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1. Introduction

It is known from neutrino oscillation experiments that at least
two of the neutrino degrees of freedom of the Standard Model
(SM) are massive. The masses of the light neutrinos may be gen-
erated by extending the SM with at least two so-called sterile
(“right-handed”) neutrinos which can have a Majorana mass as
well as Yukawa couplings to the three active neutrinos and to the
Higgs doublet. After the electroweak symmetry is broken the ster-
ile and active neutrinos mix, resulting in light and heavy mass
eigenstates which all participate in the weak interactions.

When the sterile neutrinos are lighter than the W boson and
have small mixings, they can be long-lived such that their decay
happens displaced from the primary interaction vertex. Such dis-
placed vertex signatures, in a more general context, are searched
for by the LHC collaborations, see for instance [1-3]. Recently, the
LHCb collaboration published their results from a search for mas-
sive long-lived particles decaying into wjj [4], which, as we will
discuss below, are very powerful for constraining sterile neutrino
parameters.

In [4], the datasets from run 1 for the center-of-mass energies
of 7 and 8 TeV with luminosities of 1 and 2 fb~!, respectively,
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are analysed. It was found that displaced vertices in the cylindri-
cal LHCb sub-detector, the so-called VErtex LOcator (VELO), with
a transverse displacement of up to 2 cm, are in agreement with
the SM expectation, and no event was found with a transverse
displacement larger than 5 mm when applying the lepton isola-
tion filter. For transverse displacements larger than 2 cm no events
were recorded at all.

In the following we use the results from [4] to derive estimates
for the present constraints on sterile neutrino parameters. Fur-
thermore, we present forecasts for the possible sensitivities from
a similar analysis of the LHCb run 2 data and also for the high-
luminosity phase of the LHC.

2. Benchmark model

As benchmark model we consider the “symmetry protected see-
saw scenario” (SPSS), see for instance in ref. [5] and references
therein, which features a pair of sterile neutrinos that are subject
to a “lepton number”-like symmetry (and possible additional ster-
ile neutrinos which are decoupled from collider phenomenology).

The resulting mass eigenstates after electroweak symmetry
breaking are the three light neutrinos v; (i =1, 2, 3), which are
massless, and two heavy neutrinos Nj (j =1,2) with approxi-
mately degenerate mass eigenvalues M. The mass eigenstates are
admixtures of the active (SM) and sterile neutrinos, and the neu-
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Fig. 1. Feynman diagram for the dominant signal processes that give rise to a dis-
placed vertex with emergent st jj final state from the decay of the heavy neutrino N.

trino mixing can be quantified by the mixing angles and their
magnitude:

b= T VW = 10ul® (1)
V2 M ”

with vgw = 246.22 GeV, and where the y,, are the neutrino
Yukawa couplings. The observed light neutrino masses can be gen-
erated by a slight breaking of the protective symmetry, allowing
the y,, to be in principle large for any given heavy neutrino
mass M. In this model, the mixing angles 6, and the heavy neu-
trino mass scale M are essentially free parameters, with M poten-
tially around the EW scale.

3. Displaced sterile neutrino decays at LHCb

As in LHCb’s analysis [4], we are considering the w jj final state
that emerges from a displaced secondary vertex. The most rele-
vant diagrams which lead to this final state in the presence of
sterile neutrinos are depicted in Fig. 1, with the dominant produc-
tion channel being Drell-Yan. For masses M below my and small
|6]? the lifetime of the heavy neutrino can be long enough such
that its decays give rise to a secondary vertex with a macroscopic
displacement from the interaction point, where it has been pro-
duced. The non-observation of displaced vertices at LHCb can be
used to constrain the sterile neutrino parameters, i.e. M and |0]2.

Based on geometric considerations, the expected number of
signal events from the displaced decays of heavy neutrinos, Ngy,
which is subject to constraints from the LHCb analysis, is given by:

Nxn

Nav(/s, £, M, 107) = > oxn(+/s, M, [0]*) Bryj; £ x

x=v 4+

/ D (9, 1) Pay(nin (8). Xmax (9). Axiap (T, ) dddy . (2)

In this equation, oxy labels the cross section for the different pro-
duction processes with x = {v, ¢*} depicted in Fig. 1, Bryj is the
branching ratio of a heavy neutrino into a muon plus jets, £ de-
notes the integrated luminosity, which yields the overall number
Nxn of events with a displaced secondary vertex from heavy neu-
trino decays. The integral gives the fraction of the heavy neutrino
events that fall into the geometric acceptance of the LHCb detec-
tor. Therein Dxy (9, y) is the probability distribution of producing
a heavy neutrino with an angle ¢ between its momentum and the
beam axis and Lorentz boost y for the given production process,
and Pgy is the probability distribution of a decay to occur within
a minimal and a maximal distance from the interaction point Xmip
and xpax, respectively. Eq. (2) goes beyond the treatment in ref. [6]
by including the detector geometry and the process specific kine-
matics.

The direction dependent maximal and minimal displacements
are set by the geometry of the LHCb detector, in particular by the
maximal longitudinal and transverse displacement, zpax and rmax,

Fig. 2. The direction dependent displacement is shown for the example of sterile
neutrinos decaying inside the sub-detector of LHCb, the vertex locator VELO.
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Fig. 3. Lifetime (in picoseconds) of a heavy neutrino multiplied with the active-
sterile mixing parameter |0|2 as a function of its mass.

respectively, whereas the minimal transverse displacement rp;, is
set by LHCb'’s analysis of the background. The resulting maximal
displacement and minimal displacement are given by:

(8 Cf)’sﬂ(ag) if 0 < ¥ < arctan(rmax/Zmax)
max —_— . ,
s;rT(ag) if arctan(rmax/Zmax) <9 < %
'mi . T
s jfarctan(fmin/Zmax) <0 < =
b min/4max) = 3
X (@) = 1 | . 3)
n.a. otherwise

The used values for zmax, 'max and ryip Will be discussed in the
next section, we show in Fig. 2 an example for displaced decays
inside the VELO.

The probability P4, for a heavy neutrino to decay within these
distances is dependent on the lifetime t of the heavy neutrino,
here proper lifetime, and the corresponding Lorentz boost. The
proper lifetime, shown in Fig. 3, is obtained from the heavy neu-
trino width I'y, which is dependent on the active-sterile mixing
|6]> and the mass M, by t = 1/Ty. The probability of particle
decays is exponentially distributed and for a displacement Axjyp,
from the primary vertex with Xmin < AXjap < Xmax this probability
is given in the laboratory frame by

Pav=Exp ( Afo) B ( AxTabx> ' ®
a a

In the laboratory frame the displacement is

AXjgb = Tap| V| =/ ¥2 — 11¢, (5)

with ¢ the speed of light and ¥ = /1 + |p|?/M? being the Lorentz
factor with the three-momentum of the heavy neutrino in the lab-
oratory frame p.

Now we have assembled all the ingredients to constrain the
sterile neutrino parameters: The rare process of a displaced ver-
tex decay is taken to be a Poisson process, thus the number of
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events are Poisson distributed with expected value Ng, as defined
in eq. (2). The non-observation of displaced vertex events puts a
limit on the expected value N4, for which the resulting number of
events is incompatible with the observed zero events for a given
confidence level. From that limit we derive the upper bound on
the active-sterile neutrino mixing for benchmark masses between
2 and 30 GeV. We choose for our analysis the 95% C.L. which cor-
responds to the limit Ng, > 3.09 events, as is discussed in ref. [7].
The above discussed procedure can in principle be adjusted to
other detectors, to other experiments at other colliders, and to a
different statistical treatment.

4. Constraints

Since LHCb’s analysis was conducted for long lived particles de-
caying to i and jets, we consider only heavy neutrino decays into
1 jj and we apply the same cuts to our signal sample:

N(u)=1and N(j) > 0
2<n(f) <5 f=u,j
Pe() > 12 GeV
M[ujj] > 4.5 GeV

In the last cut, M[u jj] corresponds to the reconstructed invariant
mass of the heavy neutrino, and the cut rejects signal events from
heavy neutrinos with masses below 4.5 GeV. We note that we have
not simulated this reconstruction and just set this invariant mass
equal to the heavy neutrino mass. Furthermore, we impose the cut
P jjl < 0.34 due to the geometric acceptance of the LHCb detec-
tor, in order to save simulation time. In the following we assume
that after LHCb’s track reconstruction we pass the analysis’ prese-
lection cuts with four recorded tracks or more.

We carry out the analysis for the special case |0,| = |6;| =0 and
|6x| # 0, such that Bryjj >~ 0.55 (neglecting the small dependency
on the mass M), noting that the N also decays via Z and h. We
consider the displaced heavy neutrino decays to take place in two
different regions:

e Region 1 restricts the decays to be inside the VELO, for which
we take rmax = 50 ¢cm, zZmax =40 cm and i, = 2 cm. Here
we assume a signal reconstruction efficiency of 100%.

e Region 2 restricts the decays to be inside the volume with
'max = 60 cm and zmax = 2 m, which is the radial extension
and distance to the TT tracking station, and ryj, =5 mm. For
radial displacements between 5 mm and 2 cm, due to, e.g.,
detector related backgrounds and blind spots, we use a 50%
signal reconstruction efficiency [8]. We also use 50% efficiency
for longitudinal displacements between 40 cm and 2 m [8].
Region 2 also includes region 1, where a signal reconstruction
efficiency of 100% is used.

We remark that a realistic efficiency is dependent on the mass
M and that it decreases for masses towards 4.5 GeV. Therefore,
a detailed analysis is necessary, which is beyond the scope of this
paper.

For the calculation of the number of events Nxy of the different
processes pp — XN — X(ijJ)displaced With X = {v, £*} we use the
symmetry protected model discussed above. Note that for x = ¢*
the event has a prompt charged lepton, which is of no consequence
since the LHCb analysis has not put a veto on prompt charged lep-
tons. We evaluate the cross sections for all the three processes
with the above applied selection cuts by using WHIZARD [9,10]
with the parton distribution function set to CTEQ6L. We note that
we neglected theoretical uncertainties and uncertainties on the in-
put parameters. We show representatively the cross sections for

Table 1

Base signal cross sections in the fiducial volume covered by LHCb. They are given
by the Drell-Yan production cross sections of heavy neutrinos times the branching
ratio into w jj and divided by the square of the active-sterile neutrino mixing angle.
A benchmark heavy neutrino mass of 5 GeV and |6,| = |#;| =0 was adopted. For
the evaluation, WHIZARD with the CTEQ6L parton distribution function have been
used.

NG WN{-)# ‘W%ZB%J Gmf;#
7 TeV 126 pb 193 pb 342 pb
8 TeV 156 pb 257 pb 441 pb
13 TeV 308 pb 513 pb 939 pb

Vs =7Tev
M =6 GeV
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Fig. 4. An example for the used probability distributions D,n(%, y), i.e. a produced
heavy neutrino flying off with polar angle ¢ with corresponding Lorentz factor y.

heavy neutrino masses M of 5 GeV in Table 1 for the center-of-
mass energies of 7 and 8 TeV, and also 13 TeV for comparison. We
note that for heavy neutrino masses M around 10 GeV, the pro-
duction cross sections do not vary much with the mass.

We construct the probability distribution Dyn (%, ) in eq. (2)
from simulated Monte Carlo event samples with 10* events per
benchmark mass for each of the three different processes, which
were generated with WHIZARD at the parton level. An example
distribution is shown in Fig. 4. Moreover, the decay width I'y for
different neutrino parameters is also obtained numerically with
WHIZARD.

We define the region of parameter space that is excluded by
the LHCb search for displaced vertices via the condition:

Nay(7 TeV, M, |6]%) + Ngy(8 TeV, M, |9]?) > 3.09. (6)

As discussed at the end of the previous section this ensures that
parameters fulfilling this condition yield at least one event that is
incompatible with the observation of LHCb, and are thus excluded
at the 95% confidence level. Our estimate for the LHCb exclusion
limit for sterile neutrino parameters from displaced vertex searches
is shown in Fig. 5. The dark red region in the plot is a conservative
estimate for the exclusion limit where only region 1 is used. For
the limit shown in light red we use region 2, with estimated signal
reconstruction efficiency of 50% outside region 1.

In the case of |6.| # 0 # |0;|, the number of events Nyy is
rescaled with the branching ratio Brj; = 0.55|6,,|2/16]?, while the
integral part of eq. (2) is dependent on the mixing |6]2.

5. Sensitivity forecasts
Finally, we project the sterile neutrino sensitivities of LHCb for

run 2 at 13 TeV with 5 fb~!, and for the high-luminosity phase
with a total integrated luminosity of 380 fb~!. For the projected
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LHCb dv run 1
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Fig. 5. Estimated exclusion limits at 95% C.L. for the active-sterile neutrino mixing
parameter |6]2 as function of M from the recent LHCb search for displaced ver-
tices (dv) [4]. The dark red area is a conservative estimate considering only the
region with radial displacement above 2 cm and longitudinal displacement below
40 cm, where no events have been observed at all and where no loss in signal
reconstruction efficiency is expected. The light red area uses the region 2 of the de-
tector volume, as described in the main text, with estimates for the efficiency in
the additional regions. The limits are shown for 0|2 = |0, |2 (i.e. |6e] = |6 = 0).
(For interpretation of the references to colour in this figure, the reader is referred
to the web version of this article.)
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Fig. 6. Projected 95% C.L. sensitivities to the active-sterile neutrino mixing parame-
ter |0|2 as function of M from LHCb searches for displaced vertices (dv) with muons
plus jets at 13 TeV, compared to the present limits from DELPHI [11], Belle [12] and
from the LHCb prompt [13,14] and LHCb displaced vertex searches (cf. Fig. 5). The
black dotted and dashed lines represent the sensitivities for the present amount
of data of 5 fb~! (dv run 2) and the expected 380 fb~! (dv run 5) for the high-
luminosity run. The sensitivities are shown for |9]? = \OM\Z (i.e. |6e| = 6] = 0).
Note that in the current LHCb displaced vertex analysis events with M < 4.5 GeV
would have been removed by cuts. We nevertheless show this region for compari-
son. (For interpretation of the references to colour in this figure legend, the reader
is referred to the web version of this article.)

sensitivities the underlying assumption is that the background free
environment remains the same as for run 1, and we also adopt the
case with [0]? = |6, i.e. |0e| = 6| = 0.

We show the resulting projected 95% C.L. sensitivities in Fig. 6,
in comparison to the estimated present exclusion limit of Fig. 5
and other existing limits." These include the 95% C.L. limit from

T We note that the other analyses consider a simplified model with only one ster-
ile neutrino, which strictly speaking yields a too large mass of the light neutrino.
We can nevertheless compare our constraint derived in the SPSS model with these
bounds, since for the considered processes the heavy neutrino production cross sec-
tion and the kinematics are identical.

DELPHI [11], obtained from a combination of mono jet and
acollinear jets searches for a short and long lived heavy neutral
lepton, the limit from Belle [12], derived from B-meson decays at
the 90% C.L., and the LHCb 95% C.L. limit [13], also derived from
B-meson decays (see ref. [14] for a revised limit). Furthermore,
the active-sterile mixing parameters are also constrained indirectly
from precision measurements, where, e.g. for M ~ 10 GeV, the
constraint on |9,L|2 is ~ 104 [5] (for similar discussions see also,
e.g., [15,16]).

We notice that, for 4.5 GeV < M < 10 GeV, our estimates sug-
gest that already the present LHCb displaced vertex limit (cf. Fig. 5)
provides the strongest bound on the parameter |6|% = |9M|2 (i.e. for
|6¢| = |6| = 0). Furthermore, we find that future LHCb displaced
vertex searches have the potential to significantly improve the sen-
sitivity on |9|2. Forecasts for the other LHC experiments can be
found for instance in [17] and feature comparable sensitivities. For
the projected sensitivity for 2 GeV < M < 4.5 GeV, it will be in-
teresting to explore whether the invariant mass cut on the tracks
from the displaced vertex can be relaxed.

6. Conclusions

We have analysed the sensitivity of displaced vertex searches
at LHCb for testing sterile neutrinos. Using the recently published
displaced vertex search at LHCb based on run 1 data, we derived
estimates for the constraints on sterile neutrino parameters. Our
estimates indicate that for sterile neutrino masses M around 9 GeV
the active-sterile neutrino mixing is constrained down to ~ 3 x
1076 (at 95% C.L.). They suggest that for 4.5 GeV < M < 10 GeV,
already the currently analysed LHCb data provides the strongest
present exclusion limit for active-sterile neutrino mixing.

Furthermore, we presented forecasts for the sensitivities that
could be obtained from the run 2 data and also for the high-
luminosity phase of the LHC. These future searches could be able
to probe the active-sterile mixing angles down to ~ 108 (at
95% C.L.) for sterile neutrino masses M around 20 GeV, more than
three orders of magnitude better than the present bounds.

We remark that searches for displaced vertices with different
signatures, i.e. N — ejj, N — tjj, are desirable to complement
existing analyses because they test the other active-sterile mix-
ing parameters |0.| and |6;|. Moreover, we expect that a dedi-
cated analysis for the process pp — ¢4 N could reduce the b-quark
backgrounds with radial displacements below 5 mm, leading to
improved sensitivities. This could be achieved for instance by se-
lecting, or even triggering, on the prompt lepton in addition to the
displaced vertex. Thereby selecting prompt lepton momenta above
6 GeV (15 GeV) reduces the signal sample from charged Drell-Yan
production by only 6% (20%). A dedicated analysis would also al-
low to infer a realistic signal reconstruction efficiency for displaced
vertices in any of LHCb’s detector components.

In summary, the LHCb is an excellent environment for sterile
neutrino searches via displaced vertices.
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