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 Search strategy using LHC pileup 
interactions as a zero bias trigger
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Cross-section is dominated by hadronic final 
states with no leptons or missing energy



Recorded events dominated by 
leptonic final states, including MET

HLT = software trigger (L1 = hardware trigger)

=Large pre-scales!



If your favorite process cannot be triggered on, then it will 
not be recorded and there is no way to analyze it.

usual paradigm

new paradigms

“If your favorite process cannot be triggered on inclusively, look 
for associated production with an object you can trigger.”

-I.S. Radiation, 2015

“If your favorite process cannot be triggered on at HLT, make 
your analysis faster and simpler and do it after L1.”

-T.L. Analysis, 2012



If your favorite process cannot be triggered on, then it will 
not be recorded and there is no way to analyze it.

usual paradigm

new paradigms

“If your favorite process cannot be triggered on inclusively, 
look for associated production with an object you can trigger.”

-I.S. Radiation, 2015

“If your favorite process cannot be triggered on at HLT, make 
your analysis faster and simpler and do it after L1.”

-T.L. Analysis, 2012

Caveat: large effective prescale from the low 

cross-section from the associated production

Caveat: limited by the L1 rate (usually harsher than HLT)
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A new paradigm: look to the pileup 6

trigger on pink

your favorite 
process could 

be in any of 
these ones
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How many events? 7

LHC Run Total Lumi. [1/fb] hµi L1 Rate HLT Rate ZBT [1/fb] ZBT @ HLT [1/fb]

1 20 20 100 kHz 100 Hz 5 · 10�5 0.05
2+3 300 80 100 kHz 1 kHz 7.5 · 10�3 0.75

4+5 (ATLAS) 3000 200 400 kHz 10 kHz 0.75 30
4+5 (CMS) 3000 200 750 kHz 7.5 kHz 0.56 56.3

Table 1: The ZBT luminosity for various LHC running conditions in Run 1 (
p
s = 8 TeV) and

projected for Run 2 and beyond (
p
s ⇠ 13 TeV). The last column shows the projected luminosity

when performing a trigger-level analysis, before the application of any software prescales.

3 Example: Low Mass Dijet Search

Data collected with the ZBT can be analyzed in exactly the same way as data collected with any of
the biased triggers. The low mass dijet resonance search is used here as a benchmark analysis. To
estimate the approximate sensitivity to a dijet resonance, a benchmark Z 0 model [17] is simulated
with MG5 aMC 2.1.1 [18] interfaced with Pythia 8.170 [19]. To simulate the detector response, the
jet momenta are smeared according to �(pT)/pT = 1.3/

p
pT/GeV. The jet resolution depends on

the pileup conditions and is in general worse at trigger-level than for fully reconstructed o✏ine jets.
Therefore, the resolution function is conservatively chosen to be worse than the typical energy resolu-
tion at LHC experiments in Run 2. Events are required to have exactly two jets with pT > 25 GeV,
and the two leading such jets are used to compute the dijet invariant mass, mjj . More sophisticated
approaches could better exploit events with significant initial or final state radiation for an enhanced
sensitivity but are beyond the scope of this paper. A simple binned �2 analysis of the dijet invariant
mass spectrum in a window around the target Z 0 mass is performed, using toys to estimate the p-value.
A given mass point is declared excluded if the corresponding p-value is less than 0.05. As a validation
of this procedure, the coupling upper limit is estimated for a 500 GeV Z 0 with 20.3 fb�1 of unprescaled
single jet trigger simulated data at

p
s = 8 TeV. The limit obtained, approximately 1.5, is consistent

with the Run 1 ATLAS result [20].
Figure 1 compares the limits obtained with ZBT simulated data under various running conditions

with various searches performed at the LHC and previous experiments. With the full HL-LHC dataset,
the ZBT will allow the trigger-level analysis to extend at least 150 GeV, with coupling limits at or
below approximately 0.25.

For the ISR-based strategies that use unprescaled triggers, the current searches will slowly im-
prove their sensitivity as the integrated luminosity increases as long as the trigger thresholds do not
significantly change. In order to roughly estimate how the ZBT sensitivity compares to these searches,
Fig. 2 shows limits from a ZBT strategy using a dataset comparable in size to the 2015 LHC run.
This allows for a direct comparison with the same amount of data, albeit with a scaled up bandwidth
for illustration. With this setup, the limits are found to be comparable. Given the complementarity
of the two strategies, further gain can be achieved by combining the results.

4 Conclusions

The multiple pileup interactions produced in LHC collisions yield unbiased data which can be used
to probe physics processes otherwise unaccessible or with limited acceptance. The e↵ective integrated
luminosity associated with this dataset depends on the readout rate of the LHC experiments. The
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L(ZBT) = h
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R
Ldt

40 MHz

L1 (TLA) or HLT (offline) rate



CMYK - 95c / 9m / 0y / 83kPantone - PMS 547U

Logo: Small Color: please use the mix appropriate to your application

Default Typefaces

DEFAULT SAN SERIF TYPEFACE DEFAULT SERIF TYPEFACE

Arial
Regular
Italic
Bold
Bold Italic

ABCDEFGHIJKLMNOPQRSTUVWXYZ
abcdefghijklmnopqrstuvwxyz
1234567890

Rev 09/23/14

RGB - R 0 / G 57 / B 90 

Berkeley Lab Logo Usage

Times New Roman
Regular
Italic
Bold
Bold Italic

ABCDEFGHIJKLMNOPQRSTUVWXYZ
abcdefghijklmnopqrstuvwxyz
1234567890

Logo: Large

How many events? 8

Since the number of Y events is also                    , �Y ⇥
R
Ldt

R
Ldt = H ⇥ hµi ⇥ T/⌃

L(ZBT) = h
H ⇥

R
Ldt

Therefore,

40 MHz

LHC Run Total Lumi. [1/fb] hµi L1 Rate HLT Rate ZBT [1/fb] ZBT @ HLT [1/fb]

1 20 20 100 kHz 100 Hz 5 · 10�5 0.05
2+3 300 80 100 kHz 1 kHz 7.5 · 10�3 0.75

4+5 (ATLAS) 3000 200 400 kHz 10 kHz 0.75 30
4+5 (CMS) 3000 200 750 kHz 7.5 kHz 0.56 56.3

Table 1: The ZBT luminosity for various LHC running conditions in Run 1 (
p
s = 8 TeV) and

projected for Run 2 and beyond (
p
s ⇠ 13 TeV). The last column shows the projected luminosity

when performing a trigger-level analysis, before the application of any software prescales.

3 Example: Low Mass Dijet Search

Data collected with the ZBT can be analyzed in exactly the same way as data collected with any of
the biased triggers. The low mass dijet resonance search is used here as a benchmark analysis. To
estimate the approximate sensitivity to a dijet resonance, a benchmark Z 0 model [17] is simulated
with MG5 aMC 2.1.1 [18] interfaced with Pythia 8.170 [19]. To simulate the detector response, the
jet momenta are smeared according to �(pT)/pT = 1.3/

p
pT/GeV. The jet resolution depends on

the pileup conditions and is in general worse at trigger-level than for fully reconstructed o✏ine jets.
Therefore, the resolution function is conservatively chosen to be worse than the typical energy resolu-
tion at LHC experiments in Run 2. Events are required to have exactly two jets with pT > 25 GeV,
and the two leading such jets are used to compute the dijet invariant mass, mjj . More sophisticated
approaches could better exploit events with significant initial or final state radiation for an enhanced
sensitivity but are beyond the scope of this paper. A simple binned �2 analysis of the dijet invariant
mass spectrum in a window around the target Z 0 mass is performed, using toys to estimate the p-value.
A given mass point is declared excluded if the corresponding p-value is less than 0.05. As a validation
of this procedure, the coupling upper limit is estimated for a 500 GeV Z 0 with 20.3 fb�1 of unprescaled
single jet trigger simulated data at

p
s = 8 TeV. The limit obtained, approximately 1.5, is consistent

with the Run 1 ATLAS result [20].
Figure 1 compares the limits obtained with ZBT simulated data under various running conditions

with various searches performed at the LHC and previous experiments. With the full HL-LHC dataset,
the ZBT will allow the trigger-level analysis to extend at least 150 GeV, with coupling limits at or
below approximately 0.25.

For the ISR-based strategies that use unprescaled triggers, the current searches will slowly im-
prove their sensitivity as the integrated luminosity increases as long as the trigger thresholds do not
significantly change. In order to roughly estimate how the ZBT sensitivity compares to these searches,
Fig. 2 shows limits from a ZBT strategy using a dataset comparable in size to the 2015 LHC run.
This allows for a direct comparison with the same amount of data, albeit with a scaled up bandwidth
for illustration. With this setup, the limits are found to be comparable. Given the complementarity
of the two strategies, further gain can be achieved by combining the results.

4 Conclusions

The multiple pileup interactions produced in LHC collisions yield unbiased data which can be used
to probe physics processes otherwise unaccessible or with limited acceptance. The e↵ective integrated
luminosity associated with this dataset depends on the readout rate of the LHC experiments. The
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If you run a zero-background search and 
can’t beat a trigger efficiency of ~0.02%, 

then you should be using the ZBT!

…and if you can do TLA, that number 
goes up to ~1%!
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How does the ZBT compare to the other paradigms? 9
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The bottom line 10
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Conclusions / Outlook 11

There is a huge dataset that we are currently ignoring.  

New physics may be hiding in these data 
and we are collecting them anyway

Most powerful when combined with trigger-
level analysis (so need to design ASAP!)

Takeaway message: your 
baseline is the ZBT >> 0!

Think creatively about new possibilities…
the sky, and not the trigger, is the limit!

(also, remember ZBT offline has ~infinite time for processing)
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Backup 12
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A new paradigm: look to the pileup 13
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events have a relatively 
hard second process 
that is uncorrelated 

with the first

The ‘Zero Bias Trigger’ 
is simply the idea of 
looking at all pileup 
interactions for all 

events triggered on any 
hard process

not exactly zero bias, but bias should be negligible for the processes of interest
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L1 jet 
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(in principle, both the ZBT and Z’ + jet searches can go lower in mass)
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Example: (relatively) low mass dijet resonance search 14

N.B. ZBT uses 
a simplified 

analysis ZBT

Z’ 
+ je

t(s
)
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15
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Example: (relatively) low mass dijet resonance search

What about a side-by-side comparison? (i.e. same lumi) 

For the same amount of data, similar sensitivity 
(once again, ZBT uses a simplified analysis - likely improvable)

(~2015 dataset size)

2015 dataset size, but ‘collected’ 
much faster (factor of 10!)
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16How many events do you need to exclude a model?
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17How many events do you need to exclude a model?
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Vertex Association 18

In some cases you 
may even want to 

associate objects to 
non-primary vertices.  

If they are hard 
enough, we can do 

this (pretty well)

(this plot is for the HS 
vertex, but there is nothing 

special about that for a 
fixed multiplicity)
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How many events? 19

Suppose you have a process X with cross-section �X

If the inelastic cross-section is S, then ~one in 
X/X pp collisions will be an X event.

⌃
�X/⌃

How many pp collisions are written to tape?

h⇥ hµi ⇥ T

HLT trigger rate 
(or L1 rate for a 

trigger-level analysis)

number of pp 
collisions per 

recorded bunch 
crossing

run time

(assuming that X events have a negligible impact on the trigger)
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How many events? 20

Suppose you have a process X with cross-section �X

If the inelastic cross-section is S, then ~one in 
X/X pp collisions will be an X event.

⌃
�X/⌃

How many pp collisions are written to tape?

h⇥ hµi ⇥ T

O(kHz) O(10) O(year)

~O(1011) events
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How many events? 21

So the number of X events is �X ⇥ h⇥ hµi ⇥ T/⌃

Let’s express that in a more useful format.

Let Y be an SM process that we can trigger on 
with 100% efficiency and has no pre-scale (=1).

If Y has cross-section  X, then the total 
number of Y events written to tape:

(assuming the probably for two Y events in the same bunch crossing is negligible)

�Y ⇥H ⇥ hµi ⇥ T/⌃

�Y

total pp collision rate (40 MHz)
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Since the number of Y events is also                    , �Y ⇥
R
Ldt

R
Ldt = H ⇥ hµi ⇥ T/⌃

L(ZBT) = h
H ⇥

R
Ldt

Therefore,

40 MHz

LHC Run Total Lumi. [1/fb] hµi L1 Rate HLT Rate ZBT [1/fb] ZBT @ HLT [1/fb]

1 20 20 100 kHz 100 Hz 5 · 10�5 0.05
2+3 300 80 100 kHz 1 kHz 7.5 · 10�3 0.75

4+5 (ATLAS) 3000 200 400 kHz 10 kHz 0.75 30
4+5 (CMS) 3000 200 750 kHz 7.5 kHz 0.56 56.3

Table 1: The ZBT luminosity for various LHC running conditions in Run 1 (
p
s = 8 TeV) and

projected for Run 2 and beyond (
p
s ⇠ 13 TeV). The last column shows the projected luminosity

when performing a trigger-level analysis, before the application of any software prescales.

3 Example: Low Mass Dijet Search

Data collected with the ZBT can be analyzed in exactly the same way as data collected with any of
the biased triggers. The low mass dijet resonance search is used here as a benchmark analysis. To
estimate the approximate sensitivity to a dijet resonance, a benchmark Z 0 model [17] is simulated
with MG5 aMC 2.1.1 [18] interfaced with Pythia 8.170 [19]. To simulate the detector response, the
jet momenta are smeared according to �(pT)/pT = 1.3/

p
pT/GeV. The jet resolution depends on

the pileup conditions and is in general worse at trigger-level than for fully reconstructed o✏ine jets.
Therefore, the resolution function is conservatively chosen to be worse than the typical energy resolu-
tion at LHC experiments in Run 2. Events are required to have exactly two jets with pT > 25 GeV,
and the two leading such jets are used to compute the dijet invariant mass, mjj . More sophisticated
approaches could better exploit events with significant initial or final state radiation for an enhanced
sensitivity but are beyond the scope of this paper. A simple binned �2 analysis of the dijet invariant
mass spectrum in a window around the target Z 0 mass is performed, using toys to estimate the p-value.
A given mass point is declared excluded if the corresponding p-value is less than 0.05. As a validation
of this procedure, the coupling upper limit is estimated for a 500 GeV Z 0 with 20.3 fb�1 of unprescaled
single jet trigger simulated data at

p
s = 8 TeV. The limit obtained, approximately 1.5, is consistent

with the Run 1 ATLAS result [20].
Figure 1 compares the limits obtained with ZBT simulated data under various running conditions

with various searches performed at the LHC and previous experiments. With the full HL-LHC dataset,
the ZBT will allow the trigger-level analysis to extend at least 150 GeV, with coupling limits at or
below approximately 0.25.

For the ISR-based strategies that use unprescaled triggers, the current searches will slowly im-
prove their sensitivity as the integrated luminosity increases as long as the trigger thresholds do not
significantly change. In order to roughly estimate how the ZBT sensitivity compares to these searches,
Fig. 2 shows limits from a ZBT strategy using a dataset comparable in size to the 2015 LHC run.
This allows for a direct comparison with the same amount of data, albeit with a scaled up bandwidth
for illustration. With this setup, the limits are found to be comparable. Given the complementarity
of the two strategies, further gain can be achieved by combining the results.

4 Conclusions

The multiple pileup interactions produced in LHC collisions yield unbiased data which can be used
to probe physics processes otherwise unaccessible or with limited acceptance. The e↵ective integrated
luminosity associated with this dataset depends on the readout rate of the LHC experiments. The
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Low energy and other phenomena that are or look like 
processes with a high rate are heavily pre-scaled

Pre-scale: throw away events uniformly at 
random with a probability p = 1/pre-scale

Trigger threshold [GeV] O✏ine Selection [GeV] Luminosity [fb�1]
25 [50,100] 7.84⇥10�5

55 [100, 136] 4.42⇥10�4

80 [136, 190] 2.32⇥10�3

110 [190, 200] 9.81⇥10�3

145 [200, 225] 3.63⇥10�2

180 [225, 250] 7.88⇥10�2

220 [250, 300] 2.61⇥10�1

280 [300, 400] 1.16
360 � 400 20.3

Table 1: The single-jet trigger menu used to collect dijet events with the 2012 dataset. The first column is the
level-three (Event Filter) jet pT threshold and the second column is the o✏ine leading-jet pT range corresponding
to the given trigger. The luminosity collected with each trigger is in the last column. The total 2012 dataset was
20.3 fb�1; the highest-pT trigger is not prescaled.

algorithm as used o✏ine over the entire detector with thresholds that are typically 20–30 GeV higher than
at level two. The single-jet trigger thresholds increase at each level due not only to di↵erences in the
jet reconstruction and calibrations, but also to meet the di↵erent bandwidth requirements at each trigger
level. For low-pT dijets, the event rate is far too large to save every event that passes the trigger selection
and so most of the jet triggers are prescaled to artificially lower their recording rate.

3 Data and simulated samples

This measurement uses the full dataset of pp collisions recorded by the ATLAS detector in 2012, cor-
responding to an integrated luminosity of 20.3 fb�1 at a center-of-mass energy of

p
s = 8 TeV. Events

are only considered if they are collected during stable beam conditions and satisfy all data-quality re-
quirements [42]. To reject noncollision events, there must be a primary vertex reconstructed from at least
two tracks each with pT > 400 MeV [43]. Due to the high instantaneous luminosity and the large total
inelastic proton-proton cross section, on average there are about 21 simultaneous (pileup) collisions in
each bunch crossing.

A set of single-jet triggers is used to collect dijet events with high e�ciency. Table 1 shows the collected
luminosity for each trigger as well as the o✏ine jet pT ranges used, chosen such that the trigger is fully
e�cient. The highest-pT trigger is not prescaled.

Monte Carlo (MC) simulated events are generated in pT slices in order to ensure a large number of events
over a broad range of reconstructed jet pT, given constraints on the available computing resources. The
pT slices span the interval 0 to 5 TeV in ranges that approximately double with each increasing slice,
starting with a range of size 8 GeV and ending with a range of size 2240 GeV. The baseline sample used
for the measurement is generated with Pythia 8.175 [44] with the AU2 [45] set of tuned parameters (tune)
and the next-to-leading-order (NLO) PDF set2 CT10 [48, 49]. Another large sample of events is gener-
ated with Herwig++ 2.63 [50, 51] with tune EE3 [52] and leading-order (LO) PDF set CTEQ6L1 [53]
(particle-level samples with CT10 and EE4 are also used for comparisons). Both Pythia and Herwig++

2 A discussion on the use of NLO PDF sets with LO matrix elements is given in Refs. [46, 47].
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