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Abstract. We study prospects of dark matter searches in the SHiP experiment. SHiP
(Search for Hidden Particles) is the recently proposed ﬁxed target experiment which will
exploit the high-intensity beam of 400 GeV protons from the CERN SPS. In addition to
the hidden sector detector, SHiP will be equipped with the ντ detector, which presumably
would be sensitive to dark matter particles. We describe appropriate production and detection channels and estimate SHiP’s sensitivity for a scalar dark matter coupled to the
Standard model through the vector mediator.

1 Introduction
We address the question of a possibility of dark matter (DM) search in the SHiP experiment. SHiP
(Search for Hidden Particles) is the recently proposed [1, 2] ﬁxed target experiment exploiting 400
GeV proton beam from the CERN SPS. The original motivation of the experiment [3] was the search
for O(1) GeV sterile neutrinos of the νMSM (see [4] for review of the model). Singlet fermions and
active neutrinos are mixed and this mixing is responsible for both production of singlets in decays of
heavy mesons (generated by protons on target) and subsequent singlet decays into SM particles (the
main signature for the SHiP detector), see [5] for details. The ﬂux of secondary charged particles
(mostly muons) is suppressed by the very dense shielding placed downstream. The main idea is to
place a large detector (5 × 10 m2 ×50 m [2]) as close to the target as possible (at a distance of about
60 m [2]) in order to maximize covered solid angle. This setup makes SHiP be a universal tool to
probe any models of new physics containing light and long-lived particles which could be produced
by protons on target and then decaying into SM particles [1, 6, 7].
The SHiP experiment will be equipped with a tau neutrino detector. In addition to it’s main
purpose — the ﬁrst direct observation of ν̄τ — the tau neutrino detector will be capable of observing
light DM particles, produced in the beam dump. The possibility of this type searches was brieﬂy
discussed in Refs. [1, 2]. In what follows we quote relevant production rates and cross sections and
estimate expected sensitivity of the SHiP.
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2 Dark matter candidate
Models of light dark matter (DM) usually contain light mediator particles. Such mediators are required
to provide the realistic value of DM abundance in the Universe [8]. The presence of these mediators
provides a possibility to produce a beam of DM particles at ﬁxed target experiments. These DM
particles, in turn, could be detected in neutrino detectors. SHiP setup contains all elements required to
provide that type of DM search: a high-intensity proton beam, a target designed to suppress neutrino
background and ντ detector consisting of OPERA-type bricks employing Emulsion Cloud Chamber
(ECC) technology (see Ref. [2] for details). DM candidate assumed to be a complex scalar χ. These
particles interact with SM particles through the exchange of vector boson A . We assume that mA >
2mχ , so that decay A → χχ† is kinematically allowed and contributes to the invisible decay mode of
A .
The simplest, say, toy Lagrangian of this type with extra U  (1) group reads:
1  μν   μν m2A  μ
L = LS M − Fμν
F + Fμν F +
A A + |Dμ χ|2 − m2χ |χ|2
4
2
2 μ

(1)

where χ and A are DM and mediator ﬁelds, Fμν = ∂μ Aν − ∂ν Aμ , Dμ = ∂μ + ie Aμ , e is the U  (1)
coupling constant and  is the parameter of kinematic mixing. In the Eq. (1) we have directly written
mass term mA for the vector mediator, however, we suppose that this mass term stems from the
extra-Higgs mechanism in the dark sector. Note that this model, even in its renormalizable form with
explicit extra-Higgs mechanism, is not free from anomalies. However, the model is attractive since
the whole phenomenology is controlled only by four parameters: , e , mA , mχ .
We consider scalar DM candidate since it exhibits p-wave annihilation, which is crucial to satisfying cosmological constraints. At the same time, fermion coupled through a massive vector implies
s-wave annihilation. Thus it could be only sub-dominant component of a DM.

3 Estimate of dark matter ﬂux
In the SHiP setup, DM particles χ could be produced directly in the proton-proton, or proton-neutron
collisions via s-channel exchange of the hidden photon A . If the hidden photon is suﬃciently longlived and Γ(A )  mA , then one can use the narrow width approximation. In this approximation χ
production cross section factorizes,
σ(pN → χχ̄) = σ(pN → A )Br(A → χχ̄),

(2)

and the ﬂux of DM particles Φχ = 2ΦA Br(A → χχ̄). Therefore, in this case the problem of DM ﬂux
computation reduces to that of A ﬂux computation.
Despite the popularity of the vector mediator framework, there is no generally accepted method
of its production rate computation. The Weizsäcker-Williams approximation was employed in Ref.
[9] in order to estimate the ﬂux of A produced in the process of proton bremsstrahlung. This method
deals with the entire proton. Therefore, in order to be sure that the method works properly one
should introduce the proton form factors [10]. These form factors sharply drop (as q−4 , where q is
4-momentum transfer) for A heavier than O(1) GeV and lead to underestimation of the ﬂux of heavy
vector mediators.
In order to estimate the ﬂux of hidden photons we employ results of Ref. [10], where two diﬀerent
mechanisms of A production were considered:
1) proton bremsstrahlung
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2) radiative decays of secondary mesons (π0 and η).
The average energy of the DM particles, produced via the proton bremsstrahlung is


mχ
Ein   (170 − 190)
mA



for mA in range 10−4 − 5 GeV

GeV,

(3)

The production cross section (and the ﬂux) is proportional to ∝  2 . The number of DM particles
produced by 1020 protons on target via bremsstrahlung is shown in Fig. 1 as function of mediator
mass mA for a ﬁxed value of  = 10−4 .
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Figure 1. Number of DM particles Nχ which will traverse the detector (i. e. with θ < 0.025, where θ is the angle
between the direction of particle’s 3-momenta and the beam direction) as function of the mediator mass mA for
 = 10−4 . We assume that Br(A → χχ̄)  1.

The mixing  is responsible for A decays into pairs of charged SM particles, while e governs
decay into DM scalars χ. The partial decay width into a lepton pair is given by

l+ l−
A

Γ

1
= α mA  2
3

⎛
⎞
4m2l ⎜⎜⎜
2m2l ⎟⎟⎟
1 − 2 ⎜⎝1 + 2 ⎟⎠ ,
mA
m A

(4)

where ml is the mass of the lepton and α is the ﬁne structure constant.
The partial decay width into scalar DM particles is given by
†
Γχχ
A

⎛
⎞3/2
⎜⎜⎜
4m2χ ⎟⎟⎟
1 
= α mA ⎜⎜⎝1 − 2 ⎟⎟⎠ ,
4
mA

where α ≡ e2 /4π. In what follows assume that α

3

α 2 .

(5)
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4 Dark matter scattering cross sections
Dark matter particles could scatter both on electrons and nucleons via the exchange of light mediator.
The elastic DM-electron scattering cross section has the following form [12]:
2
2me Ein
− (2me Ein + m2χ )(Ee − me )
dσχe→χe
= 4π 2 αα 2
,
dEe
(Ein − m2χ )(m2A + 2me Ee − 2m2e )2

(6)

where Ee is the energy of the recoil electron and Ein is the energy of the incident dark matter particle
and α ≡ e2 /4π.
The lowest order scalar DM-nucleon cross section was calculated in Ref. [13] and reads (for
proton and neutron N = p, n, respectively):
F 2 (Q2 )[q2N A(Ein , Q2 ) − 14 κ2N B(Ein , Q2 )]
dσχN→χN
2

=
4π
αα
,
2
dQ2
2mN (mA + Q2 )2 (Ein
− m2χ )

(7)

where Q2 = 2mN (Ein − Eχ ) is the momentum transfer, Eχ is the energy of the outgoing DM particle,
form factor in the simplest form is F = 1/(1 + Q2 /m2N )2 with q p = 1, qn = 0, κ p = 1.79 and κn = −1.9.
The functions A and B are deﬁned as:
A(Ein , Q2 ) = 2mN Ein (Ein − Q2 /2mN ) − m2χ Q2 /2mN ,
B(Ein , Q2 ) = (Q2 /2mN )[(2Ein − Q2 /2mN )2 + Q2 − 4m2χ ].
It is known (see, e.g. Fig 4.1 in Ref. [14]) that the neutrino-proton cross section is approximately
two orders magnitude greater than the neutrino-electron cross section for neutrino energies greater
than hundreds MeV. In order to determine the most relevant interaction pattern for the SHiP setup,
we present the total cross sections of two processes described above in Fig. 2. To obtain these total
cross sections we integrate the diﬀerential cross sections (6) and (7) over the allowed kinematical
range (described in Appendix A) and apply an additional cut on the recoil energy of the target particle
ET > Ecut = 1 GeV.
As one can see from Fig. 2, χ − p total cross section is more than one order magnitude greater
than that of χ − e scattering. However, one can see from Fig. 3, that the χ − p diﬀerential cross section
is steeply falls with the Q2 . Therefore the resulting signal rate of the χ-nucleon scattering will depend
on the assumed cut on the nucleons recoil energy Ecut .

5 Signal calculation
For the reason described above, we will consider only χ − e scattering and assume that the energy of
the recoil electron Ee > Ecut = 1 GeV.
We consider production of DM particles χ in decays of hidden photons A : A → χχ† . Hidden
photons, in turn, could be produced via the proton bremsstrahlung or in decays of neutral mesons.
These production channels were studied in Ref. [10] and we employ the ﬂux of A calculated in this
work. We compute energy-angle distribution of χ for mχ = 0.1 MeV and for mA in range (10−4 − 1)
GeV. Using this distribution we determine the signal rate:
N sig =

dΩ

dEin nσ(Ein ) Ldet

det

dNχ
,
dEin dΩ

(8)

where number of electrons per volume n = ZNA ρ/A, and Z is atomic number, NA is Avogadro’s
number, ρ is density of the medium and A is mass of a mole. We assume that the length of the lead
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Figure 2. σχe→χe and σχN→χN as function of the incident χ energy. We have applied the cut on the ﬁnal energy of
the target (electron or proton): ET > 1 GeV.

detector is Ldet = 100 cm. The result for N sig = 10 and 1020 protons on target is shown in Fig. 4. The
dark gray region corresponds to A produced via the proton bremsstrahlung while light gray region
corresponds to A produced in decays of secondary mesons.

Figure 3. Left panel: diﬀerential cross section of χ - electron scattering (6) as function of recoil electron energy
Ee . Right panel: diﬀerential cross section of χ - proton scattering (7) as function of the momentum transfer
Q2 . The energy of incident DM particle Ein = 100 GeV. We have applied a cut on the ﬁnal energy of the target
(electron or proton): ET > 1 GeV. Reference values of parameters, which were used in this plots, are not excluded
by present experiments.
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Figure 4. Estimate of SHiP’s sensitivity to scalar DM χ (10 signal events, 1020 protons on target) in mA − 
plane. The dark gray region corresponds to A produced via the proton bremsstrahlung while light gray region
corresponds to A produced in decays of secondary mesons.

6 Conclusions
To summarize, we have estimated the ﬂux of light dark matter particles expected in the SHiP experiment and outlined the region in the model parameter space (see Fig. 4), where 10 χ-e scatterings
with Ee > 1 GeV are expected for each 1020 protons on target. We assert that the SHiP experiment
provides a possibility to search for light dark matter particles. The high energy of incident protons
together with a huge statistics allows investigating yet not reached regions of the parameter space. A
promising channel of dark matter - proton scattering deserves further studies. One needs to estimate,
what is the minimal value of transferred momentum Q2min required to separate the signal from the
background induced by elastic neutrino scatterings.
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Appendix A: Kinematics
In order to calculate a total cross section of DM scattering one need to know an appropriate integration
limits. In this Appendix we present some relevant details.
Consider the process χ(pa ) + T (pb ) → χ(p1 ) + T (p2 ), where T is a target particle of mass mT ,
T = e, p, n. Standard Mandelstam variables reads:
s = (pa + pb )2 = (p1 + p2 )2 = m2χ + m2T + 2mT Ea ,
t = (pa − p1 )2 = (pb − p2 )2 = 2m2T − 2mT E2 ,
u = (pa − p2 ) = (pb − p1 ) =
2

2

m2χ

+

m2T

(9)

− 2mT E1 .

From (9) and s + t + u = 2m2χ + 2m2T one immediately obtains two useful forms for the momentum
transfer:
Q2 = −t = 2mT (Ea − E1 ),
(10)
Q2 = −t = 2mT (E2 − mT ).
The integration limits in terms of E1 or E2 are deﬁned by the physical region of 2 → 2 scattering:
−

λ(s, m2χ , m2T )
s

≤ t ≤ 0,

where λ(x, y, z) = (x − y − z)2 − 4yz is ordinary Källén triangle function.
Requiring E2 > Ecut one also gets t ≤ −2mT (Ecut − mT ).
Finally,
2mT 2
Ea −
(Ea − m2T ) ≤E1 ≤ Ea + mT − Ecut
s
2mT 2
Ecut ≤E2 ≤ mT +
(Ea − m2T )
s

(11)

(12)
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