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Abstract

The CMS detector for the planned high luminosity LHC run will have a new first level
(L1) hardware track trigger. The impact of the L1 track trigger is explored based on
the potential increase of CMS sensitivity to signals beyond the standard model in final
states with multiple jets and low total transverse energy. In particular, there is cur-
rently an blind spot for lifetimes of order 1 cm in searches for new long-lived scalars
¢ in Higgs decays, i.e. H(125) — ¢¢ — 4j. It is found that a plausible extension of
the L1 track trigger to tracks with an impact parameter of a few centimeters results in
dramatic gains in the trigger efficiency. The gains are even larger for additional heavy
SM-like Higgs bosons with the same decay.
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1 Introduction

The high luminosity LHC program offers many exciting opportunities to search for rare pro-
cesses. It is expected that the LHC will accumulate 3ab~! of proton-proton (pp) collisions
at 14TeV. The CMS detector will undergo major upgrades to all subsystems, including the
tracker [1], the barrel [2] and endcap [3] calorimeters, the muon system [4], and the trigger [5].

The bandwidth limitations of the first level (L1) trigger are one of the main problems facing cur-
rent searches for exotic Higgs boson decays, as well as many other signals beyond the standard
model (BSM). The Higgs boson is assumed to be SM-like within this document with the same
production cross-sections as the observed Higgs boson, but including rare unobserved decays
with B = 107°. The process where the Higgs boson decays to two new light scalars that in turn
decay to jets, H(125) — ¢¢ — 4j, is an important example. If the scalar ¢ has a macroscopic
decay length, the offline analysis has no background from SM processes, but the majority of the
signal events do not get recorded because they fail to be selected by the L1 trigger. The main
obstacle is the high rate for low transverse momentum jets, which is made worse by additional
extraneous pp collisions in the high luminosity environment.

In this note, we investigate the capabilities of L1 track finding [1] to increase the L1 trigger
efficiency for such signals. We focus on small or moderate decay lengths of the new particles,
1-50 mm, and assume, as is demonstrated by many analyses [6-8], that the offline selection can
remove all SM backgrounds with only a moderate loss of efficiency.

The investigation has two major thrusts. First, we propose a jet clustering algorithm that uses
the L1 tracks found with a primary vertex constraint. Second, we consider the extension of the
L1 track finder to off-pointing tracks, and develop a jet lifetime tag for tracks with |5| < 1.0.
Off-pointing tracks do not point back to the primary collision point, but instead have a “kink”
arising from the decay vertex of a long-lived decay. The kink is usually quantified in terms of
the transverse impact parameter, dy, which gives a measure of the smallest distance between
the transverse projection of the track and the primary collision point. Future work will in-
clude: expanding the off-pointing track finding at L1 to the full acceptance of the outer tracker;
matching the track jets with high transverse momentum (pt) deposits in the electromagnetic
calorimeter; and finding new ways to evaluate track quality to suppress “fake” tracks that re-
sult from finding the wrong combination of track hits.

While in this study we focus on the specific Higgs boson decay to light scalars (see Ref. [9] for
extensive review of physics motivations for such decays), the results and the proposed triggers
are relevant for a broad spectrum of new physics searches, with or without macroscopic decay
lengths.

2 Signal and background simulation

In these studies, the Phase-2 CMS detector is simulated using GEANT4 [10]. Event samples
corresponding to 200 collisions per bunch crossing (pileup) [5] are used for the evaluation of
trigger rates.

The following signal samples are considered:
1. Displaced single muons, generated with a uniform distribution of transverse momentum

(p1) between 2 and 8 GeV, uniform in 1 between -1 and 1, and with impact parameter dy
distributed as a Gaussian with width ¢ = 2 cm.



2. The exotic decay of the SM-like Higgs boson H(125) — ¢¢ — bbbb, with ¢ masses of 15,
30, and 60GeV, and ct of 0, 1, and 5cm. The production of the Higgs boson via gluon
fusion is simulated by POWHEG v2.0 [11], while the hadronization and decay is performed
by PYTHIA v8.205 [12].

3. The decay of a heavy SM-like Higgs boson with mass 250 GeV, H(250) — ¢¢ — bbbb,
with ¢ masses of 15, 30, and 60 GeV, and c7 of 0, 1, and 5 cm. The production of the heavy
SM-like Higgs boson via gluon fusion, its decay, and its hadronization are all simulated
with PYTHIA v8.205 [12].

3 Track jets

The tracker is the most granular detector participating in the L1 decision, and therefore the
most resilient to pileup. Track finding at L1 relies on selecting tracker hits that originate from
high transverse momentum particles. This is achieved in the front-end electronics through use
of the so-called pr-modules, each consisting of two sensors separated by a few mm [1]. A
particle crossing a tracker module produces a pair of hits in the two sensors. Such pairs form a
“stub” if the azimuthal difference between the hits in the two sensors of a module is consistent
with a prompt track with pr 2 2 GeV.

In this section, we describe a simple jet clustering algorithm implementable in firmware, and
compare it with anti-kt jets [13] with a size parameter of R = 0.3, as produced by FASTJET [14].

3.1 Algorithm description

A simplified algorithm for L1 track jets is used to facilitate the firmware implementation for
the L1 trigger applications. L1 track jets are found by grouping tracks in bins of zy, the point
of closest approach to the z-axis, for the tracks. The bins are overlapping, staggered by half a
bin, so that each track ends up in two bins, eliminating inefficiencies at bin edges. In each zg
bin, the pt of the tracks are summed in bins of 77 and azimuthal angle ¢ with bin size 0.2 x 0.23.
A simplified nearest-neighbor clustering is performed, and the Y p* in the zo bin is calcu-
lated. The zj bin with the highest ¥ p'* is chosen. Jets obtained through this algorithm are
referred to as “TwoLayer Jets.” For the studies below, zg bins with size 6 cm are used. Jets with

pr > 50 (100) GeV are required to have at least two (three) tracks.

3.2 Track selection

The track purity depends on the number of stubs in the track and the x? of the track fit. High-
pr tracks are much less pure than low-pr tracks, with fake tracks distributed approximately
uniformly in 1/pt while real tracks are mostly low-pr. To mitigate the effect of high-pt fake
tracks, any track with a reconstructed pr above 200 GeV is assigned a p of 200 GeV. The track
quality selection used in this analysis is summarized in Table 1.

Table 1: Track selection for jet finding. The x? selections are per degree of freedom for a 4-
parameter track fit.

track pt | 4stubs 5stubs 6 stubs
2-10GeV | x> <15 x? <15 accept
10-50GeV | reject x> <10 accept
>50GeV | reject x> <5 x?<5
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3.3 Comparison with FASTJET

We have verified that the TwoLayer trigger algorithm gives similar performance to a full jet
clustering using the anti-kt algorithm with a size parameter R = 0.3, as implemented in FAST-
JET. Figure 1 shows the efficiency to reconstruct a track jet as function of the generator-level jet
pr. Figure 2 shows the calculated L1 trigger rates for an Hr trigger, computed as the scalar sum
of pr of jets. Ht is computed from track jets with pt > 5GeV. Figure 2 also shows the calculated
L1 trigger rates for a quad-jet trigger with at least four track jets above a jet pt threshold.

The rates are computed based on a fixed number of colliding bunches. The trigger rate is

computed as
Rate — L1 Thresh N;
ate = € bunchesf LHC,

where Npunches = 2750bunches for 25ns bunch spacing operation, fipc = 11246 Hz, and
1 Thresh js the efficiency to pass a given L1 threshold as determined in simulation. For both the
L1 trigger efficiency and rate, the performance of the TwoLayer hardware algorithm is compat-
ible with the performance from the more sophisticated algorithm from FASTJET.
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Figure 1: The efficiency for a jet to give rise to a L1 track jet as a function of the generator-level
pr of the jet. The light and dark blue lines correspond to the trigger clustering (TwoLayer Jets)
and anti-kt with R = 0.3 (FASTJET), respectively.

4 Displaced track finding

In this section, we briefly describe the performance of an algorithm for reconstruction of tracks
with non-zero impact parameter. This approach extends the baseline L1 Track Trigger design to
handle tracks with non-zero impact parameter and to include the impact parameter in the track
tit. This enhanced design is feasible without greatly altering the track finding approach, but
will require more FPGA computational power than the current proposal, which only considers
only prompt tracks. Tracks passing the selection are clustered using the same algorithm as
described in Section 3, and clusters containing tracks with high impact parameters are flagged
as displaced jets. Though the baseline design of the L1 Track Trigger currently is optimized to
find prompt tracks, these studies show that an enhanced L1 Track Trigger can extend the L1
trigger acceptance to include new BSM physics signals.
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Figure 2: Calculated L1 trigger rates for track jet based Hr (left) and quad-jet (right) triggers.
The light and dark blue lines correspond to the trigger clustering (TwoLayer Jets) and anti-kt
with R = 0.3 (FASTJET), respectively.

Quad Jet P, [GeV]

T

Figure 3: A sketch of a track crossing a pr-module.
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4.1 Stub efficiency

A track with a sufficiently small impact parameter can produce a stub. For tracks with large
pr (i.e. large curvature radius p) and small dj, the bending angle § between the track and the
prompt infinite momentum track, as shown in Fig. 3, is

Therefore, for a given dy, one expects the stubs to be formed more efficiently as the radius of
the module r increases. Fig. 4 shows the efficiency for a displaced muon to produce a stub
as a function of the signed transverse momentum and the impact parameter of the muon, as
measured in the full GEANT4-based simulation of the Phase-2 detector. After the first layer of
the tracker the stub reconstuction efficiency is high across a range of impact paramters. In the
first layer of the tracker there is some inefficiency for impact parameters above 2cm. Fig. 4
shows that for a range of impact paramters the stub reconstruction efficiency is large.
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Figure 4: The efficiency for a displaced muon to form stubs in the six barrel layers of the Phase-
2 tracker, as a function of the signed muon pt and impact parameter. The top row shows, from
left to right, layers 1, 2, and 3; the bottom row shows layers 4, 5, and 6. The sample is comprised
of 2000 muons generated with uniformly distributed transverse momentum between 2 and
8 GeV and pseudorapidity || < 1, and with the impact parameter dy distributed as a Gaussian
with width of 2 cm.

4.2 Track finding efficiency

A special version of the tracklet algorithm [1] has been developed that is capable of recon-
structing tracks with impact parameters of a few cm. For now, the reconstruction is limited to
the barrel region (|| < 1.0). Preliminary feasibility studies show that the algorithm will have
similar performance in the entire outer tracker coverage.

Fig. 5 shows the track reconstruction efficiency requiring at least four and at least five stubs
on the track. As expected, allowing only four stubs on a track gives a higher efficiency for
high impact parameter tracks. The five stub efficiency is large at high momentum with impact
parameter less than 3cm. The five stub tracks will have larger purity than the 4 stub tracks,
which motives the selection defined in the next section.
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Figure 5: The efficiency for a displaced muon to be reconstructed as a track with at least four
stubs (left) and at least five stubs (right).

4.3 Track selection

For the extended track finding algorithm, two track fits are performed: a 3-parameter r¢ fit
yielding 1/p, ¢o, and do, and a 2-parameter rz fit yielding t and zo. The bend consistency

variable is defined as )
1 Notubs Bi — IB?XP
st _ ; /
consistency N 2 (

stubs ;j—1 Y

where Ngyps is the total number of stubs comprising the track, g; and ,Bpr are the measured
and expected bend angles for stub 7, and ¢; is the expected bend angle resolution.

Two track categories are defined, loose and tight. The selection is summarized in Table 2.

Table 2: Track selection criteria for jet finding with extended L1 track finding.

Loose Tight
Newbs | X7y  Xp= consistency | X7, X7 consistency
4 <05 <05 <1.25 reject
>5 | <6.0 <25 <5.0 <35 <20 <4.0

A jet is required to have at least two tracks passing the tight selection. If two or more tight
tracks in a jet have |dp| > 0.1 cm, the jet is tagged as a displaced jet.

5 Results
5.1 Track jets with prompt track reconstruction

Figure 6 shows the rate of the track jet Hr trigger as a function of the efficiency of the heavy SM-
like Higgs boson signal. While for prompt ¢ decays one can realistically achieve 20% efficiency
at an L1 rate of 25 kHz, the efficiency quickly drops with the decay length, since the displaced
tracks are not reconstructed for dy values above a few mm.

5.2 Track jets with a displaced tag

The rate for the Hr trigger using the extended track finding is shown in Fig. 7, with and
without a requirement of at least one jet with a displaced tag. The displaced tag requirement
suppresses the rate by more than an order of magnitude. The displaced tracking and the trigger
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Figure 6: The rate of the track jet Hr trigger as a function of signal efficiency for the SM-like
Higgs boson (left) and the heavy SM-like Higgs boson (right) using prompt track finding.



that requires a jet with a displaced tag make the signals with low Hrt accessible for displaced
jets.
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Figure 7: The rate of the track jet H trigger using extended track finding with (solid line) and
without (dashed line) a requirement of at least one jet with a displaced tag.

In order to compare the results with prompt and extended track reconstruction, one needs
to make a correction for the rapidity coverage: prompt tracks are found in || < 2.4, while
the extended track algorithm currently only reconstructs tracks in || < 1.0. For the feasible
thresholds, the rate for || < 0.8 and |y| < 2.4 differ by a factor of five. To scale the efficiency
for finding track jets to the full |57| < 2.4 range, we derive a scale factor (SF) based on efficiency
in the full 7 range and the central 7 range. The signal efficiency SFs range from 4-6, which is
comparable to the increase in the L1 rate. We have confirmed that such extrapolation works
for the track jets clustered with prompt tracks. Figure 8 shows the expected trigger rate as a
function of efficiency for the SM and the heavy SM-like Higgs bosons.

5.3 Expected event yields

The available bandwith for the triggers described above, if implemented, will be decided as
a part of the full trigger menu optimization. Here, we consider two cases, 5 and 25kHz. The
expected event yield for triggers using extended and prompt tracking are shown in Fig. 9,
assuming branching fraction B[H(125) — ¢¢ — 4j] = 107> for the SM-like Higgs boson. For
the heavy Higgs boson, the expected number of produced signal events is set to be the same as
for the SM-like Higgs by requiring oy, 1(250) B[H(250) — ¢ — 4j] = 10_50pp SH(125)-

6 Conclusion

We have studied the upgraded CMS detector’s ability to trigger on events with long lived
particles decaying into jets. Currently, such events pass the L1 trigger only if the total transverse
energy in the event is above a few hundred GeV. This is an important blind spot for searches,
especially for the rare exotic Higgs boson decays like H(125) — ¢¢p — 4.

In this note, a new L1 trigger strategy based on the Phase-2 CMS detector’s ability to find tracks
at L1 is explored. Using L1 tracks for jet reconstruction significantly suppresses pile-up and
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Figure 9: This plot shows the number of triggered Higgs events (assuming
B[H(125) — ¢¢ — 4j] = 107>, corresponding to 1700 events) as a function of ¢t for two
choices for the trigger rates: 25 kHz (left), 5 kHz (right). Two triggers are compared: one based
on prompt track finding (dotted lines) and another that is based on extended track finding
with a displaced jet tag (solid lines).
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allows to accept events with lower Hrt. For the exotic Higgs decays considered, given the total
Phase-2 dataset of 3ab™! and branching fraction of 10-°, CMS would collect O(10) events,
which should be sufficient for discovery. We also considered a plausible extension of the L1
track finder to consider tracks with impact parameters of a few cm. That approach improves
the yield by more than an order of magnitude. The gains for the extended L1 track finding are
even larger for the events with larger Ht, as demonstrated by the simulations of heavy Higgs
boson decays.
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