A lower bound on light neutralino dark matter from LHC data

?

L. Calibbi ? a , J. M. Lindert † , T. Ota ‡ , Y. Takanishi ∗
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Under the hypothesis that the MSSM neutralino accounts for the observed dark matter density, we investigate how light this particle is still allowed to be after the latest LHC data.
In particular, we discuss the impact of searches for events with multiple taus and missing
transverse momentum, which are a generic prediction of the light neutralino scenario.
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Introduction

The LHC collaborations have performed a large number of searches for supersymmetric particles
√
employing the first run data at s = 7 + 8 TeV. A remarkable outcome of these analyses is that
they started to test directly the electroweak sector of the theory, setting in several cases constraints on the purely electroweakly interacting new particles – such as sleptons, charginos and
neutralinos – way beyond the previous bounds set by LEP. This allows us to probe the parameter
space of the Minimal Supersymmetric Standard Model (MSSM) that features a neutralino as
a perfect dark matter (DM) candidate, since the properties of electroweakly interacting SUSY
particles have a crucial role in the determination of the neutralino relic density. In particular,
the question we want to answer to is:
√
how light can neutralino dark matter be after the s = 7 + 8 TeV run data?
We address here this problem in a framework defined by the following assumptions: (i) the field
content of the MSSM only; (ii) conserved R-parity and a neutralino as the lightest supersymmetric particle; (iii) a standard thermal history of the universe, that implies that the neutralino
relic density has to fulfill the upper bound from CMB observations, which reads at 3σ: 1
ΩDM h2 ≤ 0.124 .

(1)

As we are going to discuss, the above requirement translates into certain conditions on the SUSY
spectrum, in particular implying that some particles must be relatively light, hence giving a
handle to test light neutralino dark matter at the LHC.
2

Light neutralino dark matter in the MSSM

Since we are interested in light dark matter (much below 100 GeV) and chargino searches at
LEP constrain Wino and Higgsino masses to be M2 , µ & 100 GeV, the lightest neutralino χ
e01
must be mainly Bino. A Bino-like neutralino is typically overproduced in thermal processes in
the early universe so that an efficient annihilation mechanism is needed in order to reproduce
a
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Figure 1 – Relevant neutralino annihilation processes mediated by a light stau.

the observed relic abundance. As a consequence, the bound in (1) selects specific regions of the
SUSY parameter space and thus sets certain conditions on the spectrum. In principle, there are
several ways to achieve a large enough annihilation cross-section, but if we concentrate on the
following mass range for the neutralino:
mχe01 . 30 GeV,

(2)

the number of options drastically reduces. It has been shown, 2,3,4 that the conditions in (1, 2)
can be satisfied if the annihilation of neutralinos takes place through the t-channel exchange of a
tau slepton. A combination of LEP, LHC and indirect observables exclude all other possibilities,
for instance the mediation of a 100÷200 GeV CP-odd scalar. 5 The only other possibility left 6 is
a scenario with a very light sbottom and an O (1) GeV mass splitting between the neutralino and
a sbottom – in order to evade sbottom searches at LEP – as well as a tuned left-right sbottom
mixing such that the Z-eb-eb interaction is strongly reduced, so that the Z width constraints do not
apply. Besides this corner of the parameter space that is very difficult to test, the relic density
bound on light neutralino DM implies the presence of a stau with a mass of few hundreds GeV
at most. The diagrams in figure 1 show that a right-handed stau is preferred, having twice the
hypercharge of the left-handed one, and the process gets more efficient if the Yukawa interaction
Higgsino-tau-stau contributes. For that to occur, a sizeable Higgsino component in χ
e01 is required
and thus the Higgsinos cannot be too heavy. Furthermore, a large value of tan β is preferred.b
The consequence of the above discussion is twofold: (a) the constraint on the relic abundance
implies the presence of further light particles, the right-handed stau, two Higgsino-like neutralinos and charginos; (b) the framework is completely defined by a handful of parameters that
controls the calculation of the annihilation cross-section. We can thus work within a simplified
setup described by
(3)
mτeR , M1 , µ, tan β,
that are respectively the soft SUSY-breaking stau and Bino masses, the supersymmetric Higgsino
mass and the usual ratio of vevs that controls the size of the Yukawas couplings of the leptons.
All other SUSY parameters can be neglected, in particular the other superpartners might be in
principle much heavier than those involved in the DM annihilation.
We performed a scan of the above defined parameter space, 4 applying all the relevant
phenomenological constraints, including LEP measurements of the invisible Z width and limits
from direct searches for staus, charginos and neutralinos at LEP. The result is displayed in figure
2, where the points that satisfy (1, 2) are shown in the plane of the physical masses of the lightest
stau and the heaviest Higgsino-like neutralino.c The points in blue indicate mχe01 ≤ 20 GeV, in
particular they can feature a neutralino as light as 10 ÷ 12 GeV. The left panel corresponds to
µ > 0 (left), the right one to µ < 0 (right). From the figure we see that, as anticipated, both τe1
b

A further contribution, not shown in figure 1, is given by a mixed left-right stau exchange. In this case, the
annihilation can occur in the s-wave without the need of a chirality flip in an external tau line. However, it is not
as effective as the other contributions discussed here in the case of very light neutralinos. 7
c
We remind that, being all controlled by µ, mχe± ≈ mχe0 ≈ mχe0 .
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Figure 2 – Points with a light neutralino DM displayed on the mτe1 -mχe0 plane for µ > 0 (left) and µ < 0 (right).
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and the Higgsinos have to be rather light in order the relic density constraint to be fulfilled by
a light neutralino. In particular:
mτe1 . 200 GeV,

mχe03 . 400 GeV.

(4)

Comparing the two panels, we can also see that satisfying the bound of (1) for µ < 0 (right
panel) requires somewhat lighter Higgsinos. This is due to a destructive interference among the
diagrams in figure 1.
Before moving to the next section and discussing how this spectrum can be tested at the LHC,
let us briefly mention further possible constraints from DM experiments (direct and indirect).
The prediction for the spin-independent scattering cross-section with nuclei is affected by the
uncertainties of light quark masses and hadronic matrix elements. Moreover, it substantially
depends on parameters that do not enter the calculation of the relic abundance, such as the CPodd scalar mass and the squark masses. Taking this into account, the scattering cross-section
in our scenario approximately ranges between 10−44 and 10−46 cm2 . 4 The most stringent limit,
provided by LUX, is about 10−45 cm2 in the DM mass range we are considering, 10 GeV .
mχe01 . 30 GeV. 8 Therefore, we can conclude that the sensitivity of direct detection experiments
started to reach the typical cross-section of a light neutralino DM without being capable of fully
probing this scenario. For what concerns indirect detection experiments, similar conclusions can
be drawn. The most sensitive search for DM annihilation into taus has been performed by the
Fermi-LAT collaboration employing gamma-ray data from dwarf satellite galaxies. The limit
they obtain on the annihilation cross-section is hσann. vi & 2×10−26 cm3 /s, 9 while the prediction
of our scenario typically ranges between 10−26 and 10−27 cm3 /s.
3

LHC tests of light neutralinos

As discussed above, the relic density constraint in (1) translates to a well-defined spectrum,
where at least the following states must be lighter than few hundreds GeV:
τe1 , χ
e02 , χ
e03 , χ
e±
1.

(5)

The rest of the spectrum is not constrained by the DM relic abundance and can be in principle
heavier. As a consequence a model-independent test of the light neutralino parameter space must
rely on direct electroweak production of the above-listed particles. This takes place through the
electroweak Drell-Yan mechanism (s-channel Z/γ exchange) and the relevant modes are:
pp → τe1+ τe1− + X,

pp → χ
e0i χ
e0j + X,

pp → χ
e0i χ
e±
1 + X,

pp → χ
e+
e−
1 χ
1 + X,

(6)

Figure 3 – Different values for BR(h → χ
e01 χ
e01 ) on the mτe1 -mχe0 plane for µ > 0 (left) and µ < 0 (right).
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where i, j = 2, 3.d The subsequent decays depend on the hierarchy of the particles listed in (5). If
mχe± ' mχe02,3 > mτe1 > mχe01 , as it occurs in most of the plane shown in figure 2, the Higgsino-like
1
neutralinos dominantly decay to a tau and an on-shell stau. The stau always decays to a tau
and a neutralino. As a consequence, the resulting decay chain is:
e01 .
χ
e02,3 → τ ± τe1∓ → τ + τ − χ

(7)

As a consequence, production of Higgsino pairs, e.g. χ
e02 χ
e03 and χ
e02,3 χ
e±
1 , gives final states with 4 or
3 taus plus missing ET . Multi-tau events are therefore a generic feature of light neutralino DM
and thus a very powerful handle to test this scenario. In section 3.2, we are going to show how
a recent ATLAS search for events with multiple hadronically decaying taus can be employed
to set a strong constrain on the light neutralino parameter space. On the other hand, in the
corner of the plane of figure 2 where the Higgsinos are lighter than the stau, we expect a reduced
sensitivity. This case is however strongly constrained by the limits posed by LHC experiments
to invisible decays of the scalar, to which h → χ
e01 χ
e01 contributes in our case, as we discuss in the
following.
3.1

Invisible h decay

As discussed above, the relic density bounds requires sizeable Higgsino components in χ
e01 . Thus
e01 can be
the neutralino can couple with h and large branching ratios for the decay h → χ
e01 χ
0
0
induced. The lighter the Higgsinos, the larger we expect BR(h → χ
e1 χ
e1 ) to be. The decay width
is given by
2 m
GF M W
h
√
Γ(h → χ
e01 χ
e01 ) =
2 2π

Cheχ01 χe01 = N12 − tan θW N11

1−


4m2χe0
1

m2h

!3/2
Cheχ01 χe01

2


sin β N14 − cos β N13 ,

,

(8)
(9)

e + N12 W
f+
where N1i refer to the gaugino/Higgsino components in the neutralino: χ
e01 = N11 B
e
e
N13 Hd + N14 Hu . In the limit M2  µ, the Higgsino components can be simply written as:




MZ sW
MZ sW
M1
M1
N13 =
sβ + cβ
, N14 = −
cβ + sβ
.
(10)
µ
µ
µ
µ
As we can see, these parameters – and thus Γ(h → χ
e01 χ
e01 ) – grow for a smaller Higgsino mass
µ, as expected. Moreover, there is a non-trivial dependence on the relative sign of M1 and µ.
d
In principle, production of χ
e01 χ
e01 could be also searched for in mono-jet + missing ET events. The sensitivity
√
of this channel at s = 8 TeV is however too low to set any constraint. 10

Figure 4 – ATLAS multi-tau limit on our mτe1 -mχe0 plane for µ > 0 (left) and µ < 0 (right). Orange points
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correspond in addition to BR(h → χ
e01 χ
e01 )<20%.

Choosing Mi > 0 without loss of generality, we then see that for µ > 0 we expect a larger
effect than for µ < 0, for which a partial compensation among the terms in (10) occurs. The
resulting prediction for BR(h → χ
e01 χ
e01 ) is shown in figure 3. We observe a reduction of the
invisible width in the µ < 0 case, as expected from the above mentioned cancellations in (10).
However, the branching ratio is sizeable for light Higgsinos in both cases. As we can see, one
always finds BR(h → χ
e01 χ
e01 )>30 (20)% for µ > 0 (µ < 0) in the region where multi-tau searches
are kinematically disfavoured because χ
e02,3 → τ τe1 can not occur on shell. Hence this region is
inv
strongly disfavoured by the fits of BRh ≡ BR(h → invisible) to the observed decay rates, that
give: 11
BRinv
h . 20%
3.2

(95% CL).

(11)

Multi-tau limits

As we have discussed above, the spectrum predicted by the light neutralino DM scenario can
be tested at the LHC through multi-tau plus missing ET events. The ATLAS collaboration has
recently performed a search for new physics in a final state with at least two hadronically decaying
√
taus and large missing transverse momentum employing 20 fb−1 of data at s = 8 TeV. 12 The
null result has been interpreted by the collaboration in different simplified models. We have
recast the limits into our parameter space, 4 as defined in (3). In order to do so, we generated the
signal events employing Herwig ++, 13 computed the K-factors with Prospino 2 14 and simulated
the detector response by means of Delphes 3. 15 We applied the same cuts and defined the same
signal regions as the ATLAS analysis. 12 We validated our analysis by reproducing the ATLAS
exclusion on the M2 -µ plane. 4 We could then estimate the limit in our parameter space. The
result is shown in figure 4. As we can see, the ATLAS search sets a very strong constraint on
the portion of the plane where the Higgsinos can decay to a real stau, excluding Higgsinos up to
≈ 380 GeV and staus up to ≈ 230 GeV. Very few points consistent with neutralino DM escape
this bound, especially if we combine it with the limit on the invisible h branching ratio (11): for
µ > 0, those lying in the corner with heavy Higgsinos & 320 GeV and a stau mass very close
to the LEP bound; for µ < 0, some points that feature a small Higgsino-stau mass splitting –
thus giving soft taus in the final state – with BRinv
h ≈ 20 %. In terms of the neutralino mass,
the limit we obtained is:
mχe01 & 24 (22) GeV.
(12)
for the case µ > 0 (µ < 0). Clearly, a mild improvement of the sensitivity of multi-tau searches
and of the upper bound on BRinv
h would probe the surviving corners of figure 4, thus fully testing
light neutralino DM up to 30 GeV.

4

Conclusions

We discussed how searches for electroweakly interacting SUSY particles can be employed to
constrain models with light neutralino DM. We have shown that neutralinos with a mass up
to 30 GeV are good DM candidates only provided that staus and Higgsinos have masses of the
order of few hundreds GeV. This is a consequence of the requirements set to the spectrum by
the observed relic abundance. As the calculation of the relic density depends on few parameters,
we could define a manageable simplified model to study the light neutralino parameter space.
The obtained spectra generically predict cascade decays resulting in multi-tau signals. The
reinterpretation of an ATLAS search, in combination with information on h → invisible, allowed
us to set a constraint on the neutralino DM parameter space that is tighter than those from
direct and indirect DM searches. The results for the case µ < 0, that was not considered before
because disfavoured by the anomalous magnetic moment of the muon, were presented here for
the first time. The outcome is qualitatively similar to the case with positive µ that we previously
studied.
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