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1 Introduction

Almost all of our models for new physics beyond the Standard Model (SM) are able to

describe massive, long-lived particles (LLPs), with macroscopic decays, that could poten-

tially be reconstructed as displaced vertices inside the LHC detectors [1–7]. LHC searches

able to make use of displaced vertices benefit from considerably lower backgrounds than

searches which cannot, making them sensitive to very small signals of new physics. This

sensitivity is becoming increasingly important in the light of ongoing null results from

LHC; new physics may be so feebly coupled to the SM that it is invisible to searches not

dedicated to LLPs (see ref. [8] for a recent and comprehensive review). New physics models

where the correct dark matter relic abundance is obtained via the FIMP [9] or SuperWIMP

mechanisms [10] predict displaced signatures at colliders [11–15]. Models of pseudo-Dirac

dark matter [16] also predicts displaced vertices. It is therefore natural to ask the question

of what else could be measured at colliders, and what could thus be inferred about the

nature of dark matter, given a displaced vertex signal.

In this work we address the above by developing a simple method to reconstruct par-

ticle masses in events with displaced vertices. Identifying particle masses in decay chains

where there is a displaced particle decaying at a known position has previously been sug-

gested in ref. [17], where the authors recover the unknown kinematic quantities by using the

constrains from the presence of displaced tracks. Our work goes beyond this by demonstrat-

ing that our reconstruction technique is resilient to unavoidable instrumentation effects:

namely uncertaintes in the reconstructed positions of displaced vertices, and in the magni-

tude of reconstructed lepton and jet momenta, jets and missing transverse momentum. For

resolutions representative of a typical LHC detector, we estimate the precision with which

the masses of the long-lived particle and its daughter might be determined given a straw

signal. We draw events for that signal from a point in the simplified model proposed in

Reference [18], wherein candidate for dark matter is present as a decay product (daughter)

of the long-lived particle which generates the displaced vertices. We describe the topology

and kinematic equations in section 2. Our simulations, description of the method and

results are presented in section 3. We conclude in section 4.
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Figure 1. Topology of the displaced decays considered in this work. Two long-lived parent particles

χ2 are produced from the primary collision and then decay with a displaced vertex to an invisible

daughter χ1 and something visible V , which can be either a single particle or the sum of more

particles in the final state.

2 Kinematics of displaced events

The event topology considered in this work is shown in figure 1. It assumes production

of a pair of long-lived parent particles, χ2 and χ′2, having the same mass as each other.

After moving through displacements r and r′, these subsequently decay to identical invis-

ible daughters χ1 and χ′1 in association with visible products V and V ′ having observed

momenta pV and pV ′ . The accuracy with which the positions r and r′ might be experi-

mentally measured will depend on the nature of V and V ′. In the most ideal case, r might

be reconstructed with a small Gaussian uncertainty as the location from which a two or

more charged tracks — as might happen if V was an e+e−-pair directly coming from a

three-body decay of a neutralino. If V contained only one visible track, however, it might

only be possible to state that r lives ‘somewhere on a given track segment’.1

Given the observed event variables r, r′, pV , pV ′ and the missing transverse momentum

pmiss
T , is it possible to calculate the values of the three-momenta pχ1 , pχ2 , p′χ1

and p′χ2

which are compatible with the kinematics of figure 1? The answer to this question is

“Yes, if and only if pV + pV ′ + pmiss
T lies between r and r′ in the transverse plane.” If

this condition is not met, the observed event is incompatible with the proposed kinematic

structure. A more mathematical statement and proof of this statement is provided in the

appendix, but the key result noted here is that, for events for which a valid solution exists,

the resulting three-momenta pχ1 , pχ2 , p′χ1
and p′χ2

are uniquely determined and given by

simple algebraic functions of the observed event variables, supplied in the appendix.

When the three-momenta pχ1 , pχ2 , p′χ1
and p′χ2

are uniquely determined, the same

is not necessarily true for the masses mχ1 and mχ2 . These are constrained only by four-

1For example, the general direction of a strongly collimated e+e− pair coming from a highly boosted V

could be well measured, but the actual production point might be only localised to, say, being ‘somewhere

between the third and fourth silicon tracking layer’, as hits might have been seen on and beyond the fourth

layer but not before.
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momentum conservation to solve the two equations:(√
m2
χ2

+pχ2
2,pχ2

)µ
−
(√

m2
V +pV 2,pV

)µ
=
(√

m2
χ1

+pχ1
2,pχ1

)µ
and (2.1)(√

m2
χ2

+pχ′
2

2,pχ′
2

)µ
−
(√

m2
V ′+pV ′2,pV ′

)µ
=
(√

m2
χ1

+pχ′
1

2,pχ′
1

)µ
, (2.2)

which upon squaring read

m2
χ2

+m2
V − 2

(
EV

√
m2
χ2

+ pχ2
2 − pχ2 · pV

)
= m2

χ1
and (2.3)

m2
χ2

+m2
V ′ − 2

(
EV ′

√
m2
χ2

+ pχ′
2

2 − pχ′
2
· pV ′

)
= m2

χ1
. (2.4)

In principle, equations (2.3) and (2.4) have eight solutions for the mass pair (mχ1 ,mχ2),

but we are interested only those resulting in positive masses, of which there are variously

zero, one or two solutions per event.

3 Simulations and results

We choose for our study the simplified DisplacedDM model that produces displaced vertices

plus missing transverse momenta defined in Reference [18]. We consider the model in figure

3 of [18], where a quark anti-quark pair decays to a heavy mediator Y1 (with spin 1), that

then decays to two long-lived parent particles χ2. χ2 decays displaced to a dark matter

particle χ1 and a light mediator Y0 (with spin 0), that further decays to fermions. The full

decay chain of this simplified model is given by

qq̄ → Y1 → χ2χ̄2 → χ1Y0χ1Y0 → χ1ff̄χ1ff̄ . (3.1)

The authors in Reference [18] provide the corresponding UFO [20] for the DisplacedDM

model, which we use to simulate events for the process pp → Y1 → χ2χ̄2 at
√
s = 13 TeV

using MadGraph5 aMC@NLOv2.5.5 [21] at leading order. The output corresponds to

unweighted events in LHE format [22], that includes the lifetimes of the χ2 particles.2

We set the mass of the mediators to be mY1 = 1 TeV and mY0 = 40 GeV, so that

we can scan combinations for the truth value of the masses mχ1 and mχ2 such that

mχ2 −mχ1 ∼ O(10s) GeV. We generate a grid of 510 points, with mχ1 = [1, . . . , 10] GeV

and mχ2 = [50, . . . , 100] GeV. The size of the lifetime τ of χ2 is of the order of cτ ∼ 20

mm, leading to decay lengths of O(100) mm (after considering the boost factor), which

will happen inside the inner trackers of the LHC detectors.3

The generated events are interfaced to Pythia8 v2.15 [23] for hadronisation and

computation of the χ2 → χ1ff̄ decays. The masses and widths of the particles in the

2The lifetime information can be passed to the LHE events by setting the time of flight variable in

MadGraph5’s run card. We choose 1e−25 as threshold for displaced vertices.
3The ATLAS detector, for example, can efficiently reconstruct displaced vertices inside the tracker with

decay lengths between 4 mm and 300 mm [1]. In what follows, only displaced decays inside the inner

trackers are considered. However, the validity of the method can also be tested if one considers known

displaced vertex positions inside the muon spectrometer, as the muon spectrometer also has the capability

to reconstruct vertices.
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Figure 2. Solutions for the masses for 5 events after smearing only one vertex linearly as in

equation (3.2), with θ = [−0.1, 0.1], in the direction of the visible momenta coming out of the

vertex. The truth value for the mass pair is (mχ1
,mχ2

) = (1, 50) GeV.

model are communicated to Pythia via the SLHA [24, 25] section of the LHE header

(which is the same approach adopted in ref. [18]). We consider the case where Y0 decays

to e+e− (corresponding to one of the minimal sets of long-lived plus missing transverse

momenta benchmarks defined in table 4 of ref. [18]).

We first analyze events at the truth-level. We identify the positions of the χ2 displaced

decays in Pythia8, in addition to the 4-momenta of the final state particles from the

vertices. We always require the presence of two displaced vertices in each event. This

information is further analyzed with python routines to solve the kinematic equations

numerically. In the case where we have two solutions for the mass pair (mχ1 ,mχ2) per

event, we choose the smallest of the two, which is presumably the correct one (as the mass

values can go all the way up, but can never go below zero). Plots are generated with

matplotlib [26].

Figure 2 shows the resulting value of the masses (mχ1 ,mχ2) for 5 events, when one

dimensional degree of freedom θ is added in the direction of the visible momenta coming

out of one of the displaced vertices,4 such that

r −→ r + θpV . (3.2)

By doing this operation, we see the effect on the masses of not knowing about the

displaced tracks starting positions. Each curve corresponds to one independent event, and

we can see that all of them intersect at the correct truth value for the masses, confirming

the equation solving process is accurate.

4Note that θ should have units of length-over-momentum in principle. We do not address a meaningful

size to the spread here, as the purpose is to only show that the kinematic equations and their solutions are

correct. A meaningful spread is given once we include all detector effects.
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To take into account inefficiencies in the displaced vertex reconstruction, we smear the

positions of the two vertices in each direction by sampling from a Gaussian distribution with

σ = 300µm. Even though displaced vertex reconstruction efficiency gets worse at large radii

(specially beyond the pixel layers [2]) we use a constant 300 µm as a conservative choice,

as most of our displaced decays occur within transverse position < 300 mm. Note that we

consider a cylinder with radius r = 11 m and length |z| = 28 m to model the size of the

ATLAS inner detector [27]. Any particle that decays outside the inner detector is therefore

considered to be stable.

Leptons, jets and missing transverse momenta are reconstructed inside Pythia8. We

use FastJet 3.1.3 [28] for jet reconstruction. The detector response for these objects is

modeled in the same way as in Reference [29], where the jet momentum is smeared by a

Gaussian with different resolutions depending on the jet’s energy. For electron resolution

we use 2% at 10 GeV, falling linearly to 1% at 100 GeV, and then 1% flat.

For the study of the displaced e+e− system we require at least 4 electrons in each event.

Each electron has to be matched to a truth displaced track coming from the displaced

vertex. We perform the matching by requiring the distance in the (η, φ) plane between the

track and the reconstructed electron to be less than 0.1. Displaced tracks are defined to

have a transverse impact parameter |d0| > 2 mm and pT > 1 GeV, with d0 defined in the

appendix of ref. [29]. For the events that satisfy these requirements we save the smeared

momenta for the matched electrons. The missing transverse momenta in each event is also

extracted from the detector simulation. The smeared quantities (r, r′,pV ,pV ′ , pmiss
x , pmiss

y )

are now the new input to our python routine in order to solve the kinematic equations

in (2.3) and (2.4).

After smearing, we compute an estimate for the mass pair (mχ1 ,mχ2) based on a

fixed percentile of the data formed with the set of solutions arising from the equation

solving process. Figure 3 shows the distributions of the parent and daughter masses after

smearing O(10000) independent events, including all detector effects. We also show the

truth mass solutions in red, together with the solutions for the mass pair after considering

all smearings in the far right plot. The estimated mass values are calculated from the

first percentile of the data in each mass distribution. The estimated pair in this case is

(mχ1 ,mχ2) = (2.2, 49.1) GeV for a truth mass pair of (mχ1 ,mχ2) = (1, 50) GeV.

We now wish to address the following question: if there are displaced events seen at

colliders of the topology in figure 1, and since there are no SM contribution to displaced

vertices of the topology assumed, how heavy are the masses of the parent and daughter par-

ticles? Basically we would like to extract both parent and daughter masses from the data.

To illustrate the sort of confidence intervals that might result from the observation

of one event containing displaced vertices in this simplified model, we generate an exam-

ple of a 95% confidence region in mχ1 − mχ2 space, using the coverage properties of a

two-dimensional estimator defined, as above, by the first percentile of the distribution of

solutions arising from the equation solving process. An example of the estimated masses

can be seen in figure 4. In figure 5 we show a confidence region that uses a set of five events

(see table 1) typical of a mass regime consistent with (mχ1 ,mχ2) = (5, 75), thinking of the

middle of the grid of points we sampled.
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Figure 3. Solutions for the masses including all detector effects. The estimated mass values for

the daughter χ1 (left) and parent χ2 (middle) are shown in the label. The right far plot shows the

truth solutions and the solutions after considering all detector effects (or smearings). The truth

values of the mass pair are (mχ1
,mχ2

) = (1, 50) GeV.
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Figure 4. Two-dimensional estimator map generated for the truth values (mχ1
,mχ2

) = (1, 50).

95% of the points lie inside the purple contour.

Set of observed values (mχ1 ,mχ2)

(5.2, 73.0), (4.7, 73.0), (4.6, 73.2), (5.2, 73.4), (5.5, 73.8)

Table 1. A set of five observations for the mass pair (mχ1 ,mχ2). These were randomly selected

before creating the estimation maps to construct the median 95% confidence region in figure 5.
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Figure 5. Median 95% confidence region for five observations of the mass pair (mχ1
,mχ2

). The

observations are in table 1.

4 Conclusions

We presented a simple method for reconstructing particle masses in events with dis-

placed vertices, whose utility is motivated by models with displaced dark matter signatures

at colliders.

We considered event topologies where two long-lived parent particles decay to two

invisible daughters and visible particles. Knowing the displaced vertex positions of the

two parents, with the assumption that the momentum of the parent lies in direction of the

displaced vertex, gives us extra information to constrain the kinematics fully. Note that

this topology is not restricted to cases where the long-lived parent is neutral, making the

method accessible to various models.

After considering detector effects in the reconstruction of displaced vertices inside the

inner tracker, leptons, jets and missing transverse momentum, we produce an estimate for

the daughter-parent mass pair. The estimate is based on the first percentile of the data

formed with the set of solutions for the mass pair. After constructing mass histograms

in estimation space for a mass grid in the displaced dark matter simplified model in [18],

given an observation, a 95 % confidence region is constructed.

The technique presented can be tested for other models, and can be extended to

consider additional final states (such as muons or jets) to arrive at results of the kind

shown in figure 5. The method can be used, provided the assumptions the technique relies

on are respected and consistent detector simulation is done for these (displaced) objects.

Further refinements of the method can also be made by considering additional detector

effects, such a mis-reconstructions in the primary interaction point.

Looking for displaced decays will continue to be an important signature in the discovery

of new physics. If displaced events are seen at the LHC, this method proves useful to

constrain unknown particle masses, and may shed light on the mass scale for dark matter.
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A Kinematic equations

We determine the momentum components and masses of the unobserved particles by solv-

ing the system of equations that embodies the kinematic structure of figure 1.

m2
χ2

= (pV + pχ1)2 (A.1)

m2
χ′2

= (pV ′ + pχ′1)2 . (A.2)

Considering the 4 on-shell mass constrains,

m2
χ1

= p2χ1
(A.3)

m2
χ2

= p2χ2
(A.4)

m2
χ′1

= p2χ′1
(A.5)

m2
χ′2

= p2χ′2
(A.6)

and assuming mχ1 = mχ′1
and mχ2 = mχ′2

we have,

m2
χ1

= p2χ1
= p2χ′1

m2
χ2

= (pV + pχ1)2 = (pV ′ + pχ′1)2 . (A.7)

The missing transverse momentum in the event satisfies

pxχ1
+ pxχ′1

= pmiss
x (A.8)

pyχ1
+ py

χ′1
= pmiss

y . (A.9)

Including information on the displaced vertex positions r, we get extra knowledge on

the direction of the mommentum of the parent χ2, as

pχ2 = |pχ2 |
r

r
= |pχ2 |r̂. (A.10)

From 4−momentum conservation, we have

m2
χ2

= m2
χ1

+m2
V + 2EV

√
m2
χ1

+ |pχ1 |2 − 2pV · pχ1

m2
χ2

= m2
χ1

+m2
V ′ + 2EV ′

√
m2
χ1

+ |pχ′
1
|2 − 2pV ′ · pχ′

1
, (A.11)
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where the unknown quantities are mχ2 , mχ1 , pχ1 and pχ′
1
.5 In order to solve the system of

equations, we first define the 3-momentum of V (V ′) and χ1 (χ′1) in terms of their projec-

tions to the particle χ2 (χ′2), whose direction is known. The parallel ‖ and perpendicular

⊥ components are

(pχ1)‖χ2
= (pχ1 · r̂)r̂ (A.12)

(pV )‖χ2
= (pV · r̂)r̂ (A.13)

(pχ1)⊥χ2 = pχ1 − (pχ1 · r̂)r̂ (A.14)

(pV )⊥χ2 = pV − (pV · r̂)r̂. (A.15)

Considering (pχ1)⊥χ2 = −(pV )⊥χ2 , we have that

pχ1 = (A+B)r̂ − pV (A.16)

where we have defined

A ≡ (pχ1 · r̂)

B ≡ (pV · r̂). (A.17)

Similarly for pχ′1 we have

pχ′
1

= (C +D)r̂′ − pV ′ (A.18)

with

C ≡ (pχ′
1
· r̂′)

D ≡ (pV ′ · r̂′). (A.19)

Note that the unknown quantities are A and C, which we can clear by using the

following constrain on the missing transverse momenta pmiss
T = (pmiss

x , pmiss
y ) in the event

pmiss
T = [(A+B)r̂ − pV + (C +D)r̂′ − pV ′ ]⊥, (A.20)

which allows to extract the unknown quantities,

A =
r̂′ × (pV + pV ′ + pmiss

T ) · k
r̂′ × r̂ · k

− pV · r̂ (A.21)

C =
r̂ × (pV + pV ′ + pmiss

T ) · k
r̂ × r̂′ · k

− pV ′ · r̂′ (A.22)

5Note that in the simpler case where mχ1 = 0, the system of equations in (A.11) together with the

constrain from equation (A.7) is enough to solve for |pχ2 |, as shown for example in Reference [19], where

we recover the same result if we identify mχ1 with the (massless) neutrino.

– 9 –
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where k is a fixed three-vector pointing along the beam-line.6 We also have that,

pχ1 = (A+B)r̂ − pV

=

(
r̂′ × (pV + pV ′ + pmiss

T ) · k
r̂′ × r̂ · k

− pV · r̂ + pV · r̂
)
r̂ − pV

=

(
r̂′ × (pV + pV ′ + pmiss

T ) · k
r̂′ × r̂ · k

)
r̂ − pV , and

pχ′
1

= (C +D)r̂′ − p′V

=

(
r̂ × (pV + pV ′ + pmiss

T ) · k
r̂ × r̂′ · k

− p′V · r̂′ + p′V · r̂′
)
r̂′ − p′V

=

(
r̂ × (p′V + pV ′ + pmiss

T ) · k
r̂ × r̂′ · k

)
r̂′ − p′V (A.23)

or equivalently

pχ2 = pχ1 + pV

=

(
r̂′ × (pV + pV ′ + pmiss

T ) · k
r̂′ × r̂ · k

)
r̂, and

pχ′
2

= pχ′
1

+ pV ′

=

(
r̂ × (pV + pV ′ + pmiss

T ) · k
r̂ × r̂′ · k

)
r̂′. (A.24)

The last two equations are telling us the magnitudes of pχ2 and pχ′
2

are given by

r̂′ × (pV + pV ′ + pmiss
T ) · k

r̂′ × r̂ · k
(A.25)

and

r̂ × (pV + pV ′ + pmiss
T ) · k

r̂ × r̂′ · k
(A.26)

respectively. There is no guarantee, however, that these quantities need be positive in the

face of measurement uncertainties. If either quantity were found to be negative, that would

consititute evidence that either (i) the event is incompatible with the hypothesised kine-

matic structure, or (ii) something has been imperfectly measured. The quantity in (A.25)

is positive if, in the transverse plane, pV + pV ′ + pmiss
T is on the same side of r̂′ as r̂.

Likewise, the quantity in (A.26) is positive if, in the transverse plane, pV + pV ′ + pmiss
T is

on the same side of r̂ as r̂′. Together these imply that the event admits the hypothesised

kinematic structure only if pV + pV ′ + pmiss
T lies between r̂ and r̂′ in the transverse plane.

This should be no surprise; under the hypothesised kinematic structure pV + pV ′ + pmiss
T

is the total transverse momentum of the χ2 and χ′2, and this is writable as |pχ2 |r̂+ |pχ′
2
|r̂′

and so must lie between r̂ and r̂′.
6Note that in equations (A.21) and (A.22) the quantity pmiss

T is used as if it were a three-vector. This

is possible, even though pmiss
T has no well-defined component parallel to the beam-line, since the vector ~k

makes (A.21) and (A.22) insensitive to any z-component it might be assigned.
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Provided that pV + pV ′ + pmiss
T lies between r̂ and r̂′ in the transverse plane, we have

succeed in the programme of solving for pχ2 , pχ′
2
, pχ1 and pχ′

1
entirely in terms of the

event variables r, r′, pV , pV ′ and pmiss
T .

Open Access. This article is distributed under the terms of the Creative Commons

Attribution License (CC-BY 4.0), which permits any use, distribution and reproduction in

any medium, provided the original author(s) and source are credited.
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