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The LHC produces 15 MHz of proton-
proton (pp) collisions

In order to maximize integrated 
luminosity, it is necessary to accept 
events with multiple pp interactions 
in a single bunch crossing

Event with four interactions is 
shown on the left

We have been running with an 
average of ~1.5 interactions per 
bunch crossing in 2011/12
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The LHC produces 15 MHz of proton-
proton (pp) collisions

In order to maximize integrated 
luminosity, it is necessary to accept 
events with multiple pp interactions 
in a single bunch crossing

Event with four interactions is 
shown on the left

We have been running with an 
average of ~1.5 interactions per 
bunch crossing in 2011/12

Signal purities are stable with the 
number of interactions in an event

B+!J/ψK, Real Data
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Charm Physics CPV in B decays Rare B decay 
searches

Spectroscopy 
and Exotica

Note : clearly not the entire physics programme, 
see the LHCb upgrade LOI for more details
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Charm Physics CPV in B decays Rare B decay 
searches

Spectroscopy 
and Exotica

Note : clearly not the entire physics programme, 
see the LHCb upgrade LOI for more details

10% of LHC 
interactions 
contain a charmed 
meson : keep the 
most interesting 
ones efficiently

Maintain ~100% 
efficiency for 
rare muonic/
photonic B decays

Trigger on any B 
decay into 
charged particles 
in an inclusive 
way, to minimize 
biases 

Maintain a high 
rate of prompt 
and detached (di)
muon triggers to 
enable datamining

And all this must fit into an output rate of ~4 kHz!

KEY CHALLENGE : discriminate against prompt charm (300 kHz in the 
LHCb acceptance) while keeping the most interesting prompt charm!
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We can only read out the full 
detector information at 1 MHz, 
hence need a hardware trigger

Trigger on high transverse 
momentum and energy deposits 
in the calorimeters and muon 
chambers

15 MHz pp interactions

450 kHz
h±

350 kHz
μ

120 kHz
e/γ

80 kHz
μμ

1 MHZ Detector readout

Software trigger :

29000 Logical CPU cores

Access to the full event information

Use offline reconstruction software 
tuned for HLT time constraints

4 kHz data output
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We can only read out the full 
detector information at 1 MHz, 
hence need a hardware trigger

Trigger on high transverse 
momentum and energy deposits 
in the calorimeters and muon 
chambers
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• 2⋅1032 LLT output
• Target 1033 LLT output

The 1 MHz detector readout is the 
bottleneck in the current DAQ chain

Particularly limiting for hadronic 
decay modes, and would become more 
limiting as the luminosity rises 
due to pileup

Therefore LHCb will upgrade all 
subdetectors to read out at 40 MHz

And then scale the actual detector 
readout according to the available 
CPU capacity in the HLT farm

Make the L0 (LLT) trigger less and 
less important as the upgrade 
progresses
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“A B is the elephant of the particle zoo: it is very heavy and 
lives a long time” -- T. Schietinger
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Figure 7: Lifetime acceptance function for an event of a two-body hadronic decay. The
shaded, light blue regions show the bands for accepting a track IP . After IP2 is too low in
(a) it reaches the accepted range in (b). The actual measured lifetime lies in the accepted
region (c), which continues to larger lifetimes (d).
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B meson signatures :

Large child transverse momentum

Large child impact parameter or 
vertex displacement

DiMuon candidate

beamline
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Figure 7: Lifetime acceptance function for an event of a two-body hadronic decay. The
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(a) it reaches the accepted range in (b). The actual measured lifetime lies in the accepted
region (c), which continues to larger lifetimes (d).
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D meson signatures :

Large child transverse momentum

Large child impact parameter or 
vertex displacement

beamline

First two criteria largely apply also to the baby elephants of 
the particle zoo, the charm mesons
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Full reconstruction of tracks in 
vertex locator

Reconstruction of displaced 
tracks in regions of interest 

Select displaced tracks

⇒

⇒

Region of interest defined by assumed 
track P/PT, 10/1.25 GeV in 2011
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Figure 1 The percentage of minimum bias
events failing the GECS as a function of µ.

Figure 2 The timing of the VELO 3D pattern
recognition and PV reconstruction, as well as
the timing of the forward reconstruction, as
a function of µ. See comments in Section 3
regarding the interpretation of this plot.
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Figure 3 The number of hits on the VELO
track for minimum bias (dashed red) and the
highest pT offline selected B+

→ (D0
→

h+h+h−h−)K+ daughter (solid blue).

Figure 4 The difference between the ex-
pected and observed number of hits on a
VELO track for minimum bias (dashed red)
and the highest pT offline selected B+

→

(D0
→ h+h+h−h−)K+ daughter (solid blue).
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Figure 5 The percentage of VELO tracks fail-
ing the IP and quality cuts as a function of µ.

Figure 6 The percentage of events failing the
forward track upgrade as a function of µ.
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See LHCb public notes 
LHCb-PUB-2011-003
LHCb-PUB-2011-016
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Full reconstruction of tracks in 
vertex locator

Reconstruction of muon-matched 
tracks in regions of interest 

Match VELO tracks to muon hits

⇒

⇒

Region of interest defined by assumed 
track P/PT, 6/0.5 GeV in 2011

Muon-matching kills as more 
tracks than the IP cut, can 
afford softer P/PT cuts later
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Figure 4: Efficiency of the HLT1 Velo to muon hit matching algorithm.

The signal trigger selections motivated above are discussed in the following and their
performance is evaluated for the signal mode introduced in section 3.

5.2.1 Displaced single muon

Displaced single muons are selected by the Hlt1TrackMuon trigger, which is described
in detail in [9]. As a first step, the Velo tracks are validated as muon candidates by
the selection described above. Then, after a set of track quality requirements (most
importantly a track χ2/ndf < 2), a minimal pT of 1GeV and an χ2(IP) of larger than 16
are required.

The signal efficiency of the single muon trigger is analysed using the TISTOS method,
as described in section 1.1 for B+ → J/ψK+ decays, as introduced in section 3. The turn
on curves as a function of the B transverse momentum and the B candidate lifetime are
shown in Fig. 5. The trigger has a reduced efficiency for low lifetimes and low transverse
momenta. The turn on in pT (B) is dominated by the pT dependence of the muon
identification efficiency and to the pT requirements in the decision. The lifetime turn on
is a consequence of the χ2(IP) requirement in the trigger selection. At higher lifetimes
and pT , the efficiency becomes flat at a plateau value of about 85%.

5.2.2 Prompt single muon

High pT muons originating from decays of W± and Z0 bosons are selected by the
Hlt1SingleMuonHighPT trigger which is based on a good quality track (track χ2/ndf < 4)
identified as a muon with a relatively large transverse momentum of pT > 4.8GeV. While

8

See LHCb public notes 
LHCb-PUB-2011-017
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Use criteria based on the length of the tracks as well as the 
Kalman fit chi2 to reject ghosts

Important that this is stable as the occupancy rises : fraction 
of ghost candidates firing the trigger remains under 20% with 15% 
occupancy in the tracking system
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Figure 7 The track χ2 of forward re-
constructed tracks in minimum bias events
(dashed red) and of the highest momen-
tum daughter from offline selected real data
D+

→ h+h+h− decays (solid blue).

Figure 8 Output rates of the one track lines
assuming an L0 output rate of 1 MHz.
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Figure 9 The average number of tracks caus-
ing a positive trigger decision per minimum
bias event passing the trigger as a function
of µ.

Figure 10 Distributions of φ for offline selected
and TOS Bd → K∗µ+µ−.
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Figure 12 Distributions of θL for offline se-
lected and TOS Bd → K∗µ+µ−.
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Table 6: The TOS efficiency of each trigger stage for the decay modes listed in Sec. 3,
relative to the offline selections defined in Tab. 1. HLT2 efficiencies are listed relative to
HLT1 efficiencies. In the case of the topological trigger, the efficiency is the OR of the
(2,3,4) body topological triggers. The total HLT efficiency is listed for the combination
of (Hlt1TrackAllL0 and Hlt2TopoBBDT) TOS in the case of the hadron modes, and the
combination (Hlt1Track(Muon or AllL0) and Hlt2TopoMuBBDT) TOS in the case of
the muon modes. The final line gives the TIS efficiency for each channel, measured with
respect to events TOS in the 1Track and Topological triggers. All uncertainties are purely
statistical.

Efficiency B0→ J/ψK∗0 B+→ J/ψK+ B0→ D+π− B+→ D0π−

Hlt1TrackAllL0 (78 ± 5)% (79 ± 2.5)% (83 ± 2)% (84 ± 2)%
Hlt1TrackMuon (81 ± 5)% (76 ± 2.5)% N/A N/A
Hlt1Track(Muon or AllL0) (88 ± 5)% (86 ± 2.5)% N/A N/A
Hlt2TopoBBDT (86 ± 5)% (87 ± 2.5)% (75 ± 2)% (81 ± 2)%
Hlt2Topo(Mu or BBDT) (87 ± 5)% (90 ± 2.5)% N/A N/A
Total HLT (78 ± 5)% (77 ± 2.5)% (63 ± 2)% (68 ± 2)%
TIS Efficiency (3.2 ± 0.2)% (2.9 ± 0.1)% (4.0 ± 0.1)% (3.6 ± 0.1)%

8 Combined HLT Performance

In order to summarize the HLT performance, Table 6 lists the TOS efficiency of each
trigger stage for the decay modes listed in Sec. 3, relative to the offline selections defined
in Tab. 1. Unlike the earlier plots, which binned the efficiency in variables of interests,
the efficiencies quoted here are integrated over the full range of these variables.

9 Conclusion

The current design of the LHCb trigger, and in particular the reliance on a few highly
inclusive trigger lines, is a direct result of the experience gained commissioning the detec-
tor during 2010. It is a fundamentally different trigger to anything deployed in previous
experiments, particularly in its reliance on tight track quality cuts and the use of multi-
variate selection criteria. The HLT inclusive triggers have been demonstrated to reduce
the L0 trigger output rate of 1 MHz to a rate of 1 kHz for writing to tape, while increasing
the proportion of events containing a b-quark from around 3% at the L0 stage to almost
100% at the output of the HLT. Furthermore the efficiency of the triggers has been mea-
sured on data for a representative subsample of B decay modes as a function of the B
momentum, transverse momentum, and lifetime. The total HLT efficiency is found to be
60-80% for a broad range of topologies.

20

(TOS)

Muon-ID allows softer IP/PT cuts and 
increases efficiency for muon modes

Rate on left is given with respect to 
1 MHz of LLT triggers

Hence a reduction of around a factor 
20 is possible by looking for a 
detached track or a dimuon candidate

Need another factor 10 reduction in 
the output rate, but now have time to 
perform an “offline-like” 
reconstruction of the surviving events



The topological trigger

12th Pisa meeting on Advanced Detectors, 14th May 2012 23

(a)

h+

h’−

!

D,BPV
IP2

accepted?

IP1

1=yes

0=no

(b)

h+

h’−

!

D,B
IP2

IP1

accepted?

PV

1=yes

0=no
tmin

(c)

h+

h’−

tmin tmeas

PV
IP1

IP2

D,B

accepted?

!

1=yes

0=no

(d)

meas

PV
IP1

IP2

D,B

!

h+

h’

accepted?

−

1=yes

0=no
tmin t

Figure 7: Lifetime acceptance function for an event of a two-body hadronic decay. The
shaded, light blue regions show the bands for accepting a track IP . After IP2 is too low in
(a) it reaches the accepted range in (b). The actual measured lifetime lies in the accepted
region (c), which continues to larger lifetimes (d).
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Figure 1: B-candidate masses from B → Kππ decays: (left) HLT2 2-body topological
trigger candidates; (right) HLT2 3-body topological trigger candidates. In each plot, both
the measured mass of the n = 2, 3 particles used in the trigger candidate (shaded) and the
corrected mass obtained using Eq. 1 (unshaded) are shown. See Section 2 for discussion.

from candidates with ghost tracks and to keep the HLT2 topological lines in line with
HLT1, the HLT2 topological lines require that at least one daughter particle has a track
χ2 value less than 3.

B mesons are long-lived particles; their mean flight distance in the LHCb detector
is O(1 cm). The HLT2 topological lines exploit this fact by requiring that the trigger
candidate’s flight-distance χ2 value be greater than 64. The direction of flight is also
required to be downstream, i.e., the secondary vertex must be downstream of the primary
vertex. A large flight distance combined with a high parent mass results (on average) in
daughters with large impact parameters. The HLT2 topological lines require that the sum
of the daughter IPχ2 values be greater than 100, 150 and 200 for the 2-body, 3-body and
4-body lines, respectively.

One of the larger background contributions to the HLT2 topological lines comes from
prompt D mesons. To reduce this background, the HLT2 topological lines require that
all (n− 1)-body objects used by an n-body line either have a mass greater than 2.5 GeV
(the object is too heavy to be a D) or that they have an IPχ2 > 16 (the object does not
point at the primary vertex). An exhaustive list of the cuts used in all three of the HLT2
topological lines is given in Table 1.

3 Performance

Table 2 gives the efficiency of the HLT2 topological lines on events that pass the L0
and HLT1 one-track triggers for various offline-selected B-decay Monte Carlo samples.

5

 
 

I will now concentrate on the inclusive 
detached vertex (“topological”) trigger 
which is our main trigger for B decays 
to charged tracks

We also deploy exclusive charm and 
detached dimuon and ϕ triggers
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region (c), which continues to larger lifetimes (d).
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Figure 1: B-candidate masses from B → Kππ decays: (left) HLT2 2-body topological
trigger candidates; (right) HLT2 3-body topological trigger candidates. In each plot, both
the measured mass of the n = 2, 3 particles used in the trigger candidate (shaded) and the
corrected mass obtained using Eq. 1 (unshaded) are shown. See Section 2 for discussion.

from candidates with ghost tracks and to keep the HLT2 topological lines in line with
HLT1, the HLT2 topological lines require that at least one daughter particle has a track
χ2 value less than 3.

B mesons are long-lived particles; their mean flight distance in the LHCb detector
is O(1 cm). The HLT2 topological lines exploit this fact by requiring that the trigger
candidate’s flight-distance χ2 value be greater than 64. The direction of flight is also
required to be downstream, i.e., the secondary vertex must be downstream of the primary
vertex. A large flight distance combined with a high parent mass results (on average) in
daughters with large impact parameters. The HLT2 topological lines require that the sum
of the daughter IPχ2 values be greater than 100, 150 and 200 for the 2-body, 3-body and
4-body lines, respectively.

One of the larger background contributions to the HLT2 topological lines comes from
prompt D mesons. To reduce this background, the HLT2 topological lines require that
all (n− 1)-body objects used by an n-body line either have a mass greater than 2.5 GeV
(the object is too heavy to be a D) or that they have an IPχ2 > 16 (the object does not
point at the primary vertex). An exhaustive list of the cuts used in all three of the HLT2
topological lines is given in Table 1.

3 Performance

Table 2 gives the efficiency of the HLT2 topological lines on events that pass the L0
and HLT1 one-track triggers for various offline-selected B-decay Monte Carlo samples.
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The n-body candidates are built as follows: two input particles are combined to form
a 2-body object; another input particle is added to the 2-body object (that, at this point,
is treated like a single particle; more on this below) to form a three-body object; a fourth
input particle is added to the three-body object (that is now treated like a single particle)
to form a 4-body candidate. Thus, an n-body candidate is formed by combining an
(n − 1)-body candidate and a particle, not by combining n particles.

The importance of this distinction is in how the DOCA cuts are made. When a
2-body object is built, a DOCA < 0.15 mm cut is imposed for the object to either
become a 2-body candidate or input (when combined with another particle) to a 3-body
candidate. When a 3-body object is made by combining a 2-body object and another
particle, another DOCA < 0.15 mm cut is imposed for the object to either become a
3-body candidate or input to a 4-body candidate. This DOCA is of the 2-body object
and the additional particle, not the maximum DOCA of the three particles. This is a very
important difference; it greatly enhances the efficiency of the HLT2 topological lines on
B → DX decays. A similar procedure is followed when making 4-body candidates from
3-body objects and an additional particle. All n-body candidates that pass these DOCA
cuts are then filtered using a number of other selection criteria.

If a trigger candidate only contains a subset of the daughter particles, then the mass of
the candidate will be less than the mass of the B. Thus, any cuts on the mass would need
to be very loose if the trigger is to be inclusive. A better approach is to not cut on the
mass but to instead correct the mass of the trigger candidate to account for the missing
daughters. Of course, it is not possible to do this exactly because one can never know
how many daughters are missing or what type of particles they are; however, it is possible
to obtain a very good approximation to the correction using the following equation [4]:

mcorrected =
√

m2 + |p′Tmissing|
2 + |p′Tmissing|, (1)

where p′Tmissing is the missing momentum transverse to the direction of flight of the trigger
candidate (obtained from the primary and secondary verticies). The quantity mcorrected

would be the mass of the parent if a massless particle was omitted from the trigger
candidate, i.e., it is the minimum correction to the trigger-candidate mass if any daughters
are missing.

Figures 1 and 2 demonstrate the performance of mcorrected. For cases where there
are missing daughters, the mcorrected distributions are fairly narrow and peak near the
B mass. When the trigger candidate is formed from all of the daughters, the mcorrected

distributions, as expected, are slightly wider and shifted upwards by a small amount as
compared with the mass distributions. Thus, the performance of mcorrected is ideal for an
inclusive trigger line. The HLT2 topological lines require 4 GeV < mcorrected < 7 GeV.

Because B’s are heavy high-momentum particles, their daughters tend to have large
PT values. The HLT2 topological lines use this fact to reduce the background retention
rate by requiring the PT of the hardest daughter be greater than 1.5 GeV and also that
the sum of the daughter PT values be greater than 4 GeV, 4.25 GeV and 4.5 GeV for
the 2-body, 3-body and 4-body lines, respectively. To further reduce the background rate

4
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Corrected mass of B!K*μμ in 2,3,4 track topological triggers
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The corrected mass is a good variable, but not good enough to deal with 
pileup on its own : deploy a boosted decision tree to discriminate 
between signal and background displaced vertices. 
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Figure 10: Response from the BBDT for minimum bias LHCb 2010 data (shaded grey),
pp → cc̄X Monte Carlo (blue), pp → bb̄X Monte Carlo (red) and all minimum bias Monte
Carlo (black). The Monte Carlo is not normalized to the data (see text for details). N.b.,
no muon or electron requirements were used when making this plot.
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2010 MB Data
cc MC10
bb MC10
MB MC10

DiMuon Trigger DiMuon Trigger + Topo

Real Data

Left : J/ψK candidates with a dimuon 
trigger and no detachment required

Right : the subset of these candidates 
which pass the topological triggerSee LHCb public notes 

LHCb-PUB-2011-002
LHCb-PUB-2011-016
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The trigger plan for the upgrade is very simple: set the output 
rate of the LLT to whatever size farm we can afford to buy at any 
given moment. Since the upgrade will run with twice the number of 
bunches in the LHC compared to now, the average number of 
interactions per bunch crossing will stay roughly the same, and 
hence so will the HLT timing.

We profit roughly linearly for hadronic modes from 1 to 10 MHz LLT 
output. HLT output rate will be under control even if we assume no 
further improvements are made to the current algorithms.
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Figure 1: Measured D0 cross-sections
compared to theoretical prediction. Data
are shown as a function of transverse mo-
mentum for different ranges in rapidity.
The error bars show statistical and uncor-
related systematics added in quadrature.
In addition there is a global correlated er-
ror of 12%.
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Figure 2: Measured D∗+ cross-sections
compared to theoretical prediction. Data
are shown as a function of transverse mo-
mentum for different ranges in rapidity.
The error bars show statistical and uncor-
related systematics added in quadrature.
In addition there is a global correlated er-
ror of 14%.
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Figure 3: Measured D+ cross-sections
compared to theoretical prediction. Data
are shown as a function of transverse mo-
mentum for different ranges in rapidity.
The error bars show statistical and uncor-
related systematics added in quadrature.
In addition there is a global correlated er-
ror of 14%.
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Figure 4: Measured D+
s cross-sections

compared to theoretical prediction. Data
are shown as a function of transverse mo-
mentum integrated over 2 < y < 4.5
and as a function of rapidity integrated
over 0 < pT < 8GeV/c. The error bars
show statistical and uncorrelated system-
atics added in quadrature. In addition
there is a global correlated error of 16%.
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Open charm cross section 
at 7 TeV is already huge

σ = 6.10 ± 0.93 mb

Charm triggers are dominated by signal

Efficiency of charm triggers is largely limited 
by the allowed output rate. For example at 14 TeV 
and 1033 cm-2s-1, the LHC will produce something 
like 20 kHz of D0!Kπ decays which can be fully 
reconstructed in the LHCb acceptance!

An ongoing challenge will be to keep the most 
interesting charm events as efficiently as possible

Online
D0!Kπ

Online
D0!ππ



Outlook

12th Pisa meeting on Advanced Detectors, 14th May 2011 29

The LHCb trigger is working very well, and has enabled 
us to collect the world’s largest samples of D and B 
mesons already in the first full year of datataking

E.g. see on the right the rarest B decay ever 
observed, B!πμμ

Upgrade will deliver 100/200 times the yield for 
muonic/hadronic decays respectively

The basic principle of a track trigger followed by a 
multivariate B-vertex selection has been validated to 
hold for the upgrade

In order to unlock the full potential of these 
algorithms, need to be able to handle a 10 MHz input 
rate to the farm : a major technological challenge

Tagged D0!KK

B!πμμ


