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Hidden Valley models with a light gauge boson at the 
GeV scale

• Motivated by observed e+/e- excess

• Dark sector particles decay to highly collimated 
group of electrons/muons/taus (lepton-jets)

• Lepton-jets can be prompt/displaced

• Higgs, Z’ can have rare decays to hidden sector

LEPTON JET SEARCHES

Event display with candidate 
muon-jet
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2.3 signal events across the full mass range, e.g. 1.9 at
10 GeV/c2 and 2.6 at 1 TeV/c2. This limit is about a
factor of three more constraining than our previous re-
sults [3] (using the CLs approach [23, 24]), and represents
the most stringent limit on elastic WIMP-nucleon spin-
independent cross section for WIMP mass larger than
100 GeV/c2.

In summary, we report the combined WIMP search re-
sults using the data with an exposure of 54 ton-day, the
largest of its kind, from the PandaX-II experiment. Like
the previous attempts, no WIMP candidates have been
identified. This yields a most stringent limit for WIMP-
nucleon cross section for masses larger than 100 GeV/c2.
Theoretical models indicate the importance of enhancing
the current search sensitivity by another order of mag-
nitude. PandaX-II detector will continue to run until a
future upgrade to a multi-ton scale experiment at CJPL.
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FIG. 5: The 90% C.L. upper limits vs. m� [(a) log
scale, (b) linear scale between 40 GeV/c2 to 10 TeV/c2]
for the spin independent WIMP-nucleon elastic cross
sections from the combined PandaX-II Run 9 and Run
10 data (red), overlaid with that from PandaX-II
2016 [3] (blue), LUX 2017 [2] (magenta), and
XENON1T 2017 [4] (black). The green band represents
the ±1� sensitivity band.
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MOTIVATION FOR LLPS

• What I think concerns a lot of people in our field:
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MOTIVATION FOR LLPS

• What I think concerns a lot of people in this room

FIG. 1. Schematic representation of a soft bomb event with ⇠ 100 tracks, showing electrons and

muons in blue and green respectively. The cylinder represents the inner boundary of the ECAL.

An O(1) fraction of the tracks are too soft to reach the ECAL, generating Emiss

T
if the bomb itself

is recoiling against other hard particles in the event.

existing level 1 (L1) trigger. (For VBF and VH production of Higgs bombs, associated

hard jets or leptons permit the same.) Moreover, a sizable fraction of the final states –

so called ‘loopers’ – are too soft to reach the electromagnetic calorimeter (ECAL), as

shown schematically in Fig. 1. This means that a soft bomb recoiling against a hard

object can generate sizable E
miss

T
, and thereby also pass the (L1) Emiss

T
trigger with a

reasonable e�ciency.

ii) At the HLT level, we search for a highly localized population of hits compared to the

more di↵use background from pile-up interactions. To minimize the spreading of the

signal hits, we focus on the innermost layer of the tracker.

iii) In an o↵-line analysis it should be possible to fully reconstruct the event, and enhance

background rejection via requirements on track multiplicities. In addition, it may be

possible to extract extra information from the factorial moments and cumulants of

the multiplicity distributions [49]. Variables based on the track multiplicity are also

promising for more weakly coupled hidden valleys [50].

To explore the e�cacy of this strategy, we simulate soft bomb generation and propagation

inside a simplified model of the ATLAS detector for a number of representative benchmark

points and estimate the signal e�ciencies that can be obtained at both stages of the trigger.

We show that the triggering e�ciencies for bombs of mass several ⇥ 100 GeV could be as

high as ⇠ 10%. Further, the acceptance rate for Higgs bombs triggered in the manner is

5

searches for long-lived particles beyond the standard model at the large hadron
collider 37
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Figure 3.1: Comparison of the ATLAS [137], CMS and LHCb [188] reach for dark
pions pV decaying into jets. The CMS result is taken from the recast done in refer-
ence [194] of the 8 TeV analysis [187]. In the shaded regions the BR(H ! pvpv) is
constrained to be below 50%. Note that the ATLAS reach extend to higher masses,
the plot was produced using the benchmark scenarios presented in [137], hence the
meaningful bound is on the lifetimes. Taken from [188].

5 Hence, events with additional iso-
lated leptons are discarded.

done in some ATLAS studies [137]. In particular, this implies that1392

for the benchmark case of a 125 GeV Higgs as a parent for decays1393

into LLPs, the current Higgs triggers would pick out signal events1394

with reasonable efficiency. Some of these triggers also provide fairly1395

clean objects for offline use (e.g. leptons) and thus reaching lower1396

LLP masses is possible. As there is no theoretical preferred range1397

for light neutral LLPs, aiming at the most extensive coverage forces1398

us to push down the LLP mass / pT thresholds. In that context a1399

dedicated online reconstruction of DVs will allow for a reduction on1400

the pT threshold, allowing to reach lighter LLP masses.1401

3.1.2 Leptonic decays1402

Both ATLAS and CMS have searches for a pair of leptons coming1403

from a DV [137, 199, 200]. CMS also has a search requiring exactly1404

one isolated muon and one isolated electron 5 with large transverse1405

impact parameter (0.2 < d0 < 10 cm), but without any other addi-1406

tional requirement or veto (including that the reconstructed tracks1407

do not need to point to a common vertex [138]). This loose selection1408

makes the search sensitive to a variety of new physics scenarios.1409

Light and boosted LLPs can decay into collimated light leptons,1410

dubbed lepton-jets [88], which are searched for at both CMS [193]1411

and ATLAS. ATLAS has searches for both displaced [204, 205] and1412

prompt lepton-jets [206]. The LHCb collaboration also looks for1413

light, neutral LLPs going into µ+µ� pairs by studying B-meson1414

decays to kaons, for exclusive decay channels for both neutral [201]1415

and charged [202] B-mesons, as well as dark photons that decay to1416

muon pairs [203].1417

The ATLAS search for displaced leptons [137] triggers on muons1418
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LLPS & HL-LHC

• Combination of energy + luminosity gives LHC unique discovery 
power for many types of LLP

• How do we best take advantage of this powerful machine?
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LLP CHALLENGES: LOW MASS

• Associated production of 
prompt, SM objects

• Low-mass LLPs are one of the major gaps in coverage at the 
LHC

• Everything is difficult: trigger, reconstruction, backgrounds

• High multiplicities of soft 
particles from decay of hidden-
sector particles

and/or

and/or

• Long lifetimes
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LLP CHALLENGES: LOW MASS
• Examples: hidden valley or Higgs-portal singlet

5

� �hs

⇡v

⇡v

p

p f

f̄

f̄

f

(a)

Z 0

⇡
±
v

⇡
±
v

⇡
±
v

⇡
0
v

⇡
0
v

p

p

f f̄

f̄

f

f f̄

f̄
f

f̄

f

(b)

g̃

g̃

S̃ S

S̃
S

p

p

g g
g

G̃

g
g

g

G̃

(c)

FIG. 1. Diagrams of the benchmark models studied in this analysis: (a) the Higgs boson or scalar boson model, (b) the
Hidden Valley Z

0model, and (c) the Stealth SUSY model. The long-lived particles in these processes are represented by double
lines and labeled (a) ⇡v, (b) ⇡

±
v , and (c) S̃. The gravitino, G̃, has very low mass and does not carry away a substantial amount

of energy.

The decay width (and, consequently, the life-
time) of the singlino is determined by both the
mass splitting �M and the SUSY-breaking scale

p
F :

�
S̃ ! SG̃

⇡ m
S̃
(�M)4/⇡F 2 [7]. The SUSY-breaking

scale
p
F is not a fixed parameter, and thus the singlino

has the possibility of traveling an appreciable distance
through the detector, leading to a significantly displaced
vertex.

V. DATA AND SIMULATION SAMPLES

The dataset used in this analysis was recorded by the
ATLAS detector in the 2012 run during periods in which
all subdetectors relevant to the analysis were operating
e�ciently. The integrated luminosity is 20.3 fb�1. The
Muon Cluster channel uses only 19.5 fb�1 of data because
the trigger was not active at the beginning of the run.
The uncertainty on the integrated luminosity, estimated
following the methodology described in Ref. [31], is 2.8%.

Monte Carlo (MC) simulation samples are produced
for scalar boson, Z 0, and Stealth SUSY models. The
masses are chosen to span the accessible parameter space,
and the proper lifetime values are chosen to maximize the
distribution of decays throughout the ATLAS detector
volume. The masses for each sample are listed in Ta-
ble II. Approximately 400,000 events are generated for
each sample.

For the scalar boson model, the MC simulation events
are generated with Pythia8 [32]. The Z 0events are sim-
ulated in a two-step process. An external generator,
HVMC, is used to simulate Z 0production and decay to
hidden-sector particles [33]. The decay of ⇡v to SM par-
ticles and their subsequent decays, as well as the shower-
ing and hadronization of SM partons, are simulated us-
ing Pythia8. Stealth SUSY events are generated with
MadGraph5 [34], and Pythia8 is used for hadroniza-
tion. The parameterization used for the proton parton
distribution function (PDF) for the scalar boson and
Z 0simulations is MSTW2008 [35], while CTEQ 6L1 [36]

is used for Stealth SUSY.

TABLE II. Mass parameters for the simulated scalar boson,
Z

0and Stealth SUSY models.

Scalar boson mass [GeV] ⇡v mass [GeV]

100 10, 25
125 10, 25, 40
140 10, 20, 40
300 50
600 50, 150
900 50, 150

Z
0mass [TeV] ⇡v mass [GeV]

1 50
2 50
2 120

g̃ mass [GeV] S̃, S mass [GeV]

110 100, 90
250 100, 90
500 100, 90
800 100, 90
1200 100, 90

For all simulated samples, the propagation of particles
through the ATLAS detector is modeled with Geant4
[37] using the full ATLAS detector simulation [38] for
all the simulated samples. In addition, each MC sample
is overlaid with zero-bias data events that are selected
from bunch crossings corresponding to one full revolu-
tion around the LHC after a high-pTinteraction. This
overlaid data sample correctly represents all sources of
detector background such as cavern background (a gas
of thermal neutrons and photons filling the ATLAS cav-
ern during ATLAS operation), beam halo, cosmic rays
and electronic noise. It also correctly reproduces pileup
interactions (multiple interactions per bunch crossing).
The analysis employs data-driven techniques to esti-

mate the backgrounds. Two separate samples from data
are used: multijet and minimum-bias [39] events. The
ATLAS minimum bias trigger selects events with activ-

b

b̄

b

b̄

searches for long-lived particles beyond the standard model at the large hadron
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Figure 3.1: Comparison of the ATLAS [137], CMS and LHCb [188] reach for dark
pions pV decaying into jets. The CMS result is taken from the recast done in refer-
ence [194] of the 8 TeV analysis [187]. In the shaded regions the BR(H ! pvpv) is
constrained to be below 50%. Note that the ATLAS reach extend to higher masses,
the plot was produced using the benchmark scenarios presented in [137], hence the
meaningful bound is on the lifetimes. Taken from [188].

5 Hence, events with additional iso-
lated leptons are discarded.

done in some ATLAS studies [137]. In particular, this implies that1392

for the benchmark case of a 125 GeV Higgs as a parent for decays1393

into LLPs, the current Higgs triggers would pick out signal events1394

with reasonable efficiency. Some of these triggers also provide fairly1395

clean objects for offline use (e.g. leptons) and thus reaching lower1396

LLP masses is possible. As there is no theoretical preferred range1397

for light neutral LLPs, aiming at the most extensive coverage forces1398

us to push down the LLP mass / pT thresholds. In that context a1399

dedicated online reconstruction of DVs will allow for a reduction on1400

the pT threshold, allowing to reach lighter LLP masses.1401

3.1.2 Leptonic decays1402

Both ATLAS and CMS have searches for a pair of leptons coming1403

from a DV [137, 199, 200]. CMS also has a search requiring exactly1404

one isolated muon and one isolated electron 5 with large transverse1405

impact parameter (0.2 < d0 < 10 cm), but without any other addi-1406

tional requirement or veto (including that the reconstructed tracks1407

do not need to point to a common vertex [138]). This loose selection1408

makes the search sensitive to a variety of new physics scenarios.1409

Light and boosted LLPs can decay into collimated light leptons,1410

dubbed lepton-jets [88], which are searched for at both CMS [193]1411

and ATLAS. ATLAS has searches for both displaced [204, 205] and1412

prompt lepton-jets [206]. The LHCb collaboration also looks for1413

light, neutral LLPs going into µ+µ� pairs by studying B-meson1414

decays to kaons, for exclusive decay channels for both neutral [201]1415

and charged [202] B-mesons, as well as dark photons that decay to1416

muon pairs [203].1417

The ATLAS search for displaced leptons [137] triggers on muons1418

!!!!
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LLP CHALLENGES: LOW MASS
• Examples: Majorana neutrinos (N)

W+
µ+

N

µ+

e�

⌫̄e

7

sions of Fig. 1, with potential signals superimposed, are provided in Appendix A. We see no
evidence for a significant excess in data beyond the expected SM background. We compute
95% confidence level (CL) upper limits on |VeN|2 and |VµN|2 separately, while assuming other
matrix elements to be 0, using the CLs criterion [84, 85] under the asymptotic approximation for
the test statistic [86, 87]. A simultaneous fit of all search regions is performed and all systematic
uncertainties are treated as log-normal nuisance parameters in the fit.

The interpretation of the results is presented in Fig. 2. The N lifetime is inversely proportional
to m

5
N|V`N|2 [45, 50]. At low masses this becomes significant, resulting in displaced decays and

lower efficiency than if the decays were prompt, illustrated by comparison of the black dotted
line in Fig. 2 (prompt assumption) with the final result. This is accounted for by calculating the
efficiency vs. N lifetime, and propagating this to the limits on mixing parameter vs. mass.
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DELPHI prompt
DELPHI long-lived
L3
ATLAS
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Figure 2: Exclusion region at 95% CL in the |VeN|2 vs. mN (left) and |VµN|2 vs. mN (right) planes.
The dashed black curve is the expected upper limit, with one and two standard-deviation
bands shown in dark green and light yellow, respectively. The solid black curve is the ob-
served upper limit, while the dotted black curve is the observed limit in the approximation of
prompt N decays. Also shown are the best upper limits at 95% CL from other collider searches
in L3 [36], DELPHI [33], ATLAS [23], and CMS [22].

In summary, a search has been performed for a heavy neutral lepton N of Majorana nature
produced in the decays of a W boson, with subsequent prompt decays of N to W`, where the
vector boson decays to `n. The event signature consists of three charged leptons in any com-
bination of electrons and muons. No statistically significant excess of events over the expected
standard model background is observed.

Upper limits at 95% confidence level are set on the mixing parameters |VeN|2 and |VµN|2, rang-
ing between 1.2 ⇥ 10�5 and 1.8 for N masses in the range 1 GeV < mN < 1.2 TeV. These results
surpass those obtained in previous searches carried out by the ATLAS [23] and CMS [22, 24]
Collaborations, and are the first direct limits for mN > 500 GeV. This search also provides the
first probes for low masses (mN < 40 GeV) at the LHC, improving on the limits set previously
by the L3 [29] and DELPHI [33] Collaborations. For N masses below 3 GeV, the most stringent
limits to date are obtained from the beam-dump experiments: CHARM [26, 31], BEBC [25],
FMMF [32], and NuTeV [34].
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LLP OPPORTUNITIES: LOW MASS

• Track information available at or just after L1
2

FIG. 2. Sketch of the toy stub formation in a doublet layer.
Four tracks are passing through the same point in the inner
layer. Only the tracks hitting the outer layer between the
two green points would produce a L1 stub. The dashed track
does, and the dotted does not. The R and �R values for the
six doublet layers in the simulation are 23, 36, 51, 68, 88, and
108 cm and 0.26, 0.16, 0.16, 0.18, 0.18, and 0.18 cm.

TOY SIMULATION

The toy tracker has six perfectly cylindrical double lay-
ers [4] covering |⌘| < 2.4. For each layer, the allowed
o↵set between the two measurements is below the one
expected from 2 GeV prompt tracks. The sketch in Fig.
2 shows four tracks traversing a double layer: positively
and negatively charged prompt 2 GeV tracks, and two
o↵-pointing tracks. Dashed track would make a L1 trig-
ger stub, and the dotted one would not.

FIG. 3. Definition of the o↵sets xk and x?. Solid red
arrow is the momentum direction at the production point
(xvertex, yvertex).

Two extensions of track finder are considered. Loose
tracks are only required to have a minimal number of

FIG. 4. E�ciency to reconstruct loose (top) and tight (bot-
tom) tracks with 5 or more stubs as a function of the uni-
formly generated particle origin. Particle pT are distributed
as expected from low ET jets, and required to exceed 2 GeV.
See text for details.

stubs. Tight tracks are obtained by fitting the stubs
they produced to a circle constrained to the beam line.
The number of stubs on a tight track is the number of
stubs deviating from that circular fit by less then 3 strips
(300 microns). Tight tracks is a generous approximation
for an algorithm that assumes prompt production when
building a track and allows for non-zero impact param-
eter for track fit. For loose tracks, both track building
and fitting assumes non-zero impact parameter. We only
consider the transverse plane of the track finding since
that’s the plane in which the displacement is measured
more precisely. We assume that the hits on a track are
also linked in the rz, but do not rely on it for calcu-
lation of displacement. There is little doubt that such
extensions to the track trigger are technically feasible,
but they definitely would be more costly. The discussion
here is not on how big the cost increase might be, but on

Gershtein, arXiv:1705.04321

• What are the best ways to use this information to trigger 
on low-threshold displaced objects?
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LLP OPPORTUNITIES: LOW MASS
• Need to take care that addition of tracking information at trigger 

level does not discard displaced objects!Displaced Global Muons (Efficiency)

• Simulated signal of stop particles
(mass=200 GeV, ctau=1m), decay -> quark
b + lepton

• Efficiency as a function of the production
radius

• Clearly observed the new Displaced
algorithm (blue) increases the
reconstruction efficiency compared to the
standard algorithm (muon system only)

16

CMS DP2015-015

• What about electrons? Non-
standard photons?
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LLP OPPORTUNITIES: LOW MASS
• The addition of high-precision timing information could add a 

new dimension to displaced vertex searches

• Could be game-changer for photons from LLP decays (most 
searches require 2+ energetic photons along with MET or 
some other hard objects)

• Can be used at trigger level? Backgrounds?

2

some common characteristics. The rate of this process is
controlled by the production rate of the resonance and
the branching ratio into the LLP. The decay length of
the LLP, d = �c⌧ , plays an important role in determin-
ing signal rate within the detector volume. Moreover, the
boost � is also important in determining the time delay.
In this class of models, the boost of the LLP is set by the
mass ratio � / mY /mX .

In the second class of models, shown in the lower panel
of Fig. 1, the LLP(s) are produced directly without going
through a resonance. This would be the case, for exam-
ple, for heavier X with SM interactions. A typical bench-
mark would be the production of SUSY electroweak-inos.
The signal of this class of models have distinct features
as well. In particular, they will be produced close to the
threshold, with velocity being a fraction of the speed of
light. In this case, a large time delay is always expected.

To demonstrate the potential sensitivity to general
BSM signals with precision timing, we choose to show
two representative benchmark models following above
discussion about classes of LLP production modes, one
from Higgs decay into the dark sector, and the other
one from Drell-Yan pair production of supersymmetric
(SUSY) long-lived particles. With a very general trig-
ger and search strategy that can capture most of LLP
decays, we show striking improvement in the sensitivity
and coverage for LLP. In addition to the EC timing layer
at CMS, we also consider a hypothetical timing layer on
the outside of ATLAS Muon Spectrometer (MS) as an
estimate of the best achievable reach of our proposal.
Basics of timing.— While the particle identification
and kinematic reconstruction are highly developed, the
timing information is less used as prompt decays are of-
ten assumed for BSM signals. However, the signature
of an LLP, in general, could have a significant time de-
lay since the mass of the new particle can be compara-
ble to its momentum. Here we outline a general BSM
signal search strategy of using the timing information,
and more importantly, the corresponding consideration
for the background. A typical signal event of LLP is
shown in Fig. 2. An LLP, denoted as X, travels a dis-
tance `X into a detector volume and decays into two light
SM particles a and b, which then reach timing layer at
a transverse distance LT2 away from the beam axis. In
a typical hard collision, the SM particles generally travel
close to the speed of light. The trajectories of charged SM
particles can be curved, which increase the path length
in comparison with neutral SM particles. For simplicity,
we only consider neutral LLP signals where background
from such charged particles can be vetoed using particle
identification and isolation.2 Hence, the decay products

2
Charged stable (at the scale of tracker or detector volume) par-

ticles are highly constrained by the heavy stable charged particle

searches by both ATLAS and CMS [14–16].

LT1

LT2

X

a b

SM
`X

`a

`SM

Timing layer

FIG. 2. An event topology with an LLP X decaying to two
light SM particles a and b. A timing layer, at a transverse
distance LT2 away from the beam axis (horizontal gray dotted
line), is placed at the end of the detector volume (shaded
region). The trajectory of a potential SM background particle
is also shown (blue dashed line). The gray polygon indicates
the primary vertex.

of X, taking particle a for example, arrives at the timing
layer with a time delay of

�t =
`X

�X
+

`a

�a
�

`SM

�SM
, (1)

with �a ' �SM ' 1. It is necessary to have prompt
decay products or Initial State Radiation (ISR) which
arriving at timing layer with the speed of light to derive
the time of the hard collision at the primary vertex (to
“timestamp” the hard collision). ISR jets could easily be
present for all processes, and we use this generic feature
to “timestamp” the hard collision for the proposed new
searches in this letter.3

Typically, `SM/�SM range between several nanosec-
onds (ns), for entering EC, to tens of ns, for exiting the
MS. As a result, with tens of picosecond (ps) timing
resolution, we have a sensitivity to percent level time
delay caused by slow LLP motion, e.g., 1 � �X > 0.01
with boost factor � < 7. In Fig. 3, we show typical time
delay �t for a hypothetical timing layer at the outer
part of the ATLAS MS system for benchmark signals
and the background, and the distributions for EC are
put in appendix. The two benchmark signals considered
here are the glueballs from Higgs boson decays, and the
electroweakino pair production in the Gauge Mediated
SUSY Breaking (GMSB) scenario. Both the glueballs
and lightest neutralino proper lifetimes are set to be
c⌧ = 10 m. The 10 GeV glueballs (red dashed line) have
larger average boost comparing to the 50 GeV glueballs

3
Although Jets contain soft (and hence slow) particles, the ma-

jority of the constituent particles in a jet still travel with nearly

the speed of light [12, 21–23].

3
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FIG. 3. The di↵erential �t distribution for typical signals and
backgrounds at 13 TeV LHC. The plot is normalized to the
fraction of events per bin with a varying bin size, where for
�t less than 1 ns are shown in linear scale and then in loga-
rithmic scale otherwise. Two representative signal models are
shown, the delay time for the glueballs from the Higgs decay
(red curves) and the GMSB neutralinos from Drell-Yan pair
production (blue curves), with a light and a heavy benchmark
mass shown in dashed and solid curves, respectively. For all
signal events, the proper lifetime is set 10 m, and the dis-
tribution only counts for events decayed within [LT1 , LT2 ]
of [4.2, 10.6] m in the transverse direction, which follows the
geometry of ATLAS MS in the barrel region. For the back-
ground distribution shown in gray curves, we assume bunch
spacing of 25 ns. The solid and dashed gray curves represent
backgrounds from a same hard collision vertex and hence with
a precision timing uncertainty of �PT

t = 30 ps and from the
pile-up with a spread of �t = 190 ps, respectively, in units of
fraction per 0.1 ns. The corresponding distribution for EC
can be obtained approximately by scaling the horizontal axis
according to the ratio of size of the detector volume.

(solid red line), and hence have a sizable fraction of the
signals with delay time less than one nanosecond. For
the electroweakinos pair production, the signals are not
boosted and hence significantly delayed compared to the
backgrounds, with 99% of the signal with �t > 1 ns.

Search strategy.— We consider the signal with an ISR
jet timestamping the primary vertex and another SM ob-
ject from the LLP decay (e.g., jet for this study) which
has large time delay �t. To study the sensitivity to BSM
signals with timing, we propose two searches using such
information, one with CMS geometry for a precision tim-
ing layer located at the beginning of EC, and one with
ATLAS geometry for a precision timing layer located at
the end of MS. They are tabulated as following:

LT2 LT1 Trigger ✏trig ✏sig ✏
j
fake Ref.

EC 1.17 m 0.2 m DelayJet 0.5 0.5 10�3 [12]

MS 10.6 m 4.2 m MS RoI 0.25, 0.5 0.25 5 ⇥ 10�9 [24]

For both searches, we assume a similar performance of
timing resolution of 30 ps. For the MS search, because of

the larger time delay and much less background due to
“shielding” by inner detectors, a less precise timing (e.g.
150 ps) could also achieve similar physics reach. The
✏trig, ✏sig and ✏

j
fake are the e�ciencies for trigger, signal

selection and a QCD jet faking the delayed jet signal with
pT > 30 GeV in EC or MS, respectively.

For the EC search, we assume a new trigger strategy
of a delayed jet using the CMS upgrade timing layer.
This can be realized by comparing the prompt jet with
pT > 30 GeV that reconstructs the four-dimensional pri-
mary vertex (PV4d) with the arrival time of another jet
at the timing layer. The delayed and displaced jet sig-
nal, after requiring minimal decay transverse distance of
0.2 m (LT1), will not have good tracks associated with
it. Hence, the major SM background is from trackless
jets. The jet fake rate of ✏

j,EC
fake = 10�3 is calculated us-

ing Pythia [25] by simulating the trackless jets, where all
charged constituent hadrons are too soft to be observed
or missed due to tracking ine�ciency. The trackless jet
fraction is measured in the validation data for the low-
electromagnetism jet search at the ALTAS [26], and it is
found to be 10�2. They also found a huge additional sup-
pression through the energy deposition ratio between EC
and hadronic calorimeter. Moreover, due to the decay of
the LLP within the tracking volume, the signal contains
low quality tracks in contrast to the truly neutral jets,
and the energy deposition in the EC for the signal will
be more than that of the neutral jets, we hence consider
our jet fake rate assignment of 10�3 to be reasonably
conservative.

For the MS search, we consider a new timing layer at
the outer layer of the MS of ATLAS. We take the MS Re-
gion of Interest (MS RoI) trigger for very similar search
from ATLAS [27] as reference, with an e�ciency of
✏trig = 0.25 and 0.5 for the two benchmark BSM signals,
and a signal selection e�ciency of ✏sig = 0.25. The back-
grounds are mainly from the punch-through jets, and its
fake e�ciency can be inferred to be ✏

j,MS
fake = 5.2 ⇥ 10�9,

normalized to 1300 fake MS barrel events at 8 TeV [27].
Our Reference ATLAS MS displaced vertex search [24],
due to the vertex reconstruction requirement, can only
e↵ectively select signal events decaying in the 4-7 m
range, reducing the derived search sensitivity with the
full MS volume approximately by a factor of two. We
expect that with the help of the timing layer and a
relaxed vertex reconstruction requirement, the e↵ective
decay range could be extended to the full MS while
maintaining the same signal e�ciency. In comparison
with LLP decay in the 7-10 m range of the MS, there is
no detector activities in the layers prior to that. Hence,
the dominant background from punch can still be vetoed
e↵ectively.

Background consideration.— The main sources of the
SM background faking such delayed and displaced signal
are from jets or similar hadronic activities. The origin of
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LLP OPPORTUNITIES: LOW MASS
• LHCb is uniquely positioned to study low pT, forward physics

• Sensitive to low-mass, short-lifetime LLPs, but limited by 
luminosity and acceptance

• Many opportunities — what is the best way to use excellent 
vertexing, PID?
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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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LLP OPPORTUNITIES: LOW MASS

• What are opportunities for trigger upgrade/online reconstruction?

• Trigger-level analysis has been useful for low-mass dijet 
searches

• LHCb online reconstruction of every event has possibility of 
significantly improving efficiency of low-mass searches

• What about ATLAS/CMS? From Phil Harris (CMS): 
There may be the possibility to have full read out at 40 MHz and 
storage of final state particles with the CMS trigger upgrade. For sure 
we will be able to store the L1 PF candidates of every event above a 
threshold (which is the pf candidates with tracks having pT > 2 GeV 
using the CMS strip track trigger and full calorimeter info). However,  we 
may have the possibility to store fully reconstructed strips, pixels and 
fast timing information.
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LLP CHALLENGES: SHORT LIFETIME

• Many searches require > mm displacements to suppress heavy-
flavour backgrounds

searches for long-lived particles beyond the standard model at the large hadron
collider 37
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Figure 3.1: Comparison of the ATLAS [137], CMS and LHCb [188] reach for dark
pions pV decaying into jets. The CMS result is taken from the recast done in refer-
ence [194] of the 8 TeV analysis [187]. In the shaded regions the BR(H ! pvpv) is
constrained to be below 50%. Note that the ATLAS reach extend to higher masses,
the plot was produced using the benchmark scenarios presented in [137], hence the
meaningful bound is on the lifetimes. Taken from [188].

5 Hence, events with additional iso-
lated leptons are discarded.

done in some ATLAS studies [137]. In particular, this implies that1392

for the benchmark case of a 125 GeV Higgs as a parent for decays1393

into LLPs, the current Higgs triggers would pick out signal events1394

with reasonable efficiency. Some of these triggers also provide fairly1395

clean objects for offline use (e.g. leptons) and thus reaching lower1396

LLP masses is possible. As there is no theoretical preferred range1397

for light neutral LLPs, aiming at the most extensive coverage forces1398

us to push down the LLP mass / pT thresholds. In that context a1399

dedicated online reconstruction of DVs will allow for a reduction on1400

the pT threshold, allowing to reach lighter LLP masses.1401

3.1.2 Leptonic decays1402

Both ATLAS and CMS have searches for a pair of leptons coming1403

from a DV [137, 199, 200]. CMS also has a search requiring exactly1404

one isolated muon and one isolated electron 5 with large transverse1405

impact parameter (0.2 < d0 < 10 cm), but without any other addi-1406

tional requirement or veto (including that the reconstructed tracks1407

do not need to point to a common vertex [138]). This loose selection1408

makes the search sensitive to a variety of new physics scenarios.1409

Light and boosted LLPs can decay into collimated light leptons,1410

dubbed lepton-jets [88], which are searched for at both CMS [193]1411

and ATLAS. ATLAS has searches for both displaced [204, 205] and1412

prompt lepton-jets [206]. The LHCb collaboration also looks for1413

light, neutral LLPs going into µ+µ� pairs by studying B-meson1414

decays to kaons, for exclusive decay channels for both neutral [201]1415

and charged [202] B-mesons, as well as dark photons that decay to1416

muon pairs [203].1417

The ATLAS search for displaced leptons [137] triggers on muons1418

• However, short-lifetime high-mass vertices could still be striking

• LLP variant of b-tagging to cover “mesoscopic” lifetimes?
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LLP CHALLENGES: LONG LIFETIME

• Low probability of decay inside detector

• ATLAS has powerful searches in HCAL & MS sensitive to low 
mass, but currently need two DVs

9

TABLE V. Summary of criteria for good MS vertices in the
barrel and endcap regions.

Requirement Barrel Endcap

MDT hits 300  nMDT < 3000 300  nMDT < 3000
RPC/TGC hits nRPC � 250 nTGC � 250
Track isolation �R < 0.3 �R < 0.6
Track ⌃pT ⌃pT < 10 GeV ⌃pT < 10 GeV
Jet isolation �R < 0.3 �R < 0.6

tices should have ID tracks and jets that both connect
the vertex to the IP. To reduce the acceptance of fake
vertices from multijet events, good vertices are required
to be isolated with respect to ID tracks and calorimeter
jets. The jets considered for isolation must satisfy both
ET > 30 GeV and log

10
(EHAD/EEM) < 0.5. The value

log
10
(EHAD/EEM) gives a measure of the fraction of en-

ergy in the jet that is deposited in the HCal (EHAD) and
the fraction deposited in the ECal (EEM). This require-
ment ensures that vertices origimating from long-lived
particles that decay near the outer edge of the hadronic
calorimeter and also have significant MS activity are not
rejected.

An MS vertex due to a displaced decay typically has
many more hits than an MS vertex from a jet that
punches through the calorimeter, so a minimum num-
ber of MDT and RPC/TGC hits is required. A max-
imum number of MDT hits is also applied to remove
background events caused by coherent noise bursts in
the MDT chambers. The minimum required number of
RPC/TGC hits also helps to further reject these noisy
events, since a noise burst in the MDT system is not
expected to be coherent with one in the muon trigger
system.

Table V summarizes the optimized criteria for select-
ing good MS vertices. These criteria select about 60–70%
(40–60%) of MS vertices for the scalar boson and Stealth
SUSY (Z 0) samples, with a moderate di↵erence between
the various samples, while reducing the multijet back-
ground to a negligible value.

The e�ciency for vertex reconstruction is defined as
the fraction of simulated long-lived particle decays in the
MS fiducial volume that match a reconstructed vertex
satisfying all of the good-vertex criteria. A vertex is
considered matched to a displaced decay if the vertex
is within �R = 0.4 of the simulated decay position. Fig-
ure 7 shows the e�ciency for reconstructing a vertex in
the MS barrel for a selection of benchmark samples. Fig-
ure 8 shows the e�ciency for reconstructing a vertex in
the MS endcaps.

The MS barrel vertex reconstruction e�ciency is 30–
40% near the outer edge of the hadronic calorimeter
(r ⇡ 4m) and it substantially decreases as the decay oc-
curs closer to the middle station (r ⇡ 7m). The decrease
occurs because the charged hadrons and photons are not
spatially separated and overlap when they traverse the
middle station. This results in a reduction of the e�cien-
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for scalar boson, Stealth SUSY, and Z
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FIG. 8. Endcap MS vertex reconstruction e�ciency as a
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scalar boson, Stealth SUSY, and Z

0benchmark samples.

cies for track reconstruction and, consequently, vertex
reconstruction. The e�ciency for reconstructing vertices
in the MS endcaps reaches 70% for higher-mass bench-
mark models. Because there is no magnetic field in the
region in which endcap tracklets are reconstructed, the
vertex reconstruction algorithm does not have the same
constraints that are present in the barrel. Consequently,
the vertex reconstruction in the endcaps is more e�cient
for signal, but also less robust in rejecting background
events. Details are provided in Ref. [30].

• One DV search would suffer from large backgrounds

ATLAS, arXiv:1504.03634
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LLP OPPORTUNITIES: LONG LIFETIME

• Distant (shielded) detector to capture large-displacement decays 
or other soft LLP signals: can they be tweaked to improve reach?

• New ideas for detectors to enhance sensitivity to LLPs?

Ryan Heller, UC Santa Barbara

Detector to find millicharge particles

5

• Looking for very weakly 
ionizing particles: need long 
path through active material 

• milli-Q signal: few scintillation 
photons in each layer 

• LHC backgrounds (muons): 
huge signals, easy to reject 

• Require coincidence in three 
layers to remove random 
backgrounds

1m

Scintillator
PMTs

MilliQan MATHUSLA
CODEX-b

21 Nov 2017   Feng 9 

FASER LOCATIONS 
•  We want to place FASER along the beam collision axis 

-  Far location: 400 m from IP, after beams curve, 2.6 m from the beams 
-  Near location: 150 m, after TAN, between the beams 

 
•  ATLAS/CMS beams cross at 285 µrad in vertical/horizontal 

plane à shifts far (near) location by 5.7 (2.1) cm 
•  HL-LHC: 285à590 µrad, TANàTAXN moves forward 10 m,... 

We assume current parameters, FASER is exactly on-axis 

FASER
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LLP CHALLENGES: SHOWERS
• Strong dynamics in a hidden sector can be difficult to look for

• We don’t always (often?) know how to model the signals!

FIG. 1. Schematic representation of a soft bomb event with ⇠ 100 tracks, showing electrons and

muons in blue and green respectively. The cylinder represents the inner boundary of the ECAL.

An O(1) fraction of the tracks are too soft to reach the ECAL, generating Emiss

T
if the bomb itself

is recoiling against other hard particles in the event.

existing level 1 (L1) trigger. (For VBF and VH production of Higgs bombs, associated

hard jets or leptons permit the same.) Moreover, a sizable fraction of the final states –

so called ‘loopers’ – are too soft to reach the electromagnetic calorimeter (ECAL), as

shown schematically in Fig. 1. This means that a soft bomb recoiling against a hard

object can generate sizable E
miss

T
, and thereby also pass the (L1) Emiss

T
trigger with a

reasonable e�ciency.

ii) At the HLT level, we search for a highly localized population of hits compared to the

more di↵use background from pile-up interactions. To minimize the spreading of the

signal hits, we focus on the innermost layer of the tracker.

iii) In an o↵-line analysis it should be possible to fully reconstruct the event, and enhance

background rejection via requirements on track multiplicities. In addition, it may be

possible to extract extra information from the factorial moments and cumulants of

the multiplicity distributions [49]. Variables based on the track multiplicity are also

promising for more weakly coupled hidden valleys [50].

To explore the e�cacy of this strategy, we simulate soft bomb generation and propagation

inside a simplified model of the ATLAS detector for a number of representative benchmark

points and estimate the signal e�ciencies that can be obtained at both stages of the trigger.

We show that the triggering e�ciencies for bombs of mass several ⇥ 100 GeV could be as

high as ⇠ 10%. Further, the acceptance rate for Higgs bombs triggered in the manner is

5

3m

1m

Figure 1: A schematic depiction of pair production of dark quarks forming two emerging jets.
Shown is an x � y cross section of a detector with the beam pipe going into the page. The
approximate radii of the tracker and calorimeter are also shown. The dark mesons are represented
by dashed lines because they do not interact with the detector. After traveling some distance,
each individual dark pion decays into Standard Model particles, creating a small jet represented
by solid colored lines. Because of the exponential decay, each set of SM particles originates a
di↵erent distance from the interaction point, so the jet slowly emerges into the detector.

3

Schwaller, Stolarski, Weiler, arXiv:1502.05409
Knapen et al., arXiv:1612.00850 Strassler, Zurek, 2006

• How do we comprehensively cover these signatures?
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CMS Physics Analysis Summary

Contact: cms-pag-conveners-exotica@cern.ch 2018/07/05

Search for new particles decaying to a jet and an emerging
jet

The CMS Collaboration

Abstract

A search for events consistent with the pair production of a heavy mediator particle
that decays to a light quark and a new fermion, called a dark quark, is performed us-
ing data corresponding to an integrated luminosity of 16.1 fb�1 from proton-proton
collisions at

p
s = 13 TeV collected by the CMS experiment at the LHC in 2016. The

dark quark is charged only under a new quantum chromodynamic-like force, and
forms long-lived dark hadrons via a parton shower. The resulting emerging jet con-
tains displaced vertices that are created by dark hadron decays to standard model
hadrons. Mediator particles with masses between 400 and 1250 GeV are excluded for
dark hadron decay lengths between 5 and 225 mm. This analysis is the first dedicated
search for new particles that decay to a jet and this kind of emerging jet.

This document has been revised with respect to the version dated June 21, 2018.

6. Systematic uncertainties 7

The first is used for predicting the background fraction for selection set 3, the second for the
other selection sets.

Track multiplicity
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Figure 2: Measured misidentification rate distribution as a function of track multiplicity for
EMJ-1 defined in Table 2. The red one is for b jets while the green one is for light jets.

The efficacy of this method for estimating the background was verified by using the same
procedure on simulated events, and verifying the predicted number of selected events was
in good agreement with the results obtained when applying the selection criteria to the sam-
ples. For example, the number of events obtained by applying our background estimation
method to simulated events (number of events passing the selection in simulated events) are
207 ± 30 (231 ± 18) and 52.8 ± 9.2 (52.1 ± 6.2) for selection sets 8 and 9, respectively. The back-
ground estimation method was also verified using data in the QCD-enhanced regions, and the
predicted (observed) numbers of events are 317 ± 35 (279) and 115 ± 28 (98) shown in Figs. 4
and 5 for selection sets 8 and 9, respectively. The uncertainty in the predicted number combines
those due to the control region event statistics and statistical uncertainties in the misidentifica-
tion rates.

The efficacy of the background estimation was also tested using a second method for estimating
the fraction of b jets in the kinematic samples. In this method, the fraction of events with 0, 1, 2,
3, or all of the four leading jets passing the loose working point of the CSVv2 discriminator that
corresponds to correctly identifying a b quark jet with a probability of 81% and misidentifying
of a light-flavor jet with a probability of 8.9% is measured. From this and the measured b
jet efficiency and light jet misidentification rate, the fraction of events with 0, 1, 2, 3, or 4 b
jets is obtained. The flavor-specific misidentification probability is then convoluted with the
kinematics as a function of this multiplicity. The respective numbers of predicted background
events for selection sets 8 and 9 are 209.2 ± 1.3 and 53.1 ± 1.2 in simulated events, and are
312.2 ± 2.0 and 112.0 ± 1.6 for data in QCD-enhanced regions. The predicted number includes
only the uncertainty due to the control region event statistics. The predictions are in good
agreement with the primary background estimation method.

6 Systematic uncertainties
The main sources of systematic uncertainty in the background estimate are statistical. Two
other sources are uncertainties in the determination of fb for each of the samples used in the

7. Results 11
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Figure 6: Signal exclusion curves derived from theory-predicted cross sections and upper limits
at 95% CL on the signal cross section for models with dark pion mass mpd = 1, 2, 5, and 10 GeV.
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LLP CHALLENGES: EXOTICS
• There are even more difficult things to look for like quirks

Kang, Luty, arXiv:0805.4642

• Recent proposals for new searches, but right now propagation 
not even modelled in Geant4 (to my knowledge…)

Farina, Low, arXiv:1703.00912 
Knapen et al., arXiv:1708.02243
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NOW IT’S YOUR TURN…
• Lots of challenges to overcome to make the best use of the HL-

LHC to discover LLPs

• This workshop is a chance to qualitatively and quantitatively 
explore new ideas for detecting LLPs

• Open-ended format is meant for you to explore new ideas 
that come up in discussions and foster new collaborations

• We’re looking forward to seeing your ideas & results on Friday!


