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Schematic view inspired  
from H.Russell's talk 

๏ Shift to signature-first  
model-second mindset

๏ Make sure we do not  
miss NP at the LHC

๏ Map signature space  
→ Long-lived particles  
→ Other unconventional

๏ LLP@LHC community  
→ White paper arXiv:1903.04497  
→ 5th workshop 27-29 May @CERN 

Displaced multitrack  
vertex

Displaced muons

Displaced electrons

Multitrack vertex in  
Muon Spectrometer

Trackless displaced jet  
with high-CalRatio

Monopoles and  
high-e.charge

๏ We need physics 
Beyond the SM

๏ No shortage of models 

๏ No precise guidance

Emerging  
jet

Delayed 
jet

H→𝛾+inv.

https://indico.cern.ch/event/607314/contributions/2542309/attachments/1447873/2231444/20170424_LLPs.pdf
https://arxiv.org/abs/1903.04497
https://indico.cern.ch/event/792346/
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Displaced multitrack  
vertices

Multitrack vertices in  
Muon Spectrometer

๏ CMS search in tracker:
• Phys. Rev. D 99, 032011 (2019)
• 35.9 fb-1 of 13 TeV 2016 data 
• One displaced dijet (or two displaced jets)
• Lxy < 55 cm

๏ ATLAS search in Muon Spectrometer 
• Phys. Rev. D 99, 052005 (2019)
• 36.1 fb-1 of 13 TeV 2016 data 
• 2 displ. vertices or one + additional activity 
• Barrel: 4 < Lxy < 7 m, Endcap: 6 < Lz < 13 m 

๏ LHCb search in VErtex LOcator
• Eur. Phys. J. C77 (2017) 812
• 2.0 fb-1 of 7-8 TeV data
• One displaced dijet in Vertex Locator
• Lz < 20 cm (forward boosted)

Displaced jets with tracks
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Search for long-lived neutral particles in pp
collisions at

p
s = 13 TeV that decay into displaced

hadronic jets in the ATLAS calorimeter

The ATLAS Collaboration

This paper describes a search for pairs of neutral, long-lived particles decaying in the ATLAS
calorimeter. Long-lived particles occur in many extensions to the Standard Model and may
elude searches for new promptly decaying particles. The analysis considers neutral, long-lived
scalars with masses between 5 GeV and 400 GeV, produced from decays of heavy bosons with
masses between 125 GeV and 1000 GeV, where the long-lived scalars decay into Standard
Model fermions. The analysis uses either 10.8 fb�1 or 33.0 fb�1 of data (depending on the
trigger) recorded in 2016 at the LHC with the ATLAS detector in proton–proton collisions at
a centre-of-mass energy of 13 TeV. No significant excess is observed, and limits are reported
on the production cross section times branching ratio as a function of the proper decay length
of the long-lived particles.

© 2019 CERN for the benefit of the ATLAS Collaboration.
Reproduction of this article or parts of it is allowed as specified in the CC-BY-4.0 license.
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this paper was found to be not optimal due to a large contamination by signal events in the VR or small
signal–background separation for one of the variables of the ABCD plane. For those samples, the 2MSVx
strategy provides strong limits and only those results are presented in this paper.
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Figure 11: Observed limits for (a) Stealth SUSY and (b) �(125) ! ss benchmark samples obtained from the
combination of 2MSVx and 1MSVx+AO strategies.

Table 12: Ranges of mean proper lifetime excluded at 95% CL for scalar boson benchmark models with m� = 125 GeV,
assuming production cross-sections equal to 10% or 1% of the SM Higgs boson production cross-section [80] for the
combination of 2MSVx and 1MSVx+E

miss
T strategies.

�(125) ! ss Excluded c⌧ range [m]
ms [GeV] 10% 1%

5 0.04–10.8 0.1–1.6
8 0.07–15 0.14–3.8
15 0.1–58 0.22–10.8
25 0.2–149 0.4–25
40 0.3–221 0.7–39

Table 12 summarizes the lifetime ranges excluded by the analysis presented in this paper for branching
fractions of 10% and 1% for the scalar boson with m� = 125 GeV decaying into two long-lived scalars.
The results are substantially improved compared to the Run 1 analysis, where for 25 GeV and 40 GeV
long-lived scalar masses the c⌧ ranges excluded for 1% branching fraction were respectively 1.10–5.35 m
and 2.82–7.45 m, while for lower long-lived scalar masses the Run 1 analysis did not have sensitivity at
this level.

28

12

Table 5: Summary of predicted and observed events in the signal region, for different HT and
number of dijet candidates values.

Selection on HT Number of dijets Expected Observed
400 < HT < 450 GeV 1 0.42 ± 0.14 (stat) ± 0.01 (syst) 0
450 < HT < 550 GeV 1 0.23 ± 0.08 (stat) ± 0.07 (syst) 0

HT > 550 GeV 1 0.19 ± 0.07 (stat) ± 0.05 (syst) 1
— >1 0.16 ± 0.11 (stat) ± 0.06 (syst) 0

Table 5 are utilized to compute the CLs values, and the systematic uncertainties are taken to be
fully correlated across the four bins. The bin where more than one dijet candidate passes the
preselection criteria usually brings most of the sensitivity in a given model since it often has
the largest signal efficiency.

Figure 3 presents the expected and observed upper limits (at 95% CL) on the pair produc-
tion cross section for the jet-jet model at different scalar particle X masses and proper decay
lengths, assuming a 100% branching fraction. The limits are most stringent for ct0 between 3
and 100 mm. For smaller decay lengths, the limits become less restrictive because of the vetoes
on prompt activity. Since the tracking efficiency decreases with larger displacement, the lim-
its also become less stringent for larger decay lengths when ct0 > 100 mm. Pair production
cross sections larger than 0.2 fb are excluded at high mass (mX > 1000 GeV) for proper decay
lengths between 3 and 130 mm. The lowest pair production cross section excluded is 0.13 fb, at
ct0 = 30 mm and long-lived particle mass mX > 1000 GeV.
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Figure 3: The expected and observed 95% CL upper limits on the pair production cross section
of the long-lived particle X, assuming a 100% branching fraction for X to decay to a quark-
antiquark pair, shown at different particle X masses and proper decay lengths for the jet-jet
model. The solid (dashed) lines represent the observed (median expected) limits. The shaded
bands represent the regions containing 68% of the distributions of the expected limits under
the background-only hypothesis.

Figure 4 presents the expected and observed upper limits on the pair production cross sec-
tion of long-lived gluino in the GMSB eg ! geG model, assuming a 100% branching fraction
for the gluino to decay into a gluon and a gravitino. Although in the eg ! geG signature each
displaced vertex is associated with only one jet, the two separate displaced single jets can be
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Figure 3: Expected (open circles and dotted line) and observed (filled circles and solid line)
upper limit versus lifetime for di�erent fiv masses and decay modes. The green (dark) and yellow
(light) bands indicate the quantiles of the expected upper limit corresponding to ±1‡ and ±2‡

for a Gaussian distribution. The decay fiv æ bb is assumed, unless specified otherwise.
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Low mass, long lifetime
Large mass, short lifetime

Low mass, short lifetime

Phys. Rev. D
 99, 032011 (2019)

Phys. Rev. D
 99, 052005 (2019)

Eur. Phys. J. C
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Search for long-lived neutral particles in pp
collisions at

p
s = 13 TeV that decay into displaced

hadronic jets in the ATLAS calorimeter

The ATLAS Collaboration

This paper describes a search for pairs of neutral, long-lived particles decaying in the ATLAS
calorimeter. Long-lived particles occur in many extensions to the Standard Model and may
elude searches for new promptly decaying particles. The analysis considers neutral, long-lived
scalars with masses between 5 GeV and 400 GeV, produced from decays of heavy bosons with
masses between 125 GeV and 1000 GeV, where the long-lived scalars decay into Standard
Model fermions. The analysis uses either 10.8 fb�1 or 33.0 fb�1 of data (depending on the
trigger) recorded in 2016 at the LHC with the ATLAS detector in proton–proton collisions at
a centre-of-mass energy of 13 TeV. No significant excess is observed, and limits are reported
on the production cross section times branching ratio as a function of the proper decay length
of the long-lived particles.
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๏ Signature:
• Pair of displaced jets decaying in 

calorimeters
• No associated tracks
• Narrow jet with high  

CalRatio = ET(Hcal)/ET(ECal)

๏ Dataset:
• 33.0 fb-1 of 13TeV 2016 data  

of which 10.8 fb-1 with low-ET trigger

๏ Update of 8 TeV result PLB 743 (2015) 15  
with many improvements
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This paper describes a search for pairs of neutral, long-lived particles decaying in the ATLAS
calorimeter. Long-lived particles occur in many extensions to the Standard Model and may
elude searches for new promptly decaying particles. The analysis considers neutral, long-lived
scalars with masses between 5 GeV and 400 GeV, produced from decays of heavy bosons with
masses between 125 GeV and 1000 GeV, where the long-lived scalars decay into Standard
Model fermions. The analysis uses either 10.8 fb�1 or 33.0 fb�1 of data (depending on the
trigger) recorded in 2016 at the LHC with the ATLAS detector in proton–proton collisions at
a centre-of-mass energy of 13 TeV. No significant excess is observed, and limits are reported
on the production cross section times branching ratio as a function of the proper decay length
of the long-lived particles.
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arXiv:1902.03094
Trackless displaced jets

https://www.sciencedirect.com/science/article/pii/S0370269315000787?via=ihub
https://arxiv.org/abs/1902.03094
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Figure 6: The distributions of
Õ
�Rmin(jet, tracks) versus high-ET per-event BDT (top row) and low-ET per-event

BDT (bottom row) for BIB events (left), main data (centre) and a signal sample (right) after event selection. The
signal sample with m� = 600 GeV and ms = 150 GeV is shown for the high-ET selection, while the m� = 125 GeV
and ms = 25 GeV sample is shown for the low-ET selection. Signal plots are shown as a probability density. The
black dashed lines indicate the boundaries defining regions A, B, C and D in the plane after event selection.
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๏ Hardware triggers:
• High-ET jet with ET(HCal+ECal) > 60 GeV
• Low-ET jet with ET(HCal) > 30 GeV and  

corresponding ET(ECal) < 3 GeV  
→ Possible in upgraded L1 trigger (Sep 16)

๏ Background: 
• Prompt multijet dominant
• Estimated with ABCD method

‣ BDT for signal-vs-multijet
‣ Proxy of trackless-ness
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Figure 2: Trigger e�ciency of simulated signal events as a function of the LLP decay position in the x-y plane for
LLPs decaying in the barrel (left, |⌘ | < 1.4) and in the z direction for LLPs decaying in the HCal endcaps (right,
1.4  |⌘ | < 2.5) for three signal samples. The open (filled) markers represent the e�ciency for events passing the
low-ET (high-ET) CalRatio trigger.

4.1 Displaced jet identification

Each clean jet is evaluated by a multilayer perceptron (MLP) (implemented in the Toolkit for Multivariate
Data Analysis [64]) to predict the radial and longitudinal decay positions (Lxy and Lz) of the particle that
produced the jet, using the jet’s fraction of energy deposited in each of the ECal and HCal layers as input
variables. The MLP was trained on simulated signal samples with m� in the range [200, 1000] GeV, using
only jets matched to a truth LLP. No requirements at event level (trigger and preselection) were applied in
order to have as large a data sample as possible. In addition, avoiding the preselection allows the MLP to
identify the decay position of prompt jets, which is useful when applied to SM jets. The MLP training
procedure took as input the truth-level Lxy and Lz decay positions of the LLP as well as the fraction of the
jet energy in each calorimeter layer, and finally the jet’s direction in ⌘.

The left-hand plot of Figure 3 compares Lxy of a truth LLP against the MLP prediction. It shows clearly
the di�erent calorimeter layers, since decays in the same layer lead to constant MLP radial decay position
prediction even as the truth decay position changes. However, the overall prediction in Lxy aligns closely
with the truth decay position. The right plot shows the longitudinal decay position, Lz . It shows a
clear correlation between prediction and truth for the whole range of the forward calorimeter with less
obvious layering, since the LLP direction of travel in the endcaps is more oblique with respect to the
calorimeter layers than in the barrel. The radial and longitudinal decay positions predicted by the MLP are
useful discriminators between signal jets from LLP decays in the calorimeters and prompt jets from SM
backgrounds.

The per-jet BDT is used to separate jets into three classes: signal-like jets, SM multijet-like jets and
BIB-like jets. With that purpose, it is trained using three samples. The signal sample contains jets from
signal events for a range of models with m� in the range 125 to 1000 GeV, where only jets matched to
LLPs decaying outside the ID (with Lxy > 1250 mm if they decay in the barrel or Lz > 3500 mm if they
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elude searches for new promptly decaying particles. The analysis considers neutral, long-lived
scalars with masses between 5 GeV and 400 GeV, produced from decays of heavy bosons with
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https://arxiv.org/abs/1902.03094


Martino Borsato - University of Heidelberg

๏ Upper limits on φ→ss models 
(Hidden Valley, Higgs portal)
• mφ ~125 - 1000 GeV, ms ~5 - 400 GeV
• Improving MS search for lower cτ
• Good prospects for low-ET trigger
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Figure 10: Examples of the combined limits for models with m� = 125 GeV and m� = 600 GeV from the CR analysis
and the MS analysis, which is separated into the MS 1-vertex plus E

miss
T (MS1) and MS 2-vertex (MS2) components.

The MS1 component of the MS displaced jet search was only applied to models with m� = 125 GeV. The expected
limit is shown as a dashed line with shading for the ±1� band, while the observed is a solid line. The colours of the
shading and solid and dashed lines refer to the limits from each analysis and their combination, as indicated in the
legend.
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Search for long-lived neutral particles in pp
collisions at

p
s = 13 TeV that decay into displaced

hadronic jets in the ATLAS calorimeter

The ATLAS Collaboration

This paper describes a search for pairs of neutral, long-lived particles decaying in the ATLAS
calorimeter. Long-lived particles occur in many extensions to the Standard Model and may
elude searches for new promptly decaying particles. The analysis considers neutral, long-lived
scalars with masses between 5 GeV and 400 GeV, produced from decays of heavy bosons with
masses between 125 GeV and 1000 GeV, where the long-lived scalars decay into Standard
Model fermions. The analysis uses either 10.8 fb�1 or 33.0 fb�1 of data (depending on the
trigger) recorded in 2016 at the LHC with the ATLAS detector in proton–proton collisions at
a centre-of-mass energy of 13 TeV. No significant excess is observed, and limits are reported
on the production cross section times branching ratio as a function of the proper decay length
of the long-lived particles.

© 2019 CERN for the benefit of the ATLAS Collaboration.
Reproduction of this article or parts of it is allowed as specified in the CC-BY-4.0 license.
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Martino Borsato - University of Heidelberg !8

JHEP 02 (2019) 179
Jet + emerging jet

๏ Signature:
• 2 regular jets + 2 emerging jets 

(or 1 emerging jet + missing pT)
• Emerging jet = containing many 

displaced vertices

๏ Dataset:
• 16.1 fb-1 of 13TeV 2016 data 

๏ First search of this kind

JHEP 02 (2019) 179
more details in J.Duarte's talk

Emerging jet

Emerging jet

https://link.springer.com/article/10.1007/JHEP02(2019)179
https://link.springer.com/article/10.1007/JHEP02(2019)179
https://indico.cern.ch/event/687651/sessions/293983/#20190520


Martino Borsato - University of Heidelberg

Jet + emerging jet
๏ Trigger:
• ∑ pT(hadronic) > 900 GeV 

๏ Selection:
• Displaced jets identification: 

‣ displaced tracks (large median 2D IP)
‣ Small fraction of jet pT associated with 

prompt tracks (α3D)

๏ Background:
• Data driven with 4-jets events
• MisID probability of light jet as 

emerging jet modelled depending on 
parton flavour and jet multiplicity 
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didates are also required to have less than 90% of their energy from electrons and photons, to
reduce backgrounds from electrons. Four variables, similar to the ones defined in Ref. [37], are
used to select the emerging jets. The median of the unsigned transverse impact parameters of
associated tracks (hIP2Di) is correlated with the dark meson proper decay length, and should
be small for SM jets and large for emerging jets. The distance between the z position of the
track at its distance of closest approach to the PV and the z position of the PV (PUdz) is used to
reject tracks from pileup vertices. A variable called DN, defined as

DN =

rh
zPV � ztrk
0.01 cm

i2
+ [IPsig]2, (2)

where zPV is the z position of the primary vertex, ztrk is the z of the track at its closest approach
to the PV, and IPsig is the transverse impact parameter significance of the track at its closest
approach to the PV, is used to identify tracks that have an impact parameter that is inconsistent
with zero within uncertainties. The variable DN is smaller for tracks from prompt particles.
A variable called a3D, which is the scalar pT sum of the associated tracks whose values of DN
are smaller than a threshold, divided by the scalar pT sum of all associated tracks, is used to
quantify the fraction of the pT of the jet that is associated with prompt tracks. This variable
should be large for SM jets and small for emerging jets. Figure 2 shows the distributions of
hIP2Di for background and for signals with a mediator mass of 1 TeV and a dark pion of various
masses and with a proper decay length of 25 mm. Figure 3 shows the distributions of a3D for
background and for signals with a mediator mass of 1 TeV and a dark pion mass of 5 GeV.
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Figure 2: Distributions of hIP2Di for background (black) and for signals with a mediator mass
of 1 TeV and a dark pion proper decay length of 25 mm, for various dark pion masses.

Since the efficacy of the variables used to select emerging jets depends on the correct identifica-
tion and reconstruction of the PV, additional selections are used to remove rare cases observed
in simulated background events where the PV was either not reconstructed or a pileup vertex
was chosen as the PV. We require that the chosen PV be the vertex with the largest scalar pT
sum of its associated tracks. We also require that the scalar pT sum of tracks whose extrapolated
separation in z from the PV, at the point of closest approach, is less than 0.01 cm, be larger than
10% of the sum over all tracks.

Selected candidate events are required to have four jets with |h| < 2.0 and to pass a threshold
on the scalar pT sum of these jets (HT). They must have either two jets tagged as emerging, or
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Figure 3: Distributions of a3D for background (black) and for signals with a mediator mass of
1 TeV and a dark pion mass of 5 GeV for dark pion proper decay lengths ranging from 1 to
300 mm.

one jet tagged as emerging and large p
miss
T . The selection requirements on the jet-pT thresholds

and the emerging jet selection criteria were optimized for each signal model listed in Table 1 as
follows. For each variable listed in Tables 2 and 3, a set of potential selection thresholds were
chosen based on the distribution of the variable for signal and background. For each permu-
tation of all the selection thresholds, we calculated the predicted pseudo-significance for each
signal model, defined as S/

p
S + B + (0.1B)2, where S and B correspond to the number of

signal and background events and the 0.1 corresponds to an estimate of the systematic uncer-
tainty. In order to limit the final number of background calculations, the pseudo-significances
were used to find the minimum number of selection criteria where the difference in pseudo-
significance between the best selection thresholds and a chosen selection threshold is no more
than 10%, resulting in a total of seven selection sets. In Table 2, the selection criteria used to se-
lect emerging jets are listed. These jet-level selection criteria, along with event-level kinematic
selection criteria, comprise the final selection criteria, given in Table 3. There are six groups of
criteria used to select emerging jets. The seven selection sets used to define signal regions are
given in Table 3 (sets 1 to 7), which gives the selections on kinematic variables, along with the
corresponding emerging jet criteria from Table 2. Two basic categories of selections emerge.
Other than set 3, the signal region selection sets require two jets pass emerging jet criteria, and
have no requirement on p

miss
T . Selection set 3 requires that one jet satisfies the emerging jet

criteria, and includes a requirement on p
miss
T . Note that in addition to the p

miss
T requirement,

the EMJ-3 group imposes the loosest criteria on PUdz and DN, and the tightest requirement on
hIP2Di, favoring more displaced tracks. Selection set 3 is used for signal models with dark pions
with large proper decay lengths. The selection on hIP2Di is large enough that it removes most
events containing b quark jets with tracks with large impact parameters due to the b lifetime;
most SM jets thus selected have tracks with large impact parameters due to misreconstruction.
The substantive requirement on the p

miss
T for this selection set is essential to attain background

rejection equivalent to that obtained when requiring two emerging jet candidates.

Since the initial optimization only used a rough estimate of the systematic uncertainty, the final
selection set for each model is chosen from among the seven as the one that gives the most
stringent expected limit, taking into account more realistic systematic uncertainties.

We also define two additional groups of jet-level criteria that are used to test the effectiveness

JHEP 02 (2019) 179
more details in J.Duarte's talk
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Jet + emerging jet
๏ Dark QCD model

๏ Signal simulation discussed in 
P.Schwaller et al JHEP05(2015)059

๏ Pair produced heavy mediator XDK 
(complex scalar)

๏ Dark quarks QDK shower in dark pions 
(emerging jet)
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1 Introduction
Although many astrophysical observations indicate the existence of dark matter [1], it has yet
to be observed in the laboratory. While it is possible that dark matter has only gravitational
interactions, many compelling models of new physics contain a dark matter candidate that
interacts with quarks. One class of models includes new, electrically-neutral fermions called
“dark quarks”, QDK, which are not charged under the forces of the standard model (SM) but
are charged under a new force in the dark sector (“dark QCD”) that has confining properties
similar to quantum chromodynamics (SM QCD) [2, 3]. Unlike models based on the popular
weakly interacting neutral particle paradigm [4], such models naturally explain the observed
mass densities of baryonic matter and dark matter [5].

We consider, in particular, the dark QCD model of Bai, Schwaller, Stolarski, and Weiler (BSSW)
that predicts “emerging jets” (EMJ) [6, 7]. Emerging jets contain electrically charged SM parti-
cles that are consistent with having been created in the decays of new long-lived neutral par-
ticles (dark hadrons), produced in a parton-shower process by dark QCD. In this model, dark
QCD has an SU(NCDK) symmetry, where NCDK is the number of dark colors. The particle con-
tent of the model consists of the dark fermions, the dark gluons associated with the force, and
a mediator particle that is charged under both the new dark force and under SM QCD, thus
allowing interactions with quarks. The dark fermions are bound by the new force into dark
hadrons. These hadrons decay via the mediator to SM hadrons.

The mediator XDK is a complex scalar. Under SM QCD, it is an SU(3) color triplet, and thus
can be pair produced via gluon fusion (Fig. 1, left) or quark-antiquark annihilation (Fig. 1,
right) at the CERN LHC. The mediator has an electric charge of either 1/3 or 2/3 of the elec-
tron charge, and it can decay to a right-handed quark with the same charge and a QDK via
Yukawa couplings. There are restrictions on the values of the Yukawa couplings from searches
for flavor-changing neutral currents, neutral meson mixing, and rare decays [8–11]. We abide
by these restrictions by assuming that all the Yukawa couplings are negligible except for the
coupling to the down quark [8–11].

X†
DK

XDK
g

g

g

Q
�
DK

q�

q̄

QDK

X†
DK

XDK
g

q

q

Q
�
DK

q�

q̄

QDK

Figure 1: Feynman diagrams in the BSSW model for the pair production of mediator particles,
with each mediator decaying to a quark and a dark quark QDK, via gluon-gluon fusion (left)
and quark-antiquark annihilation (right).

The decay length of the lightest dark meson (dark pion) [7], is given by Eq. (1):

ct ⇡ 80 mm
✓

1
k4

◆✓
2 GeV
fpDK

◆2 ✓100 MeV
mdown

◆2 ✓2 GeV
mpDK

◆⇣
mXDK

1 TeV

⌘4
, (1)

where k is the appropriate element of the NCDK⇥3 matrix of Yukawa couplings between the
mediator particle, the quarks, and the dark quarks; fpDK is the dark pion decay constant; and
mdown, mpDK, and mXDK are the masses of the down quark, the dark pion, and the mediator
particle, respectively.

15

Figure 9: Event display of an event passing both selection set 1 and selection set 5. The event
contains four jets (jets 1 and 4 pass the emerging jet criteria), consistent with the decay of two
massive mediator particles, each decaying to an SM quark and a dark QCD quark. In such a
scenario, the dark mesons produced in the fragmentation of the dark quark would decay back
to SM particles via the mediator, resulting in displaced vertices with decay distances on the mm
scale. (Left) 3D display: the green lines represent reconstructed tracks, the red (blue) truncated
pyramids represent energy in the ECAL (HCAL) detectors, respectively. (Right) Reconstructed
tracks in r–f view. The filled blue circles represent reconstructed secondary vertices, while the
filled red circle is the PV. The solid grey lines represent the innermost layer of the silicon pixel
detector.
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Figure 10: Upper limits at 95% CL on the signal cross section and signal exclusion contours
derived from theoretical cross sections for models with dark pion mass mpDK of 5 GeV in the
mXDK � ctpDK plane. The solid red contour is the expected upper limit, with its one standard-
deviation region enclosed in red dashed lines. The solid black contour is the observed upper
limit. The region to the left of the observed contour is excluded.
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Delayed jet

pTmiss

Delayed jet + MET

๏ Signature:
• Missing pT

• One delayed jet (tECal > 3 ns)

๏ Dataset:
• Full Run-2: 137 fb-1 at 13TeV

๏ Motivation:
• Gauge-mediated SUSY breaking
• Split SUSY, stealth SUSY, Hidden 

Valley, …
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Delayed jet + MET

๏ Trigger: 
• pTmiss > 120 GeV

๏ Selection:
• Jet in barrel ECal  
→ better t resolution = 0.2 ns

• Small jet time RMS 
• 3 ns < tjet < 20 ns 

๏ Background:
• Estimated with data using 

various control regions
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6.3 Cosmic events

The discriminating variables used for the cosmic prediction are the t
RMS
jet of the jet and the

maximum of max(Df
DTij

paired) and max(Df
RPCij

paired), labelled as max(Df
DT/RPCij

paired ). The pass/fail

ratio of the t
RMS
jet < 2.5 ns selection is measured for events with max(Df

DT/RPCij

paired ) > p/2 and

applied to events with max(Df
DT/RPCij

paired ) < p/2. Cosmic muons passing through the HCAL
will typically only deposit significant energy in a single isolated cell. The HCAL noise rejection
quality filters are designed to veto events containing such isolated deposits and so inverting
these filters, with all other selections applied, provides a validation region enriched in events
with cosmic muons.

The correlation between t
RMS
jet and max(Df

DT/RPCij

paired ) in the validation sample is consistent with
zero, meaning they can be used to form an unbiased prediction. The prediction in the validation
region for the number of events passing signal thresholds on t

RMS
jet and max(Df

DT/RPCij

paired ) is
1.1+1.9

�1.1, in agreement with the 1 event observed. An additional systematic uncertainty is applied
from the statistical power of the validation region. The final prediction in the signal region is
1.0+1.8

�1.0 (stat) +1.8
�1.0 (syst)

6.4 Background summary

The predicted background yields are summarised in Table 2. The overall background predic-
tion is 1+2.5

�1 events.

Table 2: Background prediction summary.

Background Prediction

Beam halo 0.02+0.06
�0.02 (stat) +0.05

�0.01 (syst)

Core and satellite bunches 0.11+0.09
�0.05 (stat) +0.02

�0.02 (syst)

Cosmics 1.0+1.8
�1.0 (stat) +1.8

�1.0 (syst)

7 Results

Figure 2 shows the timing distribution for events with jets passing all signal region selections.
The templates are for illustration purposes only and are not used for the statistical interpreta-
tion. The overall prediction for the signal region is 1+2.5

�1 events which is consistent with the
observation of 0 events.

8 Interpretation

The model used for the interpretation is the GMSB SUSY model in which gluinos are pair
produced and form R-hadrons. The long-lived gluinos then decay to a gluon and gravitino
producing a delayed jet and missing energy. The experimental acceptance times efficiency
(A#), shown in Figure 3, is evaluated independently for each model point, defined in terms of
gluino mass (mg̃) and lifetime (ct0). The efficiency is maximised for high gluino masses and
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Figure 2: The timing distribution of the backgrounds predicted to contribute to the signal
region is compared to representative signal models. The templates for the major backgrounds
are taken from control regions and normalised by the predictions detailed in Section 6. No
events are observed in data for tjet > 3 ns.

for a range in ct0, bounded by the requirements that the gluino must have sufficient lifetime
for its decay products to pass the tjet > 3 ns selection and that the gluino must decay before
or within the ECAL. For a gluino model with mg̃ = 2000 GeV the efficiency is maximal for the
range 1 < ct0 < 10 m. The efficiency is maximised for higher masses due to the increased p

miss
T

in the event and smaller b of the gluino.

The trigger efficiency for the simulated samples is evaluated from the trigger emulation. The
inefficiency due to the p

miss
T trigger requirement ranges from ⇠ 5% to ⇠ 15% for ct0 = 1 and

10 m respectively.

In order to evaluate systematic uncertainties in the modeling of the jet variables discussed in
Section 5.1.2 the distributions for multijet simulation are compared to data. For each jet vari-
able, the threshold used for the selection is varied in the simulation to match the efficiency
measured in data. The change in acceptance from this variation is shown for each of the clean-
ing variables in Table 3 using an example model point. This variation is taken as a system-
atic uncertainty on the signal model acceptance. The variation on t

RMS
jet is also propagated to

t
RMS
jet /tjet.

In addition to the uncertainty on the modelling of the jet cleaning variables the systematic
uncertainties on the signal A# are summarised below.

• Modelling of dedicated cleaning variables (detailed in Section 5.1.2): typical size
documented in Table 3, taken as correlated between years.

• Luminosity: 2.5%, 2.3%, 2.5% uncertainty in 2016, 2017, and 2018, taken as uncorre-
lated between years.

• Trigger: size of inefficiency taken as systematic variation, taken as correlated be-
tween years.

• Limited simulated sample statistics: few % depending on signal model acceptance,

http://cds.cern.ch/record/2667508
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Figure 4: The 95% CL observed upper limits on s ⇥ BR2 in the mass and ct0 plane for the
GMSB model after all selections for 137 fb�1. The contour of 95% CL expected upper limits
on s/stheory = 1 is shown in the solid line while the plus and minus one sigma variations are
shown in the dashed lines. The observed limit is shown in the solid black line.
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Figure 5: Expected and observed limit on s ⇥ BR2 after all signal region selections for a gluino
GMSB model with mg̃ = 2400 GeV are shown in the dotted and solid black lines respectively.
The one (two) sigma variation in the expected limit is shown in green (yellow). The blue solid
line shows the observed limit achieved by the CMS displaced jet search [43].

Delayed jet + MET

๏ m(gluino) > 2.1 TeV for 0.3 < cτ < 30 m
๏ Extends displ. vertex search to cτ > ~1 m
๏ First search of this type! 
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1 Introduction

In many beyond standard model (SM) theories the production of long-lived particles at the
CERN LHC that can decay into final states containing jets and momentum imbalance (~pmiss

T )
is predicted. Such theories include, but are not limited to, Split Supersymmetry [1, 2], SUSY
with gauge-mediated supersymmetry breaking (GMSB) [3], ”stealth SUSY” [4] and ”Hidden
Valley” models [5].

The timing capabilities of the CMS Electromagnetic Calorimeter (ECAL) are used to identify
delayed jets produced by the decays of long-lived particles. This analysis is sensitive to models
of new physics containing a long-lived particle which decays to a displaced jet. A representa-
tive GMSB signal model is used to benchmark the sensitivity of the search. This model con-
tains pairs of long-lived gluinos that each decay into a gluon, which forms a jet, and a weakly
interacting gravitino, which escapes the detector, causing significant ~pmiss

T in the event. The
production diagram for the benchmark model is shown in Figure 1a.
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Figure 1: (a) Feynman diagram for the gluino GMSB signal model and (b) diagram showing
a characteristic event which would be expected to pass signal model selection with delayed
energy deposition in the ECAL and HCAL but without tracks from a primary vertex.

There have been multiple searches for long-lived particles decaying to all-jet final-states at CMS
and ATLAS at

p
s = 8 TeV and

p
s = 13 TeV [6–18]. The use of calorimeter timing has been

limited to searches targeting displaced photons at
p

s = 8 TeV [19, 20]. This search presents
the first application of ECAL timing to searching for displaced jets from neutral long-lived
particles. This technique allows the rejection of backgrounds to the few event level with high
signal model efficiency with only a single displaced jet in the event. As detailed in Ref. [21],
such an approach allows significant new sensitivity to long-lived particle models. A diagram
showing a characteristic event targeted by this analysis is shown in Figure 1b. Such an event
would escape reconstruction in a tracker based search due to the inability to reconstruct tracks
for decays beyond ⇠ 50 cm.

This document is organized as follows. Section 2 describes the CMS apparatus. Section 3
details the reconstruction techniques for physics objects used in the analysis. Section 4 outlines
the data sets used and the various software packages used to generate the samples of simulated
events. Section 5 summarizes the selection criteria used to identify and categorize signal events
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Figure 4: The 95% CL observed upper limits on s ⇥ BR2 in the mass and ct0 plane for the
GMSB model after all selections for 137 fb�1. The contour of 95% CL expected upper limits
on s/stheory = 1 is shown in the solid line while the plus and minus one sigma variations are
shown in the dashed lines. The observed limit is shown in the solid black line.
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Results interpreted in gluino GMSB:
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Magnetic Monopoles
๏ Signature:
• Single highly ionising particle

‣ High ionisation in TRT
‣ Pencil-shape deposit in ECal

๏ Dataset:
• 34.4 fb-1 of 13 TeV 2015-16 data

๏ Motivation:
• High-electric-charge objects
• Dirac magnetic monopoles 

‣ Can explain charge quantisation
‣ Could be accessible at colliders
‣ Equivalent to an ion with charge:
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Search for long-lived neutral particles in pp
collisions at

p
s = 13 TeV that decay into displaced

hadronic jets in the ATLAS calorimeter

The ATLAS Collaboration

This paper describes a search for pairs of neutral, long-lived particles decaying in the ATLAS
calorimeter. Long-lived particles occur in many extensions to the Standard Model and may
elude searches for new promptly decaying particles. The analysis considers neutral, long-lived
scalars with masses between 5 GeV and 400 GeV, produced from decays of heavy bosons with
masses between 125 GeV and 1000 GeV, where the long-lived scalars decay into Standard
Model fermions. The analysis uses either 10.8 fb�1 or 33.0 fb�1 of data (depending on the
trigger) recorded in 2016 at the LHC with the ATLAS detector in proton–proton collisions at
a centre-of-mass energy of 13 TeV. No significant excess is observed, and limits are reported
on the production cross section times branching ratio as a function of the proper decay length
of the long-lived particles.

© 2019 CERN for the benefit of the ATLAS Collaboration.
Reproduction of this article or parts of it is allowed as specified in the CC-BY-4.0 license.
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Magnetic Monopoles
๏ Dedicated trigger:

• Hardware trigger defines RoI in ECal  
 with ET > 22 GeV

• Software trigger requires high ionisation in 
corresponding TRT region

• Veto HCal deposit only if ET < 50 GeV
‣ New in Run2, sensitive to lower z

๏ Efficiency relies on simulation
• Monopole acceleration in magnetic field
• Interaction with detector material

๏ Search in fHT vs w plane
• fHT  is proxy of high-ionisation  

(fraction of high-energy hits in TRT cluster)
• w is proxy of pencil shaped ECal deposit 

(energy dispersion of ECal cluster)
๏ Background from data with ABCD

• In region A expect Nbkg = 0.20 ± 0.11 ± 0.40
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Magnetic Monopoles

๏ No events observed
• Limits for charges 20 < ∣z∣ < 100 

(first time above ∣z∣ = 60)
• Exclude monopoles with g = 2gD 

and m > 1.8 TeV
‣ previous best limit from MoEDAL 

was at ~1.0 TeV

• Limits on g = gD surpass by factor 
5 previous ATLAS limits
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Visible dark photon in ℓℓ 
๏ Signature:
• Inclusive µµ (prompt or displaced)
• Sensitive down to 2 mµ

๏ Trigger:
• Hardware pT(µ) cut ~1.8 GeV
• Real-time analysis including µ-ID 

allows to avoid prescale

๏ Analysis:
• Template fit to separate prompt 

dimuons from heavy-flavour
• Bump search on top of ɣ* 

background (auto-normalising)
• Displaced analysis at low mass is 

almost free of background

!17
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H→A'(ℓℓ)A'(ℓℓ) 
Plot from M.Williams’s talk at IPA 2018

Assuming B(H→A’A’) = 10% 
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(now updated: JHEP 1806 (2018) 166) 
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Isolated  
photon

MET

Invisible dark photon from H

๏ Signature:
• (SM) Higgs → photon + invisible
• Using ZH associated production

๏ Motivation:
• Massless dark photon coupling to H 

through charged dark sector 

๏ Dataset:
• Full Run-2 data: 137.4 fb-1 at 13 TeV
• Previously with 19.4 fb-1 at 8 TeV

!22

Z boson
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Invisible dark photon from H

๏ Trigger using Z→ℓℓ

๏ Selection:
• Back-to-back Z and (𝛾+pTmiss)
• Reject events with b-tagged jets 

(background from top)

๏ Fit mT(𝛾+pTmiss) (new)
• Background normalisation from data 

control regions
• Gain 30-50% better sensitivity

!23

6

WZ, and ZZ control regions are also considered to determine data-based normalization factors188

for the main background processes. The mT distributions for the eµ, WZ, and ZZ control189

regions are shown in Figure 2. For comparison, by using the mT distribution, the improvement190

with respect to the analysis performed in [13] is between 30 and 50% on the expected limits,191

while the improvement of fitting the mT distributions in two separate |hg| regions is about 4%.192

Figure 2: The mT distributions for the eµ, WZ, and ZZ control regions. Statistical and system-
atic uncertainties are shown.
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6 Efficiencies and systematic uncertainties193

Several sources of systematic uncertainty are taken into account for the fit. For each source of194

uncertainty, the impact in different bins of the final distribution is considered fully correlated,195

while independent sources of uncertainty are treated as uncorrelated.196

The assigned uncertainties on the integrated luminosity measurements for the data used in this197

analysis is 2.5%, 2.3%, and 2.5% for the 2016, 2017, and 2018 data samples [43–45], respectively.198

Control region to calibrate  
WZ background

8

Table 2: Observed yields, background estimates after the fit on data, and signal prediction in
the signal region. The signal prediction correspond to BR(H ! invisible + g) =10% assuming
the SM ZH cross section for every given Higgs boson mass. The combination of statistical and
systematic uncertainties are reported. The values in brackets for the signal processes corre-
spond to the total acceptance times selection efficiency for Z ! `` events, including electron,
muon, and tau final states.

Process Yields
Data 14
Nonresonant bkg. 2.4 ± 1.1
WZ 8.1 ± 2.0
ZZ 1.5 ± 0.3
Zg 0.7 ± 0.7
Other bkg. 0.6 ± 0.3
Total bkg. 13.3 ± 3.8
ZH125 (BR=10%) 17.9 ± 1.2 (1.42 ± 0.09 %)
ZH200 (BR=10%) 12.3 ± 0.8 (4.32 ± 0.28 %)
ZH300 (BR=10%) 3.9 ± 0.2 (6.80 ± 0.34 %)

Figure 3: The mT distributions in the signal region for two Higgs boson mass values, back-
grounds, and data for events with |hg| < 1 (left) and |hg| > 1 (right). The signal prediction
correspond to BR(H ! invisible+g) =10% assuming the SM ZH cross section for every given
Higgs boson mass. The signal processes are stacked on top of all backgrounds. Statistical and
systematic uncertainties are shown.
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Invisible dark photon from H

๏ Interpreted for the first time as 
massless invisible dark photon 

๏ Upper limit as a function of mH

๏ For mH = 125 GeV
• B(H→𝛾+inv.) < 4.6% @95%CL

!24

8. Summary 9

uct of the Higgs boson production cross section (sZH) and the branching fraction to an in-242

visible particle and a photon (B(H ! invisible + g)). This can be interpreted as an upper243

limit on B(H ! invisible + g) assuming the production rate [21] for a SM Higgs boson at244

mH = 125 GeV. The 95% CL upper limits are calculated using a modified frequentist approach245

with the CLS criterion [54, 55] and asymptotic results for the test statistic [56, 57]. The number246

of events is modeled as a Poisson random variable, where the mean value is the sum of the247

contributions from signal and background processes. Systematic uncertainties are represented248

by individual nuisance parameters with log-normal probability density functions. The uncer-249

tainties affect the overall normalizations of the signal and background templates, as well as250

the shapes of the predictions across the distributions of the observables. Correlations between251

systematic uncertainties in different categories are taken into account. The observed (expected)252

95% CL upper limit at mH = 125 GeV on B(H ! invisible + g) is 4.6% (3.6+2.0
�1.2). The expected253

and observed 95% CL cross section upper limits on sZH ⇥ B(H ! invisible + g) as a func-254

tion of mH are shown in Figure 4. This is the first time that upper limits on final states with255

undetected dark photons have been set at LHC using Higgs boson decays.256
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Figure 4: Expected and observed 95% CL upper limits on sZH ⇥ B(H ! invisible + g) as a
function of mH. The expected sZH assuming BR(H ! invisible + g) =10% for every given
Higgs boson mass is also shown.

8 Summary257

A search has been presented for a Higgs boson produced in association with a Z boson and258

decaying to an invisible particle together with an isolated photon, using the CMS experiment259

at the Large Hadron Collider. No significant excess of events is found. The results have been260

interpreted to place limits on the cross section times branching fraction of such decays of the261

Higgs boson. The analysis has been performed using a dataset recorded in 2016, 2017, and262

2018, corresponding to an integrated luminosity of 137.4 fb�1, at a center-of-mass energy of263

13 TeV. The observed and expected 95% CL upper limits at mH = 125 GeV assuming the SM264

production rate on B(H ! invisible + g) is 4.6% and 3.6%, respectively.265

1. Introduction 1

1 Introduction1

After the discovery of a Higgs boson by the ATLAS and CMS collaborations [1–3], a primary2

focus of the LHC physics programme is the study of the properties of the new particle. The3

observation of a sizable branching fraction of the Higgs boson to invisible or almost invisible4

final states [4–7] would be a strong sign of physics beyond the standard model (BSM). Studies5

of the new boson at a mass (mH) of about 125 GeV show no significant deviation from the6

standard model (SM) Higgs boson hypothesis, and measurements of its couplings are used to7

constrain the partial decay width to undetected decay modes [8].8

This analysis presents a search for a scalar boson produced in association with a Z boson and9

decaying to an invisible particle together with an isolated photon. Several BSM models predict10

Higgs boson decays to undetectable particles and photons [7, 9, 10]. In this search, the target11

final state is Z(! ``)H(! ggD) decays, where gD is a massless dark photon that couples to12

the Higgs boson through a charged dark sector [11], and is undetected in the CMS detector. A13

Feynman diagram for such a process is shown in Figure 1, with the Z boson decays to charged14

leptons. While the main focus is the case where the production cross section is assumed to15

be the same as the SM-like Higgs boson with a mass of 125 GeV, the same discussion can be16

applied to heavy neutral Higgs bosons with masses larger than 125 GeV. Therefore, by using17

the same selection, Higgs bosons with higher masses are also searched for.18

Figure 1: Feynman diagram for the H ! ggD final state produced via ZH.

In the SM, a signature equivalent to the signal process arises when the Higgs boson decays as19

H ! Zg ! nn̄g, which has a branching fraction of 3 ⇥ 10�4. The decay H ! Zg has been20

searched for in Z ! `` final states, and an upper limit on the product of the cross section and21

branching fraction has been set at 95% confidence level (CL) to be about four times larger than22

the SM expectation [12]. With the available dataset, the present search is not sensitive to this23

SM decay, but it is sensitive to enhancements in the Higgs boson decay rates to undetectable24

particles and photons arising from BSM physics.25

The analysis summarized in this public document uses the pp collision data collected at
p

s =26

13 TeV by the CMS detector in 2016, 2017, and 2018 with a total integrated luminosity of 137.427

fb�1. A similar search was performed by the CMS collaboration using the data collected at28 p
s = 8 TeV [13]. The ATLAS collaboration also searched for these processes in Run 1 by29

probing the vector boson fusion production mode of the Higgs boson [14]. After applying a30

CMS-PAS-EXO-19-007  
more details in J.Duarte's talk

http://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/EXO-19-007/index.html
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Searches in heavy flavour

๏ B meson decays to search for 
light (long-lived) objects

• Dark Bosons 𝜑  
‣ In prompt/displaced dimuons

‣ Using b→s channel B→𝜑(µµ)K+/∗

• Heavy Neutral Leptons
‣ In displaced π−µ+ resonances
‣ Eventually accompanied by same-

sign µ+ from B
‣ So far searched only in B→N(π−µ+)µ+

!25
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2) plane for (a) BR(D0

! ⇡ ⇡ µ+µ+) < 10 9 and (b) BR(D0
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10 9 at LHCb. The black, blue, and gray regions represent the bounds obtained for heavy neutrino lifetimes of ⌧N = 5 and
100 ps, respectively. Limits provided by K ! ⇡+µ µ [48], B ! ⇡+µ µ [32], Belle [72], DELPHI [73], NA3 [74], and
CHARMII [75], are also included for comparison.

V. CONCLUSIONS

We have explored a charmed search to track the pos-
sible signals of lepton-number-violation at the LHCb ex-
periment, due to the copious charm production. We
studied the four-body | L| = 2 decays of the D0 me-
son, D0

! P ⇡ µ+µ+ (P = ⇡,K), induced by an on-
shell Majorana neutrino N with a mass of few GeV. We
performed an exploratory study on the potential sensi-
tivity (signal significance) that LHCb experiment could
achieve for these | L| = 2 processes. For a long term
expected integrated luminosity of 300 fb 1, we found
that branching fractions of the order O(10 9) might be
feasible. Such a sensitivity will improve by several or-
ders of magnitude the experimental limits obtained by
E791. It is also found that for a neutrino mass win-

dow of 0.25  mN  1.62 GeV, exclusion regions on
the parameter space (mN , |VµN |

2) that could be obtained
from their experimental search will have comparable sen-
sitivity that previous bounds. Particularly, searches on
D0

! K ⇡ µ+µ+ could slightly improve bounds in the
range of ⇠ [0.38, 1] GeV.
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Conclusions
๏ Casting the widest possible net
• Make sure we don’t miss new physics at the LHC
• Crucial given the importance of triggering

๏ Very interesting and fun activity
• Need out-of-the-box thinking to identify signatures
• Unconventional searches come with unconventional 

backgrounds (and unconventional systematics)

๏ Presented a wealth of results for LLPs and others
• Two new results with the full Run 2 dataset!
• Many more to come
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“If I know what I shall find,  
  I do not want to find it”

Erwin Chargaff    

https://www.brainpickings.org/2016/06/13/erwin-chargaff-heraclitean-fire-science/
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