) = x

16M5
χK

2
2 (x)

∫ ∞

4M2
χ

σ × (s− 4M2
χ)

√
s K1

(

x
√
s

Mχ

)

ds. (58)

Notice that there is an additional factor 1/2 compared to the expression for 〈σv〉 that is usually

given, because we include particles and antiparticles, see the discussion in Ref. [24]. Therefore, the

expression for the relic DM density in Eq. (56) describes the total DM relic density

ΩDM = Ωχ +Ωχ̄. (59)

The freeze-out parameter xf can be computed using

xf = ln

(

0.038 g MPl Mχ 〈σv〉(xf )√
g∗xf

)

, (60)
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0.0027 measured by Planck [27]. The plot shows the spin-independent elastic DM–nucleon cross section σSI

χN

as a function of the DM mass Mχ. The exclusion limits of XENON100 [28] and LUX [29] are given, as
well as the projected limit for XENON1T [30]. The gauge coupling is varied inside gB ∈ [0.1, 0.5], and the
gauge boson mass is varied inside MZB

∈ [0.5TeV, 5.0TeV]. Blue dots are for B = 1/2, red triangles are for
B = 2.

where g is the number of degrees of freedom. The modified Bessel functions K1(x) and K2(x) are

given by

K1(z) = z

∫ ∞

1
dt e−zt(t2 − 1)1/2, (61)

K2(z) =
z2

3

∫ ∞

1
dt e−zt(t2 − 1)3/2, (62)

when Re(z) > 0. The direct detection constraints must be included in order to understand which

are the allowed values of the input parameters in this theory. The elastic spin-independent nucleon–

dark matter cross section is given by

σSI
χN =

M2
NM2

χ

4π(MN +Mχ)2
g4B
M4

ZB

B2, (63)
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where MN is the nucleon mass. Notice that σSI
χN is independent of the matrix elements, because

baryon number is a conserved current in the theory. The above equation can be rewritten as

σSI
χN (cm2) = 3.1× 10−41

( µ

1GeV

)2
(

1TeV

rB

)4

B2 cm2, (64)

where µ = MNMχ/(MN +Mχ) is the reduced mass and rB = MZB
/gB .

In Fig. 8 we show the relic density as a function of the DM mass Mχ for different choices of gB

and MZB
. One can appreciate that one does not have to rely on the resonance to allow for the

current value of the relic density measured by Planck [27], ΩDMh2 = 0.1199 ± 0.0024. This result

is important in order to show that even the naive estimation for the relic density gives good results

in agreement with the cosmological constraints. In the case shown in the right panel when B = 2

one finds solutions very far from the resonance because obviously the annihilation cross section is

much larger than in the case when B = 1/2.

In Fig. 9 we show the values of the elastic spin-independent DM–nucleon cross section as a

function of the DM mass, assuming that our dark matter candidate makes up the whole dark

matter relic density. We take into account the constraints from XENON100 [28] and LUX [29].

Notice that the LUX bounds rule out many possible solutions. However, for Mχ ≥ 500GeV one

finds many solutions with the right dark matter relic density ΩDM and in agreement with direct

detection. As one can appreciate there are many viable solutions in agreement with the dark matter

and collider experiments which can be used to understand the predictions for indirect detection.

We will investigate the indirect signatures in a future publication.

C. Upper Bound on the Symmetry Breaking Scale

The existence of a non-zero relic density can be used to find an upper bound on the symmetry

breaking scale, and we will discuss in detail how one can find this bound in what follows. Such a

bound tells us that there is a possibility to test or rule out this model at current or future collider

experiments.

Neglecting the velocity-suppressed terms in the annihilation cross section we find that

σv(χ̄χ → Z∗
B → q̄q) =

g4BM
2
χ

12π

(B1 +B2)
2

[

(4M2
χ −M2

ZB
)2 +M2

ZB
Γ2
ZB

] . (65)

Using the upper bound on the dark matter relic density, ΩDMh2 ≤ 0.12, and the fact that the
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dark matter and the gauge boson masses are generated through the same mechanism, i.e., Mχ =

λχvB/
√
2 and MZB

= 3gBvB , we find

v2B ≤
g4B λ2

χ (B1 +B2)
2 1011 GeV2

168π
[

(2λ2
χ − 9g2B)

2 + 9
4π2 g

8
B

]

xf
(66)

for a given value of xf . Using this equation, it is possible to find an upper bound on the gauge

boson mass which is given by

MZB
≤ 182.5

(B1 +B2)√
xf

TeV. (67)

However, typically xf takes values between 20 and 40. Now, using xf = 20 and B1 +B2 = 1/2 as

an example, the upper bound on the gauge boson mass reads as

MZB
≤ 20.4TeV, (68)

and Mχ ≤ 10.2TeV. Notice that this bound is much smaller than the one coming from unitarity [31].

Therefore, we can say that this model could be tested in the near future.

V. SUMMARY

We have investigated the main features of the simplest theory where the baryon number is defined

as a local gauge symmetry broken at the low scale. This theory predicts the existence of a new

gauge boson associated to baryon number which decays into the Standard Model quarks and dark

matter. We have shown the properties of the leptophobic gauge boson and the new Higgs boson

decays. In both cases the branching ratio into dark matter can be large giving rise to signatures

with missing energy at colliders. We have discussed the associated production pp → h2ZB which

is not suppressed by the mixing angle in the Higgs sector. Then, using the predictions of h2 and

ZB decays into dark matter and top quarks respectively, we have shown the possibility to test this

theory at the LHC.

In order to find an upper bound on the leptophobic gauge boson mass we have discussed the

bounds from the relic density constraints. We found that MZB
≤ 20.4TeV when the freeze-out

temperature is xf = 20 and B = 1/2. This bound is not very sensitive to the value of the freeze-out

temperature and implies that we can rule out this theory in the near future at colliders. We have

shown the properties of all dark matter annihilation channels and the correlation with the collider
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constraints. The possibility to have a consistent scenario for baryogenesis has been analyzed. As

one can see, combining the signatures at the LHC and dark matter constraints one could test this

theory in current or future experiments.
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Appendix A: Decay Widths

The partial decay widths of the leptophobic gauge boson ZB are given by

Γ(ZB → q̄q) =
g2B
36π

MZB

(

1−
4M2

q

M2
ZB

) 1

2

(

1 +
2M2

q

M2
ZB

)

, (A1)

Γ(ZB → χ̄χ) =
g2BMZB

24π

(

1−
4M2

χ

M2
ZB

)1

2

[

(

B2
1 +B2

2

)

(

1−
M2

χ

M2
ZB

)

+ 6B1B2

M2
χ

M2
ZB

]

. (A2)

The partial decay widths of the new scalar boson h2 read as

Γ(h2 → f̄f) =
Nf

8π
|ch2f̄ f |

2Mh2

(

1 − 4
M2

f

M2
h2

)3/2

, (A3)

Γ(h2 → χ̄χ) =
9

8π

g2BM
2
χ

M2
ZB

cos2 θBMh2

(

1 − 4
M2

χ

M2
h2

)3/2

, (A4)

Γ(h2 → h1h1) =
1

16π

|c112|2
Mh2

(

1− 4
M2

h1

M2
h2

)1/2

, (A5)

Γ(h2 → WW ) =
GF

8
√
2π

sin2 θB M3
h2

(

1 − 4
M2

W

M2
h2

+ 12
M4

W

M4
h2

)(

1− 4
M2

W

M2
h2

)1/2

, (A6)

Γ(h2 → ZZ) =
GF

16
√
2π

sin2 θB M3
h2

(

1 − 4
M2

Z

M2
h2

+ 12
M4

Z

M4
h2

)(

1− 4
M2

Z

M2
h2

)1/2

, (A7)

Γ(h2 → ZBZB) =
1

32π

cos2 θB M3
h2

v2B

(

1 − 4
M2

ZB

M2
h2

+ 12
M4

ZB

M4
h2

)(

1− 4
M2

ZB

M2
h2

)1/2

. (A8)

Appendix B: Production Mechanisms at the LHC

The average amplitude integrated over solid angle for the process q̄q → Z∗
B → ZBh2 and

q̄q → Z∗
B → t̄t are given by

∫

dΩ |M̄(q̄q → ZBh2)|2 =
4πg4B cos2 θB

9

[

s2 + 2s(5M2
ZB

−M2
h2
) + (M2

ZB
−M2

h2
)2
]

[

(s−M2
ZB

)2 +M2
ZB

Γ2
ZB

] , (B1)

∫

dΩ |M̄(q̄q → Z∗
B → t̄t)|2 = 16g4Bπs

243

[

2M2
t + s

]

[

(s−M2
ZB

)2 +M2
ZB

Γ2
ZB

] . (B2)
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Appendix C: Dark Matter Annihilation Channels

The annihilation of our dark matter candidate χ into two SM quarks is mediated by the s-channel

exchange of the leptophobic gauge boson and the two physical Higgs particles,

χ̄χ → Z∗
B, h

∗
i → q̄q,

where hi = h1, h2. The average amplitude squared for these channels is given by (a color factor

Nc = 3 for the quarks is taken into account)

∫

dΩ |M̄(χ̄χ → q̄q)|2 = 12π C2
1

(

s2 +
1

3
(s− 4M2

q )(s− 4M2
χ) + 4M2

q (s − 2M2
χ)

)

+ 48πM2
χ C2

2 (s+ 2M2
q ) + 12π|C3|2(s− 4M2

q )(s− 4M2
χ), (C1)

where

C2
1 =

g4B
18

(B2
1 +B2

2)

[(s−M2
ZB

)2 +M2
ZB

Γ2
ZB

]
, (C2)

C2
2 =

g4B
9

B1B2

[(s−M2
ZB

)2 +M2
ZB

Γ2
ZB

]
, (C3)

C3 = i
ch1χ̄χch1q̄q

s−M2
h1

+ iMh1
Γh1

+ i
ch2χ̄χch2q̄q

s−M2
h2

+ iMh2
Γh2

. (C4)

The couplings are given by

ch1χ̄χ = 3gB
Mχ

MZB

sin θB , (C5)

ch2χ̄χ = 3gB
Mχ

MZB

cos θB , (C6)

ch1q̄q =
Mq

v0
cos θB , (C7)

ch2q̄q =
Mq

v0
sin θB. (C8)
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