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Abstract Baryon and lepton numbers being accidental
global symmetries of the Standard Model (SM), it is natural
to promote them to local symmetries. However, to preserve
anomaly-freedom, only combinations of B—L are viable. In
this spirit, we investigate possible dark matter realizations in
the context of the U (1)g_1, model: (i) Dirac fermion with
unbroken B-L; (ii) Dirac fermion with broken B-L; (iii)
scalar dark matter; (iv) two-component dark matter. We com-
pute the relic abundance, direct and indirect detection observ-
ables and confront them with recent results from Planck,
LUX-2016, and Fermi-LAT and prospects from XENONIT.
In addition to the well-known LEP bound M/ /g1, = 7 TeV,
we include often ignored LHC bounds using 13 TeV dilepton
(dimuon + dielectron) data at next-to-leading order plus next-
to-leading logarithmic accuracy. We show that, for gauge
couplings smaller than 0.4, the LHC gives rise to the strongest
collider limit. In particular, we find M/ /gpr, > 8.7 TeV for
gL = 0.3. We conclude that the NLO+NLL corrections
improve the dilepton bounds on the Z’ mass and that both
dark matter candidates are only viable in the Z’ resonance
region, with the parameter space for scalar dark matter being
fully probed by XENON1T. Lastly, we show that one can suc-
cessfully have a minimal two-component dark matter model.

1 Introduction

The availability of data from collider, direct and indirect
searches for dark matter has raised the importance of dark
matter complementarity across these search strategies. In
this context, effective field theories and simplified models
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have become popular tools, as they can capture most of the
dark matter phenomenology. Planck measurements of the
power spectrum of the cosmic microwave background radi-
ation infer that the cold dark matter abundance should be
around 27% (pmh? = 0.12), where h is a parameter that
accounts for uncertainties in the Hubble rate [1]. This alone
strongly constrains the viable parameter space of dark mat-
ter models. The observation of cosmic rays and gamma rays
also offers a compelling probe for dark matter [2—-14]. In
particular, the Fermi-LAT sensitivity to continuous gamma-
ray emission from dark matter annihilations taking place in
dwarf galaxies resulted in restrictive bounds in the annihila-
tion cross section today, namely ov < 3 x 10726 ecm?3/s for
masses of 80 GeV and annihilation into bb quark pairs [15].
This rules out a multitude of light weakly interacting mas-
sive particle (WIMP) models in which velocity-independent
interactions occur.

Moreover, underground detectors using liquid xenon, such
as XENON [16] and LUX [17] that use scintillation and
ionization measurements to discriminate signal from back-
ground events, observed no excess, leading to the exclusion of
spin-independent WIMP-nucleon scattering cross sections
larger than 10~% c¢m? for WIMP masses of 50 GeV. Other
experiments have placed complementary limits in particu-
lar at lower masses such as SUPERCDMS, which uses Ge
targets [18]. The ongoing XENONIT [19] and LZ [20] exper-
iments are expected to bring down the limits by roughly two
orders of magnitude in the absence of signal and zero back-
ground events.

Besides the indirect and direct detection probes, the Teva-
tron [21] and the LHC [22,23] have proven to be great lab-
oratories to test dark matter models. In the case where the
dark and visible sectors are connected by vector mediators,
dijet [24-27] and dilepton [28-32] bounds are by far the
most stringent constraints. Dark matter phenomenology is
then dictated by gauge interactions which are determined,
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once the gauge group behind the origin of the vector medi-
ator is known. The common approach is to consider sim-
plified Lagrangians that encompass both Dirac and Majo-
rana dark matter fermions and then to compute dark matter
observables; namely, relic density, annihilation and scatter-
ing cross sections, the latter being spin-independent and spin-
dependent for Dirac and Majorana fermions, respectively.!
The simplified dark matter model approach is interesting,
intuitive and serves as a guide for future work. However,
the Lagrangians involved might lead to different results once
embedded in a complete theory.

In the context of the B-L model, dark matter scenarios
have been previously investigated. In [33] the authors dis-
cussed a limited region of the parameter space of scalar dark
matter only. In [34], the authors discussed the radiative see-
saw mechanism to account for neutrino masses and focused
exclusively on dark matter abundance. Supersymmetric B—
L extensions [35-37] and a conformal approach [38] have
also been investigated. Even though later disfavored in [39],
a global B-L symmetry has been proposed [40]. In [41] a
warm dark matter scenario was investigated. The possibility
of having one of the right-handed neutrinos to be the dark
matter candidate was entertained in [42—44], whereas in [45]
an additional scalar played this role. This extra scalar dark
matter was also investigated in [46], but in the context of clas-
sical scale invariance. The authors of [47,48] considered an
exotic B-L. model and advocated the presence of many scalar
fields. Finally, the authors of [49] studied Dirac fermion dark
matter in the context of a U (1)g_1, symmetry, but with the
inclusion of LEP bounds only they discussed gamma-ray
lines emissions, which turned out to be irrelevant unless one
lives very close to the resonance with a dark matter quantum
number under B-L larger than 3.

Thus, our work supplements previous studies for the fol-
lowing reasons:

(i) Both fermionic and scalar dark matter realizations are
discussed as well as several quantum numbers and
gauge couplings options.

(ii)) We investigate two-component dark matter scenarios.

(iii)) We perform a detailed collider study at next-to-leading
order (NLO) plus next-to-leading logarithmic (NLL)
accuracy using recent dilepton data from the LHC at
13 TeV, which are often ignored due to the handy LEP
limits.

(iv) Finally, the region of parameter space allowed/excluded
by limits from the LHC, LEP and indirect detection
experiments in dependence of the mass of the mediator,
gauge couplings and dark matter mass is presented.

! Dirac fermions also induce spin-dependent interactions but the spin-
independent ones lead to stronger constraints.

@ Springer

2 Model

In the Standard Model, both baryon and lepton num-
bers are accidental global symmetries. Thus, a natural
extension of the SM consists of gauging both quantum
numbers. However, only combinations of B-L are free
of triangle anomalies. Interestingly, the gauge anomalies
Tr(U(1)p-1.SU(2)7), Te(U (DU (D) and Tr(U (1)g_y)
vanish with the introduction of three right-handed neutrinos
having charge (—1) under B-L. In addition, this also leads to
vanishing gravitational anomalies. Therefore, the gauged B—
L symmetry naturally addresses neutrino masses through see-
saw mechanisms [50-55]. There are several ways to accom-
modate dark matter without spoiling the anomaly cancela-
tion, namely:

(i) Dirac fermion dark matter—Z’ portal with unbro-
ken B-L This model introduces a vector-like Dirac
fermion charged under U (1)g_r. leaving the B-L sym-
metry unbroken. Dark matter phenomenology is then
governed by the Z' portal. The new gauge boson mass is
generated through the Stueckelberg mechanism, which
leads to the following Lagrangian [56-58]:

_ o -
LD xy"Dux —Myxx — ZF/“”F[W - EMZ,Z;LZ/“
3
+ gBLM Z(IV;J + Divuvi) Z™
i=1
6
+ gBL1q Y _(Givug)Z™ + yijLiHvjg .

i=1

2.1)

wherenq = 1/3,n = —1,D, x = (0,+igBLNy Z,/L)X‘
We denote by H the isospin transformation of the
Higgs doublet, H = (¢1, ¢")7, defined as H =
iopH. The dark matter charge, n,, should be differ-
ent from £1 to prohibit an additional Yukawa term
involving xr, which would lead to dark matter decay.
Note that M is not determined by the B-L symme-
try and that the right-handed neutrinos acquire mass
through the usual Yukawa term. Consequently, the neu-
trinos are Dirac fermions with their small masses being
obtained via suppressed Yukawa couplings. We empha-
size that the dark matter stability is guaranteed by B—-L
symmetry.

(ii) Dirac fermion dark matter—Z’ portal with broken
B-L In this scenario one adds an SM singlet scalar,
S, carrying charge 2 under the B-L. symmetry. Dark
matter is realized via a vector-like Dirac fermion x as
follows:
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1 2 5
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3
+ gL Yyl + biyuv) 2™
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6
+ 8BLAq Y _(Givua)Z" + yijLiHvjR + AsRVRS.,
i=1

2.2)

where vp is the vev of the singlet scalar S and Mz =
2gpLuBL. This mass term arises after spontaneous sym-
metry breaking of the B-L symmetry through the scalar
S. The mass of the new gauge boson is generated
through the kinetic term of the scalar.

Interestingly, in this procedure the neutrinos are Majo-
rana particles. The right-handed neutrinos have masses
determined by the last term in Eq. (2.2), whereas the
active neutrinos have their masses generated through
the usual see-saw type I mechanism. The dark matter
stability in this case is ensured by a Z, symmetry rem-
nant from the B-L spontaneous symmetry breaking.
Another possibility would be to give different charges
to the three right-handed neutrinos such as (5, —4, —4),
which is still anomaly-free. However, several extra
fields are then needed to successfully generate neutrino
masses [59]. For other different studies based on the
B-L gauge symmetry, see [34,60-68].

(iii) Scalar dark matter—Z’ portal Scalar dark matter in
the context of B-L symmetry is also a plausible alterna-
tive to accommodate dark matter, since it requires only
two new fields: a singlet scalar S, with charge +2 under
B-L, and a scalar ¢, as dark matter which should be
charged under B-L with a quantum number, ng, dif-
ferent from multiples of 2 for stability purposes [45].
Taking this into account, the Lagrangian of this model
reads

2
. 2 A
£5u3s's+ s+ uge’s + L 0'e)?
+ 1@ O HTH) + 2 (STHHTH) + 230 9)(STS)
3
+ gL Yyl + viyuv) 2™
i=1
6 -
+ gBLq Z(q_iqu')Z’” +yijLiHvjR + ASVRVRS.
i=l1

(2.3)

The dark matter phenomenology [45] is determined by
both gauge interactions, ¢'¢p — Z’' — f f, and scalar
interactions, ¢ — h — f f, SS. In the first case the
dark matter phenomenology is strongly related to the
gauge coupling and the Z’ mass. It is very predictive and

connected to collider physics. In the second, the scalar
potential couplings control dark matter observables and
the strong connection to collider physics is lost, there-
fore, we will not discuss it further. For a detailed study
see e.g. [45].

3 Dark matter abundance

The relic abundance of dark matter is determined by solving
the Boltzmann equation. The dark matter particle pair annihi-
lates and is pair-produced in equal rate in the early Universe,
but as the Universe cools down and expands, eventually the
expansion rate approaches the interaction rate, and from then
on the dark matter particles are only able to self-annihilate
into lighter particles. Eventually, then the expansion rate pre-
vents the dark matter particles from self-annihilating. This
episode is referred to as freeze-out. In order words, the abun-
dance of left-over dark matter particles is linked to the anni-
hilation cross section at the freeze-out, which can be very dif-
ferent from the annihilation cross section today [69]. Thus,
the stronger the annihilation cross section is, the fewer rem-
nant dark matter particles subsist today. In what follows, we
discuss the abundance of the fermion and scalar dark matter
in quantitative terms.

Let n be to number density and s the entropy of the Uni-
verse, in general terms, the relic density calculation entails
solving the Boltzmann equation that computes the dark mat-
ter abundance at a given temperature, Y (7)) = n/s, found to
be [70,71],

a ’Tg*_(T)1‘/1],1<av)(1/(T)2 — Yeq(T)?)

1
dTr 45 S

where g, (T) is the temperature dependent number of degrees
of freedom, M), is the Planck mass, Yeq(7') the dark matter
abundance in thermal equilibrium, (o v) the thermally aver-
aged dark matter annihilation cross section. In general terms
the annihilation reads [71]

{ov)
B 207 88 Jimim ;) dSﬁKl(«/E/T)p?j > k1 Oijki (9)
- 2T (Y gim,-zf(z(mi/T))2

)

(3.2)

where g; is the number of degrees of freedom of the dark
matter particle, o;j, the total cross section for annihilation
of a pair of particles with masses m;, m; into the final states
(k, 1), and p;j (/) is the momentum of the incoming dark
matter particles in their center-of-mass frame. For instance,
today the dark matter particles are non-relativistic and thus
/s is simply twice the dark matter mass. K(K>) are the
modified Bessel functions of order one and two, respectively.

@ Springer
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In order to obtain the dark matter abundance today, Y (7p),
we integrate Eq. (3.1) from T = oo to T = T, leading to
Q h2 ~ 2,742 x 10522y (Tp) (3.3)
A GeV ' '
In what follows we have numerically computed the dark
matter abundance within micrOMEGAS [72,73]; however,
we do present analytic expressions for the annihilation cross

section since they help us understand the relevant processes
and our numerical results.

3.1 Dirac fermion

In Fig. 1a, b, we show the processes that set the dark matter
abundance for the fermion. When M, < My, only the first
diagram is relevant. f stands for all SM fermions, including
the right-handed neutrinos, whose masses are in the eV range
in the case where the B-L symmetry in unbroken, whereas
in the broken B—L scenario their masses are kept at 100 GeV.
The precise value for their masses is not relevant, and both
cases lead to very similar dark matter phenomenology. For
this reason, dark matter observables will be derived without
explicitly specifying whether or not the B-L symmetry is
broken.

That said, the annihilation cross section into a pair of SM
fermions through (assuming that m, > my) is found to be

(ov)(xx = £1)
2
4 2 2 (m? +2M2) |1 — 2%
8BLxf Z f X My 2
= ne 5 % 7 T OW), 3.4
27 R (M7, —4My)~ +T5, M,
while the annihilation into Z" gauge bosons for m, > myz is
4 4 g2 g2 \3/2
gpLny (M5 — M3) N
ov - 7'7) = + O(v),
(V) (xx )= gy —anR T 0w
3.5

where ny is the SM fermion charged under B-L, v is the
relative velocity of the annihilating dark matter pair and n.
is the number of colors of the final state SM fermion. The Z’
width reads

(a) s-channel annihila-
tion process

(b) t-channel annihi-
lation process

2
feSM M7, z
2
My amz [, 2M
+ 0 (My —2My 1- 8 ’
( ) 127‘[ M%, BL %/
(3.6)

where 6 is the unit step function.

In Fig. 2 we display, for n, = 1/3, the abundance of the
fermion as a function of its mass. In the left panel, Fig. 2a,
the Z’ mass has been fixed to 4 TeV and the gauge coupling
varied in ggp, € [0.1, 0.8], while in the right panel, Fig. 2b,
we keep ggL = 0.1 and vary My = 2,4, 6 TeV.

From Fig. 2a, it is clear that the increase in the cou-
pling widens the resonance and therefore leads to viable dark
matter masses away from My /2, lower or higher. In addi-
tion, the larger the coupling, the larger the annihilation rate,
leading to smaller abundance. Thus, one needs sufficiently
large gauge couplings to enhance the annihilation rate and
reach Qh% ~ 0.1. Notice that the resonance condition is
not needed, if couplings close to unity are used. Such large
couplings arise naturally in 3-3-1 models [28,74-81] and
left-right models [50,53,82—89]. Other fermion dark matter
models feature similar trends [90-94].

The impact of the Z’ mass is shown in Fig. 2b, which
exhibits a series of peaks at different dark matter masses. The
larger My gets, the heavier the dark matter mass has to be in
order to achieve the right abundance. We point out that both
results for fermion dark matter are presented for ny, = 1/3,
but they can easily be rescaled, since the abundance scales
as ni gg1 - Hence, for constant relic density, a change in 7,
straightforwardly induces a quadratically inverse change in
gBL-

By looking at Egs. (3.4)—(3.5) we notice that in the limit
in which M, > Mz we can see that the annihilation into
Z' gauge bosons is comparable with the annihilation into
fermion pairs, but the scaling with the gauge coupling, gpr,
and the dark matter mass continue to be the same. For this
reason we do not see a change in shape in Fig. 2a, b when
My, ~ Myz.

—VVWN\ 7 '
X A
—h W ,

(¢) Dark matter-
nucleon scattering

Fig. 1 Dark matter annihilation and dark matter—nucleon scattering processes in the fermion dark matter model, where f stands for all SM fermions
and g represents the quarks. The 7-channel annihilation process is only relevant for M, > Mz

@ Springer
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Fig. 2 Dirac fermion. Abundance as a function of mass for various gauge couplings and Z’ boson masses. Because the model must satisfy the

relic density, it features a strong dependence in the resonance region

METEEE AW, 2/ ¢ z!
1 -~
°H S
@ il
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(a) t-channel an-
nihilation process

(b) four-point
annihilation
process

& o f W i -
-~ 7
e z!

P " . T g q

(¢) t-channel annihila- (d  Dark

tion process matter-
nucleon
scattering
process

Fig. 3 Dark matter annihilation and dark matter—nucleon scattering processes in the scalar dark matter model

3.2 Scalar field

In Fig. 3a—c we show the Feynman diagrams relevant for
determining the scalar dark matter abundance. In Fig. 4 the
abundance for two different charges under B-L, ngy = 1/3
andng = 1,is shown. The results can be understood knowing
the analytic expressions for the annihilation cross sections.
The annihilation cross section into fermions reads

(ov)(pp — [ )
2M3 + m3)
_ 4 2.2 2 f 2 2 ( ¢ f
= ggL Ny Nf ¥ ch‘/M¢_mf3nM¢(M2 —4M42§)2
f z

where n{ is number of colors of the final state particle, ny is

the SM fermion charged under B-L, whereas the annihilation

into Z’Z’ is found to be
2 2
(o0 @9 — 27y = ghynt— Ve 17
B0 tom M3, M3 (M2, — 2M3)2

(3.7)

x (8Mg(Mz — My)(Mz + My) (M3, — 2M3)*
+ 16My (M7 — M) + (M3, —2M5)*

4 2 a2 4
X (3My, — 4M37 My + 4My))

V2

2 2 2 2 2

192 M2, M3} (M3, — 2M3)* /M3 — M2,

x(16M (M3, — M3)*
4 2 2 4

x (3M3, — 20M3%,Mj + 36M})
+ 8M3(Mz — My)(Mz + My) (M3, — 2M3)?
x (5M3, — 26M%, M, + 36M,)
+ (M3, — 2M)*(SM3, — 8M3, M + 4M})),

+

(3.8)
which in the limit My > Mz leads to
4 4
g n
(ov) (9" — 2'Z)) ~ 28 3.9)
871M¢

As expected the annihilation cross sections are propor-
tional to géL. The annihilation into fermions gets an n factor
in one side of the vertices and n s in the other, rendering the
annihilation cross section to scale as gﬁLnén%. The annihila-
tion into Z’Z’ has two contributions, however. The t-channel
and four-point interactions are all derived from the covariant

@ Springer
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Fig. 4 Scalar field. Abundance as a function of mass. The kinks in the plots are the result of the Z’ threshold, i.e. when the scalar can pair annihilate

to produce Z’ bosons

derivative and scale as gg; n pe Having these expressions at
hand a few remarks are in order.

(i) The annihilation into fermions is velocity suppressed.
Its contribution for the relic density might be relevant,
but today v ~ 1073, rending its contribution to be rather
small.

(ii) The values adopted for the B-L charged n4 and n¢ dic-
tate which channel is the most relevant for the relic
density;

(iii) The values we used for ng and ny, lead to a sizable
annihilation into Z’Z’, and for this reason we observe
kinks in Fig. 4 whenever My ~ M z:. This effect is also
present, but much less pronounced in the fermion case
previously discussed.

@ Springer

(iv) Due to the velocity suppression in Eq. (3.7), one can
check that the annihilation into Z'Z’ is dominant today.

Looking at Fig. 4, we conclude that the s-channel res-
onance regime My ~ Mz /2 is responsible for increas-
ing the annihilation cross section and consequently reduc-
ing the abundance to values close to the one inferred by
Planck. Figure 4c shows the abundance with n = 1 and
gBL = 0.8 and for various masses of the new gauge boson,
Mz = 2,4,6 TeV. Again, the effect of increasing My is
to simply move the resonance region to higher dark matter
masses. It is noticeable that for gg;, = 0.8 the resonance
region is wide enough to accommodate two different dark
matter masses yielding the right abundance.

As already mentioned, the annihilation cross section
grows as né géL. Forng « 1, one therefore needs gauge cou-



Eur. Phys. J. C (2017) 77:348

Page 7 of 17 348

plings larger than 1 in order to satisfy the relic density con-
straint. On the other hand, values of ny closer to 1 enhance the
dark matter—nucleon scattering rate, thus severely restricting
the model, as we shall see below.

In principle one could also probe this model with cosmic-
ray and gamma-ray data [2,4-13,95-99]. In particular, one
could use gamma-ray observations of dwarf galaxies from
the Fermi-LAT satellite to constrain the annihilation cross
section into SM fermions, which after hadronization pro-
cesses produce gamma rays [15]. Although, as we shall see
further, only heavy dark matter particles are viable, much
heavier than 100 GeV, the indirect detection limits are rather
subdominant to collider and direct detection ones and for this
reason we have not shown them.

As a summary, we have seen in this part that both Dirac
fermions and scalars can be viable dark matter candidates of
the Universe as long as the annihilation rate occurs not very
far from the resonance. It is time to derive the direct detection
limits.

4 Direct dark matter detection

Direct dark matter detection relies on the measurement of
nuclear recoil energies down to energies below 10 keV. The
method is based on the use of discriminating variables such
as ionization, heat, and scintillation efficiencies to disentan-
gle possible dark matter events from nuclear background
rates and mis-identified electron recoils; see [102—-107] for
recentreviews. The measurement of the recoil energy is trans-
lated into the plane dark matter—nucleon scattering cross sec-
tion vs. mass, once the dark matter velocity distribution and

Dirac Fermion Dark Matter

1e-06
] geL=0.1
1 ge= 0.4
1e-07 ge=08 LUX2015
LUX2016 =

1e-08

——
——

= ] XENON1T-2y ]
T I o ——— = |
I 1 T
S i
1e-10 o~ .
1 n=1/3, Mz = 4 TeV
1e-11 .
1e-12 N,
1,000 2,000 3,00 4000 5000 6000 7,000 8000 9,000
My [GeV]

() My =4 TeV

Fig. 5 Dirac fermion. Spin-independent dark matter—nucleon scatter-
ing cross section as a function of the dark matter mass withn = 1/3
and My = 4, 6 TeV for different gauge couplings, ggr, = 0.1, 0.4, 0.8.

10,000

the local density is set. Since no excess of events has been
observed, only limits in this same plane have been derived.
The LUX experiment provides the world-leading limits on
both the spin-independent and the spin-dependent scatter-
ing cross sections, with the former being more stringent,
which we refer to as LUX2015 in the figures. However, LUX
recently presented their new limit with 332 live days, which
improves by a factor of 4 the latest one [108]. It is the lat-
ter bound that one finds incorporated in the figures with a
dotted-dashed line, labeled LUX2016.

Since, in our setup, both Dirac fermion and scalar dark
matter models exhibit larger spin-independent rates, we will
use the spin-independent bounds. Moreover, we present the
projected bounds from the ongoing XENONIT experiment,
which is expected to surpass the LUX2015 sensitivity by two
orders of magnitude with two years of data taking [19].

The analytic expressions for the spin-independent WIMP—
nucleon scattering cross section for both scalar and Dirac
fermion are identical in the B—L models under study and
they read

SI _
OpMm =

M 2
Mo 7"DM ) 2 4.1

gBL ( n
M3, \my+Mpy/) PV
where DM = x, ¢, and m, is the nucleon mass.
Having in mind this expression we discuss the results for
dark matter—nucleon scattering cross sections for both can-
didates.

4.1 Dirac fermion

In Fig. 1c we show the Feynman diagram responsible for
dark matter—nucleon scattering. Figure 5 shows the spin-

Dirac Fermion Dark Matter

1e-07 ]
] LUX2015 ]
1e-08 LUX2016
F R =
T
1e-09 3 =TT T T T T TR ENON T2y
= e E
S 1e-10 3
d E 3
° ] 9s.=0.1 ]
1e-11 9s.=0.4 -
] 9e.=0.8 ny=1/3, Mz = 6 TeV
1e-12 -
1e-13 T T
2,000 4,000 6,000 8,000 10,000
M [GeV]

(b) MZ’ =6 TeV

The current limit from LUX-2015 (solid line) [100], preliminary limit
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Fig. 6 Scalar field. Scattering cross section as a function of the dark matter mass for n = 1 and various values of Mz and coupling ggr. Predictions
are compared to current and projected bounds from LUX-2015 (solid), LUX-2016 (dotted-dashed) and XENONIT (dashed)

independent dark matter—nucleon scattering cross section
as a function of the dark matter mass with n,, = 1/3 and
Mz = 4 TeV (Fig. 5a) and My = 6 TeV (Fig. 5b) for dif-
ferent gauge couplings ggr, € {0.1, 0.4, 0.8}. In both figures,
current limits from LUX2015 (solid line) [100], LUX2016
[108], and projected limits from XENONIT (dashed line) are
superimposed. The curves read from top to bottom: blue is for
gL = 0.8, red for ggr. = 0.4, and pink for ggp, = 0.1. The
dark blobs in the figure reproduce the right relic abundance.

From Fig. 5a, it is clear that one needs to use gauge cou-
plings smaller than 0.8 in order to have a viable dark matter
candidate with masses below 2 TeV. If no dark matter sig-
nal is seen, the XENONI1T experiment is expected to exclude
gauge coupling values larger than 0.4, if the dark matter mass
is demanded to be below 8 TeV. Ramping up the Z’ mass to 6
TeV ameliorates the situation, and couplings as low as 0.8 can
be allowed in the entire mass range. This range will, however,
be entirely probed by XENONIT, whereas this experiment
will only probe dark matter masses below 1.5 TeV for a cou-
pling of 0.4.

4.2 Scalar field

In Fig. 6 we display the scattering cross section as a function
of the dark matter mass with ny = 1 and various values of
the new gauge boson mass, My € {2,4} TeV, and gauge
couplings, gpL. € {0.1, 0.4, 0.8}. In both plots, Fig. 6a, b, the
predictions are compared with current bound from LUX2015
(solid), from LUX2016 (dotted-dashed), and projected from
XENONIT (dashed). The blobs represent points with the
right relic density. The value of ny = 1 has been selected
in order to simplify the identification of points satisfying
the correct dark matter abundance. As before, results can be

@ Springer

rescaled taking into account the scaling of the scattering cross
section, négéL/Mé/. That is, the result, for ny = 1, gpL =
0.4, is equivalent to the one with ny = 1/3 and gpr, = 0.7.

From Fig. 6a, one sees that LUX2015 already ruled out
a large region of the model parameter space, forcing the use
of suppressed gauge couplings, e.g. gpL. ~ 0.1, for Mz =
2 TeV. Note also that the projected limits from XENONIT
might fiercely exclude couplings larger than 0.1.

Similarly, Fig. 6b shows the spin-independent cross sec-
tion as a function of the dark matter mass for various values
of Mz and fixed gpr, = 0.4 and ny = 1. The LUX experi-
ment excludes Z’ masses above 4 TeV, whereas XENON1T
has the potential to rule out masses larger than 6 TeV, which
is in the ballpark of the LHC-14 TeV sensitivity to gauge
bosons with an integrated luminosity of 300 fb=1[109,110].
Analogous conclusions would be drawn for ny = 1/3 by
simply shifting the gauge coupling as mentioned before.

It is important to keep in mind that collider bounds on the
model have been ignored up to now. Including them would
lead to the exclusion of some of the points considered above.
These limits will be included later on, when we present our
results in a more informative plane, that is, Mz vs. gpL. In
what follows, we derive updated limits on the mass of a new
neutral gauge boson using 13 TeV dilepton data from the
LHC and compare with the well-known LEP bounds.

5 Collider limits

Since our models feature sizable couplings to charged leptons
and observables dictated by the Z’ gauge boson, searches for
dark matter at the LHC, also known as mono-X searches,
are subdominant compared to the resonance searches in the
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Fig. 7 Inclusive total cross
section for pp — Z' — € at
NLO+NLL in the U(1)g_r.
models for various values of
gB—L as a function of the mass
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channels with two jets and two charged leptons [26,111,112].
The ATLAS and CMS collaborations have performed exten-
sive analyses to search for new heavy resonances in both
dilepton and dijet signals. In the absence of any excess event
over the Standard Model background, the two experiments
derived lower bounds on the mass of the Z’-boson, with
dileptons offering stronger limits than dijets due to rela-
tively fewer background events. These bounds are limited
to a given model, and typically the experiments express their
results assuming simplified models such as the Sequential
SM (SSM) or the GUT-inspired E¢ models.

In this work, however, we re-interpreted their results in
terms of the B-L model in question.” In particular, the
ATLAS collaboration [114] analyzed 3.2 fb~! of pp col-
lisions at /s = 13 TeV searching for new phenomena in
the dilepton final state and extracted the limit M ;,SM >34
TeV.?> To calculate the total production cross section of a
heavy neutral resonance Z’ and its subsequent decay into
leptons, we use the public code RESUMMINO [115], in
which we implemented the appropriate couplings. RESUM-
MINO implements threshold resummation for total cross sec-
tions, pr-resummation for the pr distribution of heavy gauge
bosons, as well as a joint resummation matched to the fixed-
order NLO calculation.

2 See also [113] for displaced vertices limits in the B-L model, which
are weaker for the region of interest.

3 Note that the width of the heavy resonance was fixed to 3% of its
mass.

I I
2.5 3.0

Mz (TeV)

3.5 4.0 4.5 5.0

When it comes down to interpreting dilepton resonance
searches from ATLAS to a model different from the ones
aforementioned, one needs to carefully compute the propaga-
tor width. In the B-L model, the width, I" 7’ is proportional to
g%LMZ/ and was estimated using PYTHIA 8.215 [116,117].
The following relation was found:

I'z(gL) Tz (ggL =0.7) (giL)z _ 139 (gl;L)z
My My 07/
6D

to a very good precision. Therefore, it is clear that, for any
perturbative values of gpr, the Z’-boson can be considered
as a narrow resonance. For our numerical study we use the
CT14 [118] NLO PDF set with as(Mz) = 0.118. Follow-
ing [114], we cut on the invariant mass of the lepton pair,
qu > 500 GeV. For each value of mass, My, the elec-
troweak coupling constant agw is evolved to aEW(M%).
Finally, we set the factorization and renormalization scales
such that ur = ur = M. With these settings, we were
able to reproduce to a good level (~2-3%) the ATLAS pre-
dictions for the SSM.

In Fig. 7, we show the inclusive total cross section for the
process, pp — Z' — €€ calculated at NLO+NLL for the
B-L model for various values of the gauge coupling gg_1.
and as a function of the mass of the heavy resonance. From
this, it is straightforward to estimate the lower bound on the
mass of the resonance. In Fig. 8a, we exhibit this limit in the
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Fig. 8 LHC exclusion limits for the U(1)g_;, model

plane Mz vs. gpL, while Fig. 8b shows the same limit in the
plane Mz’ /gBL Vs. gBL.-

Comparing with the SSM result obtained by ATLAS, we
see that the exclusion bound for the B-L model is weaker.
Note that in a recent analysis [46] the LHC bounds for ~ 5
fb~! of data and 8 TeV center-of-mass energy were com-
puted. The conclusion was that for My < 3 TeV the LHC
bounds are stronger than those from LEP, which is in very
good agreement with our results obtained at 13 TeV with
3.2fb~! of data. For the SSM, ATLAS results for 13 TeV
with 3.2 fb~! are a bit stronger than those at 8 TeV and
20 fb—!, which uses much more data than the analysis in [46].
In addition, our results rely on the inclusion of NLO+NLL
order effects, which improves our limits. Thus, the collider
limits in [46] seem to be overoptimistic. Moreover, an assess-
ment of the LHC sensitivity to the B-L. model at 13 TeV, was
recently performed in [119] without inclusion of detector
effects and NLO corrections, and did not perform a detailed
dark matter phenomenology. There, the authors have found
a limit much stronger than ours, namely Mz > 3 TeV for
gpL = 0.01.

We point that in the regime which M7/ > 2m , the invisi-
ble decay is open, but we checked this does not induce mean-
ingful changes to our bounds in agreement with [30] and this
fact can be easily understood. First note that, if one breaks
down the total Z’ decay width into several terms, one finds
Tiotal 0 3T1+ 3T, +3 x 3 x nglq +n3Ty, (5.2)
with I';, I'y, I'q and I'y, being the individual decay widths
of a charged lepton, neutrino flavor, quark, and dark matter,
respectively, where we have factorized the dependence on
the quantum number. In the limit Mz > 2m , the individual
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decay widths are all similar, and thus the total decay width
does not change much with the opening of the dark matter
channel as well as the branching ratio into charged leptons,
which is relevant for our bounds. Consequently the dilepton
limit on the Z’ mass is mildly dependent on the dark matter
mass. If the coupling strength of dark matter particle with the
Z' could be arbitrarily large and independent of the couplings
to SM fermions, then the total width of the Z’ boson could
be altered. See [120-124] for discussions on the topic.

We are now ready to combine the relic density, direct
detection and collider constraints in the model. To do so, per-
haps it is more informative to gather the results in the plane
My vs. gpL, since these two parameters basically define the
B-L symmetry.

6 Combined results
6.1 Dirac fermion

In this section we outline the viable parameter space in
an arguably more informative plane, i.e. Mz vs. ggr. with
charge n, = 1/3 under B-L throughout. We combine our
findings from relic density, direct detection and collider
searches for both the Dirac fermion and the scalar dark matter
models.

In all figures, the green curve delimits the region of param-
eter space yielding the right abundance (242 = 0.11—0.12),
the pink (gray) shaded region is excluded by LUX2016
(XENONIT), the blue region is ruled out by dilepton data
from the LHC, and the solid red (dashed) lines represent
the current (old) LEP-II bounds, namely M,/ /gpL, > 7 TeV
(Mz/gBL > 6 TeV).
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Fig. 9 Allowed region of parameters for a 1 TeV Dirac fermion as dark
matter. The green curve delimits the region of parameter space with the
right abundance (Qh% = 0.11—0.12), the pink (gray) shaded region
is ruled out by LUX2016 (XENONIT), the blue region is excluded
by dilepton data from the LHC, and the solid red (dashed) lines rep-
resent the current (old) LEP-II bounds, namely Mz /gpL > 7 TeV
(M7 /gBL > 6 TeV)

InFig. 9 we collect these results for a 1 TeV Dirac fermion,
which features a Z’ resonance of 2 TeV. Since the annihila-
tion cross section grows with n2 ¢f, /(4m2 — M2,)?, we can
see that for small gauge couplings one needs to live very
close to the resonance to obtain the right relic density, but as
we increase the coupling, the regions relatively far from the
resonance become viable. The annihilation cross section is
typically small, leading to overabundant dark matter. There-
fore one needs to either use large gauge couplings or be near
the resonance region to increase the annihilation cross sec-
tion and bring down the relic abundance to the correct value.
Interestingly, LUX2016 limits on the spin-independent scat-
tering cross section exclude a large region of parameter space,
especially large values of the coupling. The linear behavior
of direct detection limits occurs simply because the scatter-
ing cross section scales as ni gl‘;L /M?%,. Consequently larger
couplings are more strongly constrained by direct detection,
but since gpr. and Mz decrease simultaneously in the plane
the direct detection limits are simply lines. The inclination
is determined by the magnitude of the limit. For instance,
XENONIT in two years of data taking is expected to improve
the LUX2016 bound by about two orders of magnitude, thus
we have the steeper inclination. It is quite remarkable that
XENONIT by itself may rule out almost the entire parame-
ter space of the model. LHC-13 TeV limits based on dilepton
data already now exceed the revised LEP-II bound and the
LUX sensitivity for this model for gauge couplings smaller
than 0.4.

Dirac Fermion Dark Matter

X
My =2 TeV <& /

2
XENON1T \Q@V

9 < N =
%/’ <&
442 ) 3

QW = 04192

6,000

5,500
5,000

4,500

4,000

3,500

Mz [GeV]

3,000

2,500

2,000

1,500

1,000

gBL

Fig. 10 Allowed region of parameters for a 2 TeV Dirac fermion as
dark matter. The green curve delimits the region of parameter space with
the right abundance (242 = 0.11—0.12), the pink (gray) shaded region
is ruled out by LUX2016 (XENONIT), the blue region is excluded
by dilepton data from the LHC, and the solid red (dashed) lines rep-
resent the current (old) LEP-II bounds, namely Mz /g > 7 TeV
(Mz/ /gL > 6 TeV)
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Fig. 11 Allowed region of parameters for a 3 TeV Dirac fermion as
dark matter. The green curve delimits the region of parameter space with
the right abundance (242 = 0.11—0.12), the pink (gray) shaded region
is ruled out by LUX2016 (XENONIT), the blue region is excluded
by dilepton data from the LHC, and the solid red (dashed) lines rep-
resent the current (old) LEP-II bounds, namely Mz /g > 7 TeV
(Mz//gBL > 6 TeV)

In Figs. 10 and 11 similar results for m, = 2,3 TeV are
also shown. The model is less constrained as the dark matter
mass increases for two reasons:

(i) the direct detection limits are weakened as a result of
fewer dark matter events. Indeed, since the local density
is fixed, we have less dark matter events as we increase
the mass;
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Fig. 12 Allowed region of parameters for a 1 TeV scalar field as dark
matter. The green curve delimits the region of parameter space with the
right abundance (4% = 0.11 — 0.12), the pink (gray) shaded region
is ruled out by LUX2016 (XENONIT), the blue region is excluded
by dilepton data from the LHC, and the solid red (dashed) lines rep-
resent the current (old) LEP-II bounds, namely Mz /g > 7 TeV
(Mz//gBL > 6 TeV)

(ii) the resonance is located at M, ~ Mz /2 and therefore
moves upwards along the M axis, towards a weakened
LUX and XENONIT limit.

6.2 Scalar field

The possibility of having a singlet scalar dark matter in the
B-L model is very much constrained.* In what follows we
setngy = 1. InFig. 12 we present the result for My = 1 TeV.
First, we note that as in the Dirac fermion case, for suffi-
ciently large values of the gauge coupling, there are regions
of parameter space away from the Z’ resonance at 2 TeV
where the correct relic density is achieved. Then it is clear
that there exists a strong degree of complementarity among
dilepton, LUX2016 and LEP limits. Combined they fiercely
exclude almost the entire parameter space of the model for
My = 1TeV. Only at the resonance is the model capable of
satisfying all constraints and reproduce the right dark matter
abundance. Strikingly, XENON1T is expected to rule out the
possibility of having a 1 TeV scalar dark matter particle in
the B-L model. Note that decreasing the dark matter mass
will not be sufficient as the direct detection constraints then
get stronger. Similarly, increasing the scalar mass to around
2-3 TeV does not have much impact as shown in Figs. 13
and 14. Finally for a mass of 2 TeV, there is a tiny region
right at the peak of the Z’ resonance that might survive the
projected XENON1T bound. At this point, the result must be
taken with a grain of salt, since the precise XENONI1T sensi-

4 As aforementioned, we keep the same color scheme for all figures.
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Fig. 13 Allowed region of parameters for a 2 TeV scalar field as dark
matter. The green curve delimits the region of parameter space with the
right abundance (7% = 0.11 — 0.12), the pink (gray) shaded region
is ruled out by LUX2016 (XENONIT), the blue region is excluded
by dilepton data from the LHC, and the solid red (dashed) lines rep-
resent the current (old) LEP-II bounds, namely Mz /gpL. > 7 TeV
(M7 /gBL > 6 TeV)
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Fig. 14 Allowed region of parameters for a 3 TeV scalar field as dark
matter. The green curve delimits the region of parameter space with the
right abundance (2h% = 0.11 — 0.12), the pink (gray) shaded region
is ruled out by LUX2016 (XENONIT), the blue region is excluded
by dilepton data from the LHC, and the solid red (dashed) lines rep-
resent the current (old) LEP-II bounds, namely My /gpr > 7 TeV
(M7 /gBL > 6 TeV)

tivity would be required to draw any definite conclusion. Our
findings agree approximately with [45], but there the authors
used an outdated XENONI1T reach.

6.3 Mixed dark matter scenario

Two-component dark matter is a plausible scenario. There
is no fundamental reason to have one WIMP comprising the
entire dark matter of the Universe. In the situation where solid
signals come from direct detection and indirect dark matter
searches, two-component dark matter arises as a promising
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Fig. 15 Scan of the parameter space, in which a two-component dark
matter scenario can be successfully realized and account for the entire
dark matter of the Universe in agreement with direct detection limits.
We have superimposed limits from the LHC (blue curve) and LEP (red
curves). The points with different shapes represent different scalar dark
matter contributions to the overall dark matter abundance. Blue circles
represent the scenario where the scalar makes up for 30% of the total
abundance; pink squares correspond to 50% of the total abundance;
green triangles correspond to 70% of the total abundance; and gray
diamonds correspond to 90% of the total abundance

framework. Several publications in the past have focused on
two- or multi-component dark matter [91,125-144].

In Fig. 15 we investigate the possibility of having two-
component dark matter (fermion plus scalar) making up the
total abundance. All the points are consistent with direct
detection limits. As an example, we fix n.hi = 1/3 for the
fermionandng = 1 for the scalar and let the dark matter mass
free. A scan in the My vs. gL plane is performed looking
for regions where Q#% = 0.11 — 0.12. We have learned in
the previous sections that scalar dark matter is more con-
strained than the Dirac fermion case, and for this reason we
chose to exhibit several regimes for the two-component dark
matter based on the scalar abundance. Blue circles repre-
sent the scenario where the scalar makes up for 30% of the
total abundance; pink squares correspond to 50% of the total
abundance; green triangles correspond to 70% of the total
abundance; and gray diamonds correspond to 90% of the
total abundance. Limits from the LHC (blue curve) and LEP
(red curves) are also shown.

Notice that there are large regions of parameter space,
where a two-WIMP dark matter scenario is realized within a
well-motivated theory. Since the interactions that govern the
scalar dark matter abundance are not very efficient, the scalar-
dominated regime easily overcloses the Universe. The way
out is to use sufficiently large gauge couplings and live near
the Z' resonance region, enhancing the annihilation cross sec-
tion and consequently bringing down the abundance to the
proper value. Basically, all points in Fig. 15 are in the neigh-
borhood of the resonance, except those for ggr. ~ 1, where

one can obtain the right relic density while being slightly
away from the resonance. This feature was observed in Figs. 5
and 6.

The points representing different regimes overlap, because
we are scanning over the dark matter mass, which largely
changes the abundance of the Dirac fermion dark matter.
Therefore, for the same ggr. one might have different abun-
dances for the scalar and fermion fields, which explains the
overlapping. In summary, Fig. 15 shows a UV complete real-
ization of a two-component dark matter scenario.

7 Conclusions

Supplementing the SM with an extra U(1)g_1, gauge symme-
try is an appealing possibility. In this paper, we studied the
dark matter phenomenology of simplified models exhibit-
ing such a gauge symmetry and in particular the possibil-
ities of having Dirac fermion as well as scalar dark mat-
ter with and without broken B-L symmetry. In this con-
text, we determined the impact of constraints coming from
indirect and direct detection experiments as well as col-
lider limits. Bounds from LUX2015, LUX2016 and projected
bounds from XENONIT have been considered along with
the famous LEP limit. In addition, we re-interpreted dilepton
searches from the LHC at 13 TeV and extracted competitive
limits for the model.

While XENONIT projected bounds have a very good
potential to exclude most of if not all the parameter space for
scalar dark matter, we found that Dirac fermion dark mat-
ter would still be viable in a larger region of the parameter
space. Interestingly, it was shown that the LHC limits that
were extracted from dilepton production are already better
than the LEP bounds for small gauge couplings. Finally, we
also considered a mixed dark matter scenario, in which the
relic abundance is realized as a combination of both fermion
and scalar dark matter. In this case, numerous points satis-
fying the required relic density, collider, direct and indirect
dark matter constraints were found, showing that a minimal
and successful two-component dark matter model is realized.
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