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1. Introduction

1.1 Modelswith Charged Higgs Bosons

In the Standard Model (SM) of particle physics, a single Higgs doublet performs the task
of electroweak symmetry breaking. This model predicts a single neutral scalar Higgs boson. A
charged Higgs boson H is predicted by theoretical models with two or more Higgs doublets.
The Minimal Supersymmetric Model (MSSM) [1] assumes the two Higgs doublet model (2HDM)
while the Next to Minimal Supersymmetric Model (NMSSM) [2] adds a singlet Higgs field to the
2HDM. Both predict the existence of the H .

In all models which predict the H™, the production cross sections at colliders are predicted
to be multiple orders of magnitude below Standard Model processes, and are therefore considered
rare phenomena. For the H ™ search, or indeed any search for rare phenomena at colliders, the need
for a trigger strategy originates in a fundamental limitation of modern electronics: the maximum
rate at which events can be reliably written to storage. This maximum rate is of order a few hundred
Hz. If the physics interaction rate is lower than this limit, all physics events can be written out for
subsequent analysis. If the physics interaction rate is higher than this limit, then a trigger strategy
for optimally filtering signal events becomes necessary.

In this section we first describe trigger strategies at past and present colliders and next outline
a generic trigger strategy for rare phenomena. In the following sections we focus on the trigger
strategies for the H' search at CMS and ATLAS, the two general purpose detectors at the Large
Hadron Collider (LHC).

1.2 Charged Higgs Boson Searches at Colliders

Direct searches for the charged Higgs boson have been undertaken at LEP and the Tevatron,
and indirect searches have been undertaken at the B factories Belle and Babar. At LEP, a search
for ete” — HTH ™ yielded the first direct limits on the H" mass [3]. At Belle and BaBar, limits
on the processes BT — 71v and b — sy [4] have probed the extent to which an H* could mediate
these processes.

For the e"e™ colliders LEP, Belle and Babar, only a minimal trigger strategy is necessary
since the interaction rate is near or below the upper limit on the maximum rate events can be writ-
ten to storage. At Babar, for example, the total physics interaction rate for fermion pair production
e"e” — ("¢~ ,qq was approximately 180 Hz at design luminosity, and the trigger was approxi-
mately 99% efficient for BB events [5]. Indeed, the primary purpose of the Babar trigger was to
reduce the 20 kHz rate from beam-induced backgrounds rather than physics events.

At hadron colliders, however, the physics interaction rate far exceeds the upper limit on the
trigger rate. At design luminosity, the LHC bunch crossing rate is expected to be 40 MHz with
multiple physics interactions per bunch crossing[6]. The trigger strategy for the H ™ search at the
LHC will be discussed in the following sections. At the Tevatron, where the interaction rate also
requires a careful trigger strategy for rare phenomena, searches for the light H (my+ < myp) at
both CDF and D@ have relied on the same trigger strategy for triggering on tf events since the
decays products of the H™ in many models are similar to those of the W boson [7, 8].

D0 carried out the only direct search for the heavy H ™ (my+ > Mop) at the Tevatron [9], and
relied on the same trigger signatures as the single top search: e+2jets and L+jet [10]. The evolu-
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[dtL [pb~!] | Electron Et [GeV] | Jet 1 Et [GeV] | Jet 2 Et [GeV]
103 15 15 15
330 15 20 20
619 15 25 20
913 15 30 30

Table 1. The evolution of the D@ e+2jets trigger thresholds from August 2002 to December 2005. As
instantaneous luminosity rises, trigger thresholds must tighten to maintain the trigger bandwidth budget.

tion over time of the thresholds and isolation criteria for these signatures illustrates the competing
imperatives to stay within the trigger bandwidth budget yet maintain maximal signal trigger ef-
ficiency. See Table 1.2 for the evolution of the trigger thresholds in the e4-2jets signature from
August 2002 to December 2005. As the instantaneous luminosity increases, trigger signature Et
thresholds must rise and/or isolation criteria must tighten, but in a way such that the signal effi-
ciency decreases as little as possible.

1.3 Generic Trigger Strategy for Rare Phenomena

A generic trigger strategy for rare phenomena demands the highest possible signal efficiency
with respect to the offline-selected events while keeping the overall trigger rates within the accept-
able upper bound. To this end, these principles are enjoined:

e use of unprescaled triggers with the lowest E7 threshold available,
e use of single object triggers if possible, otherwise optimized multiple object triggers,
e use of the most realistic overall trigger signature rate estimates possible and

o careful monitoring of trigger algorithm performance in the signal simulation.

Prescaled signatures are useless for triggering on rare phenomena since they are inefficient
by design. As realistic overall trigger rates for different signatures become available, previously
unprescaled signatures may become prescaled and will therefore become obsolete for triggering
on rare phenomena. In that case the strategy should be to use a similar signature with a higher
threshold which is still unprescaled.

Trigger signature efficiencies will need to be measured in data. Using single object triggers (as
opposed to multiple objects AND-ed together) simplifies measuring trigger efficiencies from data
and applying them to simulation. These efficiencies can be obtained from the trigger simulation,
but the simulation may not match very well the performance of the real trigger. On the other hand,
when multiple object signatures become necessary, their thresholds should be optimized for signal
selection.

In a running experiment, the trigger rates are directly measured and the trigger rate must be in
accord with the overall search priorities of the experiment. In developing a trigger strategy for a
rare phenomenon at a future experiment, the most realistic trigger rate estimates should be used in
order to legitimize its use.
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Production/Decay | BR | ATLAS/CMS | Trigger Objects

tf — 2DWMepTiepv | 0.076 No/No j,b, e, mu, EMSS
tf — 20MepThagV | 0.140 | Yes/Yes | j,b, e, mu, tau, EMSS
tf — 2Whag TigpV | 0.276 | Yes/No j.b, e,mu,EfMsS
tf — 20Whad ThagV | 0.508 Yes/No j,b, tau,EMSS
09 — 4bWMepWep | 0.046 No/No j,b, e,mu,EMSS
09 — 40WepWhag | 0.338 Yes/Yes j,b, e,mu,EMSS
g9 — 4bWhagWhag | 0.611 No/No ib

09 — 2bWepTiepV | 0.076 No/No j,b,e,mu,EMSS
09 — 2bWepThagV | 0.140 No/No j,b,e,mu,tau, EMSS
09 — 2bWhag TiepV | 0.276 No/No j,b,e,mu,EMSS
99 — 2bWhad ThadV | 0.508 Yes/Yes j.b,tau, EMsS

Table 2: The final states for charged Higgs boson decays for the low mass decay from tf, high mass produc-
tion from gg/gb — tbH™ with H™ — tb, and high mass production from gg/gh — tbH™ with HT — Tv.
The column ATLAS/CMS indicates whether the given channel has been studied by these two Collaborations.
Also shown are the branching ratios (W x W or W x T) and relevant trigger objects.

It will always be necessary to monitor the performance of the trigger algorithms in the sig-
nal simulation with respect to offline reconstruction. Anomalous behavior of triggers in signal
simulation should be corrected immediately. In principle, the offline reconstruction is the ideal
reconstruction, and the trigger reconstruction should behave as much as possible like the offline
reconstruction.

2. ATLASand CMSTrigger Strategiesfor the Charged Higgs Boson Search

For both ATLAS and CMS, the MSSM was chosen as the appropriate benchmark for H ™
studies. Both ATLAS and CMS have studied decays to SUSY particles [11, 12], but these are not
considered here. The dominant production mechanism at the LHC for the light H ™ in the MSSM
is from top quark decay t — bH ™. For the heavy H*, the dominant production mechanism is from
gb — fH* or gg — fbH ™. The MSSM favors the decays H* — tb and H* — 1tV for the heavy
charged Higgs boson and H* — 17V for the light charged Higgs boson. From these production
and decay modes, the following final states are possible:

tbH™ — Zb(V\:{epOt‘\/\:had)(ﬂepOI‘Thad) 2.1
tbH* — 4b(Wep0rWhag) (WiepOrWhag ) (2.2)
tft — 2b(V\49p0r\M1ad)(T|ep0rThad) (2.3)

where Wep indicates W — £V (¢ = e, i), Whag indicates any other decay, Tjep indicates T — (VU
(¢ = e 1) and Tnyg indicates any other decay. Since the particle charge is not measured in the
trigger, particle charges are omitted. See Table 2 for the branching ratios to these various final
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Study Trigger ‘ Rate [Hz] H
CMS | Electron ES > 29 GeV 13
CMS | Muon E¥ > 19 GeV 17
CMS | Tau Ef > 93 GeV AND E'S > 67 GeV NA
ATLAS | Electron E¢ > 22 GeV AND E' > 30 GeV | 10+ 10
ATLAS | Muon E¥ > 20 AND EP'S > 30 GeV 20+ 15
ATLAS | Tau EI > 35 GeV AND E'S > 50 GeV <10
ATLAS | Tau EI > 45 GeV AND E'S > 50 GeV <10

Table 3: Trigger signatures for the H™ search in the ATLAS and CMS studies. Rate estimates are scaled

linearly to a luminosity of 10°3 cm=2 s~

states and the triggerable objects in them. Table 2 also indicates which channels were studied by
ATLAS and CMS.

In the light H™ channel tf — 2bWepThadV, both ATLAS and CMS produced recent studies
[13, 14]. The lepton from the W boson decay provides a convenient trigger signature, and CMS
chose single lepton triggers requiring E-{-l > 19 GeV (u) for a trigger muon and EF > 29 GeV
(e) for a trigger electron. The trigger rates for these signatures at an instantaneous luminosity of
2% 103 cm™2 s7! were estimated at CMS to be 25 Hz (€) and 33 Hz (i) with signal efficiency!
near 50% in the mass range 140 < my+ < 170 GeV. The ATLAS study for tf — 2bWep ThagV chose
single lepton triggers AND’ed together with E¥i$ triggers, primarily due to trigger rate estimates
which suggest that at 1033 cm™2 s~!, single lepton trigger thresholds will be too high. The ATLAS
studies use trigger EMSS > 30 GeV together either with trigger E$ > 22 GeV (€) or trigger E¥ > 20
(W). The signature rate estimates at 103 ecm™2 s7! are 104 10 Hz (e) and 20 + 15 GeV (U)
respectively. The ATLAS analysis also uses a single hadronic tau trigger ET > 35 GeV? AND’ed

2 51 to be below

together with trigger E?‘iS > 50 GeV, and estimate the trigger rate at 103 cm™
10 Hz with signal efficiency near 50% to 60% for masses in the range 90 < my+ < 150 GeV.

Both ATLAS and CMS studied the heavy H* — tb decay with final state 40WMepWhag [13, 15].
The leptonic W boson decay again provides a convenient trigger strategy in that the final state has
both a lepton and substantial E?‘iS. The ATLAS trigger signatures for this mode are E?WiSE > 30 GeV
together either with trigger Ef > 22 GeV (€) or trigger E# > 20 (). These signatures, which give
signal efficiencies near 60% to 75% in the mass range 200 < my+ < 600 GeV, are the same for the
light H™ search with the same rate estimates. The CMS study used the same trigger signatures as
for its light H™ search, namely single lepton triggers requiring EX > 19 GeV (i) or E¢ > 29 GeV
(e), which CMS reports give signal efficiencies of 16% in the muon channel only. The CMS strategy
has the advantage of a simpler trigger, easier to monitor and understand with collision data. On the
other hand, the additional requirement of missing transverse momentum, is expected to provide a
second handle to reduce the trigger rate, which should prove useful at high luminosity.

In the event that CMS has underestimated trigger rates for these single lepton signatures, the

ISignal efficiencies reported here are with respect to all generated events, rather than all offline-selected events.
ATLAS H trigger efficiencies with respect to offline-selected events range from 96% — 99%.
2Tau E refers to the visible Et of the tau decay products.
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ATLAS strategy of combining them with E?‘iS may prove worthwhile despite the complications in
measuring these trigger efficiencies in data.

Finally, for the heavy H* — 11V decay with final state 20Whaq ThagV, both ATLAS and CMS
chose hadronic tau triggers AND’ed together with EP$ [13, 16]. For CMS, the signature is a
hadronic tau with Ef > 93 GeV and E?“i$ > 67 GeV. CMS further required that the leading track
in the reconstructed tau jet satisfy isolation criteria and have Et > 25 GeV. CMS reports signal
efficiencies of 10% to 40% for 170 < my+ < 600 GeV. For ATLAS, the signature is a hadronic tau
with EX > 45 GeV and EI"S > 50 GeV. The ATLAS study estimates signal efficiencies of 20% to
40% in the same mass range 170 < my+ < 600 GeV. The CMS study provides no signature rate
estimates, but the ATLAS study estimates this trigger signature will take less than 10 Hz of the
overall trigger budget.

Two channels were studied by ATLAS but not by CMS: the light H* produced in tf decays
in which the W boson decays hadronically and the T decays either leptonically or hadronically.
Both of these analyses [13] used trigger signatures already discussed, namely E] > 30 GeV and
EMSS > 50 GeV for the hadronic tau channel and EfS > 30 GeV together either with trigger
E? > 22 GeV (e) or trigger E# > 20 () for the leptonic T channel. See Table 3 for a summary
of the triggers used by CMS and ATLAS for the channels considered in this section. It should be
noted that neither ATLAS nor CMS investigated the use of a b-tag trigger for H " searches. While
these triggers may take time to commission, they may prove to be of some value in particular to
the H™ — tb search in which both W bosons decay hadronically.

3. ATLAS Trigger Study for the Charged Higgs Boson Search

3.1 Signal Study Sample

In this section we study the motivation for the ATLAS trigger strategy described in the previous
section. For this study, simulation samples were generated for the high mass gg — 40WepWhad, the
high mass gg — 2Whad ThagV, the low mass tf — 20Wep ThagV, the low mass tf — 2Whaq TiepV and
the low mass tf — 2DWep ThagV. These will be designated as follows:

Sample A: gg — tbH,j; — 2DWhag ThagV (My+ = 400 GeV).

Sample B: gg — tbH,s) — 4bWep\Whad (My+ = 250 GeV).

Sample C: tf — tbH,5; — 2DWhad ThadV (My+ = 130 GeV).

Sample D: tf — tbH 5, — 26Whag TiepV (My+ = 130 GeV).

Sample E: tf — tbHgy — 20WepThagV (My+ = 90 GeV).

Note that each sample represents a broader class of samples where major differences in decays and
kinematic distributions are not expected.
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3.2 Trigger Objects

While the trigger aims to mimic the offline reconstruction as closely as possible, divergences
are inevitable. The efficiency of the trigger to reconstruct objects found in the offline reconstruction
with similar properties (17,®,Et)? gives an indication of how much divergence obtains. The Et
resolution of trigger objects indicates the ability of the trigger to reconstruct an offline object with
similar Er. The efficiency must be high in all (1, @) regions of the detector and for as broad a
range of Et as possible, and the Et resolution must be as small as possible.

Samples A, C and E represent the class of channels which contain a hadronic tau and therefore
trigger taus are studied for these channels. Samples B, D and E represent the class of channels
which contain a single high Et electron or muon and therefore trigger electrons and muons are
studied for these channels. E%“iss is important for triggering in most of these channels, so this is
also studied.

In the searches for H™ — TpaqV, the hadronic tau trigger must perform well with respect to the
offline reconstruction. The tau trigger objects for the tau signatures must be reconstructed with high
efficiency. The trigger EI"S must closely match the offline E for these channels. Similarly, the
searches for H* — TjgpV and H™ — th — 2bWep will require high efficiency of the trigger electrons
and muons with respect to the offline-reconstructed electrons and muons. For higher luminosities
the lepton signatures will be required in combination with E%"iss, so the performance of the trigger
EMSS must be monitored closely.

The measured Et of trigger electrons, muons, hadronic taus, jets and E%“iss must closely match
their counterparts in the offline reconstruction and therefore their resolution must be small. The Et
threshold for all of these trigger objects is imposed by the trigger, so any divergence between the
Er measured in the trigger and the Et measured in the offline reconstruction should be noted and
corrected.

A trigger object is considered matched to a corresponding offline object if AR= /AN + Ag? <
AR, where A™R is a fixed parameter. The following definitions for efficiency (€), purity (p)
and resolution (r) are used:

£ = NS /Noffline 3.1)
p= l\ltrpiagtg(]:gr/l\ltrigger (3.2)
r = (E_trrigger _ E_(Igffline)/E_?ffline (3'3)

Note that the parameter r is only defined for matched trigger objects. The resolution is then the
RMS of the distribution of r, and the offset is the mean of the distribution of r. The efficiency
curves can then be fit to predefined functions to extract meaningful parameters. For example, the
Er efficiency curves are fit to the function:

(3.4)

(50 = Lo (1 1 E 1)

V2p2

Then the plateau efficiency is the p0 parameter in fit. A plateau purity is defined similarly.

31 is the pseudorapidity and ¢ measures the azimuthal angle.



Trigger Strategy for the Charged Higgs Boson Search Chris Potter (for the ATLAS Collaboration)

Trigger Object ‘ AR ‘ Plateau Efficiency | Plateau Purity | Et Resolution | Et Offset
Sample A Tau 0.1 0.93 0.19 0.06 -0.02
Sample B Muon 0.02 0.81 0.94 0.03 -0.001
Sample C Tau 0.1 0.93 0.29 0.07 -0.03
Sample D Muon 0.02 0.78 0.97 0.02 -0.001
Sample E Electron | 0.02 0.99 0.22 0.01 -0.02
Sample A EMSS 0.4 0.99 0.98 0.12 -0.21
Sample B EI'sS 0.4 0.99 0.81 0.28 -0.16
Sample C EJ'sS 0.4 0.97 0.98 0.18 -0.21
Sample D Efl'sS 0.4 0.98 0.97 0.20 -0.19
Sample E E'SS 0.4 0.64 0.67 0.21 -0.16

Table 4: The performance of the trigger trigger electrons, muons, taus, jets and E-’|-niss in the signal simulation
samples where they are important. The A™*R parameter is chosen to be close to the object (17, @) resolution.

For an example of trigger object efficiencies plotted against 1], @ and Et, as well as trigger
object resolution, see Figures 2 and 1. Ideally the efficiency plotted against @ should be high and
uniform, against ] should be high and uniform, and against E1 should closely approximate a step-
function as closely. The E1 resolution should be small as and the Et offset should be near zero. If
the trigger underestimates the Et consistently, then this reduces the number of events which pass
the Et threshold and therefore decreases the signal trigger efficiency.

The plateau efficiencies, plateau purities, E1 resolution and E offset for the important trigger
objects as measured in each signal simulation sample are reported in Table 4. The plateau efficien-
cies are in general high, though tau efficiencies show a decrease in efficiency above 200 GeV. The
plateau purities are not critical to the trigger strategy, but they do indicate how easily the trigger
object is easily faked by background processes and may therefore lead to high trigger rates. For
the electrons and hadronic taus, the purities around 20%. The Et offsets indicate that all trigger
objects underestimate the offline objects, with E'SS underestimated by as much as 20%. Simi-
larly, the EMSS resolution is as large as 20%, suggesting that improvement is necessary in the ETSS
trigger. Nonetheless, the trigger objects correspond fairly well with the matched offline objects.

3.3 Trigger Signatures

Given that the ATLAS trigger objects are reconstructed well with respect to the offline re-
construction, we seek trigger signatures which combine these single objects together and specify
thresholds for each. Using the generic strategy outlined in Section 1.3, we seek the single object
triggers with lowest thresholds which are unprescaled. The overall trigger rate for signatures must
also be kept within a trigger bandwidth budget.

The analyses of samples A, C and E will depend on hadronic tau and missing Et. Since the
unprescaled single tau and E?‘iS signatures have thresholds which are simply too high to retain even
a modest signal efficiency, these modes will require double object triggers. High efficiency can be
maintained by combining tau and E-’rT1i$ signatures. The analyses of samples B and D (also E) can

reliably depend on electron and muon signatures at lower luminosities. At higher luminosities,
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E€>25GeV | EF>20GeV | Ef>35GeV | Ef>35GeV
Signal AND AND AND AND
EMSS > 30 GeV | EMS > 30 GeV | EPSS > 50 GeV | EMSS > 40 GeV
Sample A 0.01 0.03 0.36 0.35
Sample B 0.17 0.25 0.07 0.10
Sample C 0.01 0.02 0.11 0.14
Sample D 0.09 0.14 0.06 0.07
Sample E 0.21 0.24 0.23 0.24
Rate [Hz] 10+ 10 20415 <10 <10

Table 5: Estimated trigger signature efficiencies and rates at an instantaneous luminosity of 1033 cm=2 s~!

for signal samples.

these single object triggers may have thresholds which are too high for these signal modes, and
consequently double object triggers will have to be employed. Combining electron and muon
signatures together with E¥i$ can give high signal efficiency with low overall trigger rates at a
~2 57! and therefore these signatures are chosen. See Table 5 for the chosen
thresholds and rates at 1033 cm~2 s~!. The rates were calculated with seven million minimum bias

luminosity of 1033 cm

events.

4. Conclusion

We have given reasons for a dedicated trigger strategy for the charged Higgs boson search at
the LHC and reviewed the current strategies at CMS and ATLAS. Broadly, the strategies are similar.
The strategies for the heavy H* — ;£ ;v channel in particular were similar, looking for a hadronic
tau jet in conjunction with large E?‘iS. Only the thresholds were different, with correspondingly
slightly different signal efficiencies. The differences in strategy came in the strategies for searches
with leptons ¢ = e, u. CMS chose single lepton trigger with fairly low thresholds on the basis of
trigger rate estimates which suggest the signatures are viable at high LHC luminosities. ATLAS
chose single lepton triggers in conjunction with E-’rT1i$ trigger based on single lepton trigger rate
estimates which would exceed an reasonable bandwidth budget at a luminosity of 1033 cm=2 s~!
and higher. These double object signatures will prove difficult to measure in data, but they have the
benefit of higher signal efficiency and lower trigger rate.

Finally, we have demonstrated that ATLAS trigger software reconstructs trigger objects in
the signal simulation with sufficient similarity to the corresponding offline reconstructed objects.
This is confirmed by the high signal efficiencies in signal simulation samples both before and after
offline selection. Monitoring of the trigger algorithms in signal simulation will continue to be
necessary. Moreover, when the LHC turns on trigger signature rates and thresholds will need to
be monitored closely as the instantaneous luminosity increases. It should be noted that both for
ATLAS and CMS, the results reported here were obtained with particular software releases, which
have evolved and are evolving.
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