
The Logic of an EPP experiment
Go back to Rutherford and the logical steps of his experiment
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Key elements in the Rutherford 
experiment – physical quantities
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� Energy of the collision (driven by the kinetic energy of the a
particles) the meaning of √s

� Beam Intensity (how many a particles /s)
� Size and density of the target (how many gold nuclei 

encountered by the a particles);
� Deflection angle q
� Probability/frequency of a given final state (fraction of 
a particles scattered at an angle q);

� Detector efficiency (are all scattered a particles detected?); 
includes acceptance (geometrical acceptance...).

� Detector resolution (how good q angle is measured?)
PREPARATION, OBSERVABLES, INSTRUMENTAL EFFECTS



“Logic” of an EPP experiment - I
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� Collision or decay: è process to look at
� Initial state (proj. + target) OR (decaying particle);
� Final state X = all particles produced

� Quadri-momentum conservation should always be at work
� In principle there is no need to measure ALL final state particles: a 

final state could be: à µ+µ- + X (“inclusive” search)
� Possible final states:

� a + b à a + b : elastic collision (e.g. ppà pp)
� a + b à X : inelastic collision (e.g. ppàppp0)

� The experimentalist should set-up an experimental procedure to 
select the final state he/she searches. First of all he should be able 
to count the number NX of final states X.



Why count ? – I 
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� Why count ?
� Because QFT based models allow to predict quantities (like

cross-sections, decay widths and branching ratios, see
later) that are proportional to “how probable is” a given final
state.

Example of collision:
X == q qbar g

Example of decay:
X == e ne nµ



GENERAL COMMENT ON OBSERVABLES: 
if masses and kinetic energies of each projectile and target are known

can the outcome of each collision be predicted?
NO ! 

only the probability of each possible outcome can be predicted …
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In every collision e+e- “toss the dices” and choose a possible final state
The theory allows us to evaluate the probability of the final states.

With the experiment one can only measure the frequency of the final states
and compare it to the predicted probability
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Why count ? – II 
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� Given a collision or a decaying particle you have several
possibilities, several different final states.

� So: if I have produced N initial states (either a+b collisions or 
decaying particles), and out of them n times I observe the 
final state I am looking for, I can access this probability that
should be ≈ n/N

� Let’s introduce the concept of Event:
� The collection of all the particles of the final state from a single 

collision (or decay).
� It is a collection of particles with their quadri-momenta.
� Be careful not to overlap particles from different collisions.



Event: a “photo” of a collision/decay
Inclusive Event: measure
the electron only

Exclusive Event: measure
all particles to “close” the 
kinematics
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Event: a “photo” of a collision/decay
Exclusive Event: measure all particles to “close” the kinematics
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Why random variables
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� Intrinsic quantum nature of the phenomena we are 
considering

� Instrumental effects

� Example: the angular distribution in the Rutherford scattering à the 
variable is the deflection angle q
� è from “physics” you expect f(q): this is the PDF of the quantity q
� è let’s include the instrumental effects: q = true; q’ = measured

� à efficiency e(q)
� à resolution R(q-q’)



“Logic” of an EPP experiment - II
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� An ideal detector allows to measure the quadri-momentum of each
particle involved in the reaction.
� Direction of flight;
� Energy E and/or momentum modulus|p|;
� Which particle is (e.g. from independent measurements of E and |p|, 

m2=E2-|p|2) è Particle ID
� Time of Flight tecniques:  Dt – L/(cbpart) =0 (for photons: Dt – R/c =0 )

� BUT for a real detector:
� Not all quadri-momenta are measured: some particles are out of acceptance, 

or only some quantities are accessible, there are unavoidable inefficiencies;
� Measurements are affected by resolution
� Sometimes the particle nature is “confused”



“Logic” of an EPP experiment - III
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� Selection steps:
1. TRIGGER SELECTION

� Retain only “interesting events”: from bubble chambers to electronic 
detectors

� è “logic-electronic” eye: decides in a short time O(µs) if the event is 
interesting or not.

� In some cases (e.g. pp), it is crucial since interactions are so probable…
� LHC: every 25 ns is a bunch crossing giving rise to interactions: can I 

write 40 MHz on “tape” ? A tipical event has a size of 1 MB è 40 TB/s. Is 
it conceivable ? And how many CPU will be needed to analyze these data ? 
At LHC from 40 MHz to 200 Hz ! Only one bunch crossing every 
200000 !

� “pre-scale” is an option
� e+e-: the situation is less severe but a trigger is in any case necessary. 



“Logic” of an EPP experiment - IV

3/23/20Methods in Experimental Particle Physics14

2. EVENT RECONSTRUCTION: Once you have the final
event sample, for each trigger you need to reconstruct at your
best the kinematic variables.

3. OFFLINE SELECTION: choice of a set of discriminating
variables on which apply one of the following:

� cut-based selection
� discriminating variables selection
� multivariate classifier selection

4.    PHYSICS ANALYSIS: analysis of the sample of      
CANDIDATES

The selection strategy is a crucial part of the experimentalist
work: defined and optimized using simulated data samples.



“Logic” of an EPP experiment - V
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� Simulated samples of events: the Montecarlo.
� “Physics” simulation: final state with correct kinematic distributions; 

also dynamics in some cases is relevant.
� “Detector” simulation: the particles are traced through the detector, 

interactions, decays, are simulated.
� “Digitization”: based on the particle interactions with the detector, 

signals are simulated with the same features of the data.

� è For every interesting final state MC samples with the same
format of a data sample are built. These samples can be analyzed
with the same program. In principle one could run on a sample 
without knowing if it is data or MC.

� To design a “selection” strategy for a given searched signal one
needs: signal MC samples and background MC samples.



Instrumental effects: examples
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The Frascati f-factory: DAFNE
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e+e- collider at √s = 1020 MeV
TRF = 2.7 ns,  up to 120 bunches
Topping-up injection
Worked for KLOE (2000-2006):

15 mrad crossing angle
Max peak lumi: 1.5 1032 cm-1s-1
Best daily int. lumi:    8.5 pb-1

DEAR



Calorimeter Drift chamber

sE/E @ 5.7% /ÖE(GeV)
st @ 54 ps /ÖE(GeV) Å 50 ps

(relative time between clusters)

sgg ~ 2 cm (p0 from KL® p+p-p0)

sp/p @ 0.4 % (tracks with q > 45°)

sx
hit @ 150 mm (xy), 2 mm (z)

sx
vertex ~ 1 mm

The KLOE detector at DAFNE

4 m diameter × 3.3 m length
90% helium, 10% isobutane
12582/52140 sense/total wires
All-stereo geometry

Lead/scintillating fiber
4880 PMTs
98% coverage of solid angle

Superconducting coil 

B = 0.52 T
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radiofrequency. The resulting signal is distributed
to the Trigger Receivermodules housed inside each
calorimeter FEE crate.

The Trigger Supervisor (TS) provides the inter-
face between the trigger and the data acquisition
systems. Upon receipt of T1, the TS sends a
T1ACK signal to the TORTA inhibiting the
trigger for a programmable dead time. After a
fixed delay, the TS checks for the presence of a
T2Y from the TORTA to produce T2 (see Fig. 11).
The T2 signal is then distributed to the FIO boards
which in turn drive the readout chains. There is
one FIO output per FEE crate. The TS and the
FIOs also manage the busy signals from the
readout chains and control the synchronization
cycle, which is necessary to ensure trigger number
alignment in all readout modules.

4. Operation of the trigger system

KLOE has taken data in three periods, Novem-
ber–December 1999, July–November 2000, and
July–November 2001, under very variable condi-
tions. DAFNE luminosity has reached B5!
1031 cm"2 s"1; and background has been much
higher than expected. During the 2000 run, the
rate of energy deposits greater than 90 MeV on
each endcap, due to particles escaping the beams,
reached up to 150 kHz at the beginning of a fill.

Rates in the innermost DC layers were as high as
30 kHz per wire. Threshold settings and trigger
logic were therefore configured to limit the trigger
rate. Vetoing Bhabha events is not necessary at
low luminosity; so all Bhabhas were retained for
monitoring purposes. Moreover, the large angle
BBT rate was used to provide a fast measurement
of the instantaneous luminosity.

Fig. 11. Normal trigger time sequence.

Fig. 12. Example of events. The grey areas indicate energy
deposits in the calorimeter.

M. Adinolfi et al. / Nuclear Instruments and Methods in Physics Research A 492 (2002) 134–146142

Events in KLOE
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48 The KLOE experiment at DAΦNE

Fig. 2.16: KLOE trigger logic

average trigger rate was about 2.5 KHz with luminosity of ∼ 1031cm−2 s−1.
Of those only ∼ 250 Hz were due to φ events and downscaled Bhabha.
About 400 Hz were due to downscaled CR, while an additional ∼ 650 Hz
were due to CR escaping the trigger veto. The remaining ∼ 1.2 KHz came
from machine background and were rejected by event selection filters.

There are two main sources of background. One is due to Bhabha events
at small angles where electrons or positrons hit the quadrupoles located very
close to the IP and produce showers inside the detector. The other source
is due to particles losses from the beam. These off-momentum particles are
originated in the beam-gas interaction or in the Touschek scattering.

The trigger is based on EmC energy deposits and on DC hits and follows
a two-level logic (fig. 2.16)
The first level, T1, produces a fast response, ∼ 200 ns after the time zero

of the event and is synchronized with the DAΦNE radio frequency. The T1
signal is distributed to the digitizing electronics of the EmC and acts as a
common start for the ADC and TDC’s. The second trigger, T2, obtained
using more information collected during a longer lapse of time, is used for
read-out initialization or T1 abort. The T2 signal occurs with a constant
delay (∼ 1.5 µs) after the T1 signal. It is distributed to the DC TDC’s,
acting as a common stop and allowing for the measurements of the drift
times, and gives the start to data acquisition system. Besides the first and
second trigger signals (TC1 and TC2), the calorimeter provides also signals
for Bhabha (BBT) and CR (CRT) events by using different signal threshold.

The first level trigger is defined as T1 = (TC1 ⊕ TD1) ⊙ NOT (BBT ),
while the second trigger is defined as T2 = (TC2⊕TD2)⊙T1⊙NOT (CRT ),
where TC1(TD1) and TC2(TD2) are the first and second EmC(DC) trigger
signals respectively.

Trigger selection logic in KLOE

14 the kloe experiment

54 ps/
Ò
E[GeV] ü 140 ps [40] in order to register the hits of neutral particles

and provide a possibility of the Time of Flight (TOF) measurement (details in
Section 3.4).

2.3 trigger system

The start of data acquisition is preceded by a two levels trigger system [41]. The first
level trigger (T1) is a fast trigger with a minimal delay which starts the acquisition
at the front-end electronics. It requires two local energy deposits above threshold
in the EMC (50 MeV on the barrel, 150 MeV on the end-caps) and hit multiplicity
information from the drift chamber. The trigger time is determined by the first
particle reaching the calorimeter and is synchronized with the DAFNE radio
frequency (RF) signal.

The second level trigger (T2) uses information from both the drift chamber and
the electromagnetic calorimeter. Both the triggers’ decision can be vetoed if the
events were recognized as Bhabha scattering or cosmic ray event (see Figure 2.4).
For control purposes those events are accepted and saved as a dedicated downscaled
sample. The background events from the Bhabha scattering, cosmic rays or machine
background that survive the trigger requirements are rejected at the beginning
of the offline reconstruction by the background filter. Without the background
rejection at the trigger level the background rate would be almost 20 times greater
than the „ meson production rate.

Figure 2.4: Diagram of the two-level trigger logic. It has been optimized to preserve the
majority of e+e≠ æ „ decays, and provide efficient rejection of the two main
sources of background: small angle Bhabha scattering and particles lost from
DAFNE beams. Both T1 and T2 triggers are based on the topology of energy
deposits in the EMC and on the hit multiplicity in the DC. Figure adapted from
Ref. [39].



� P and CP violating, Br expected of order 10-27 in the SM

� Detection at any accessible level would be signal of  CP viol. beyond the SM

Best limit Br<1.3×10-5 @ 90% C.L. (L = 350 pb-1) [KLOE, PLB606(2005)276]

LHCb recent measurement: Br<1.6×10-5 @ 90% C.L. [PLB764(2017)233]After cut: 129 < Mtr < 149 MeV

• L = 1.7 fb-1 (KLOE data)⇒ preliminary U.L.:  Br < 5.8 ×10-6 @ 90% C.L.
• Combining KLOE + KLOE-2 statistics (8 fb-1) ⇒ U.L. expected ~ 3×10-6

(no signal)

Search for h→ p+p- decay

⌘ ! ⇡+⇡� limit

Preliminary results:

Continue backgrounds from ⇡⇡�
After all the cuts, e�ciency =
(13.6± 0.02) %
No event excess in the ⌘ region
Fit with 3rd polynomial function +
MC signal shape
NUL = 50.4, 90% CL
UL systematics: alternative fits
performed, negligible di↵ found,
maximum NUL chosen

Br(⌘ ! ⇡⇡) < 5.8⇥ 10�6 90% CL

With all KLOE/KLOE-2 data (8fb�1) ! the upper limit is expected
to reach 2.7⇥ 10�6 90% CL
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MC 
simulation of 
the signal
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Standard Model prediction: BR(KS � 3π0)	=	1.9	∙	10-9

BR(KS®3p0)< 2.6 × 10-8 @ 90% CLBest upper limit by KLOE with 1.7 fb-1

PLB 723 (2013) 54

Daria Kisielewska 11.06.2018 15 / 17

Search for a CP violating decay KS ! ⇡0⇡0⇡0

3⇡0 is a pure CP=-1 state; observation of KS ! 3⇡0 is an unambiguous sign of CP
violation in mixing and/or in decay.
Standard Model prediction: BR(KS ! 3⇡0) = 1.9⇥ 10�9

Best upper limit by KLOE with 1.7 fb�1 (PLB 723 (2013) 54)
BR(KS ! 3⇡0) < 2.6⇥ 10�8 @ 90% CL

the analysis is based on �
counting and kinematic fit (in

the 2⇡0 and 3⇡0 hypothesis)

searching for ”KL crash” (KL
in the EMC) + 6 prompt
photons

Main bckg: KS ! 2⇡0 (4
prompt photons), also used
for normalization

at KLOE-2: Selection criteria
hardened to face the larger
machine background ⇠10
times better background
rejection

KLOE-2 data analysis (L=300 pb�1): With the old analysis scheme 1 event selected as a
signal: ) Br(KS ! 3⇡0) < 2.5⇥ 10�7 @ 90% CL (preliminary)
Full KLOE-2 statistics+optimized analysis could reach  10�8

Search for the CP violating KS® p0p0p0 decay



c23p

c2
2p

§ KL interactions in the calorimeter to tag 
KS decay

§ 6 prompt g’s required
§ Analysis based on g counting and 

kinematic fit in the 2p0 and 3p0
hypothesis

§ Dominant background from KS®2p0 + 2 
split or 2 accidental clusters

§ After all analysis cuts (ε3π = 24.4%)
– 2 candidate events found 
– 3.13±0.82stat±0.37syst expected 
background

2005 analysis

KLOE [PLB619(2005)61] with 450 pb-1 ⇒

BR(KS®3p0)< 1.2 × 10-7 @ 90% CL |h000|< 0.018  @ 90% CL

Search for the CP violating KS® p0p0p0 decay
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• DATA
• MC background

• DATA
• MC background

§ The analysis has been updated
- improving clustering procedure to reduce split clusters
- hardening the b*(KL) cut for tagging the Ks decays
- processing the entire data set  (~8x107 tagged KSKL pairs)

BR(KS®3p0)< 2.7 × 10-8 @ 90% CL |h000|< 0.009  @ 90% CL

§ N3π0 ≤ 2.33/e3p0

at 90% C.L.

§ Normalized to 
N2π0/e2p0=(1.14130±0.00011)×108

§ signal box
§ Rmin > 65 cm
§ e3p = 0.23(1)

§Nobs =0 evts. in data

§Nexp=0 evts. in MC

§0.12 evts expected in SM

Search for the CP violating KS® p0p0p0 decay

Final KLOE result: PLB 723 (2013) 54

Rmin countingDE/sE Sboxc2fitTrack Veto



Event information structure 
in a MC simulation
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The event information structure in a MC simulation is EXACTLY the same as for the data.
In ADDITION there is the event information of the MC “truth”.

Block info example

Event information structure  
in a MC simulation 
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The event information structure in a MC simulation is EXACTLY the same as for the data. 
In ADDITION there is the event information of the MC “truth”. 

Block info example 



Event information structure 
in a MC simulation
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Block info example

Event information structure  
in a MC simulation 
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Block info example 



Event information structure 
in a MC simulation
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example

Event information structure  
in a MC simulation 

09/04/19 23 

Block info example 



Instrumental effects:
importance of resolution effects
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KLOE event:
fàKSKLàp+p-p+p-

f ®KSKL®p+p- p+p- : test of quantum coherence
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f ®KSKL®p+p- p+p- : test of quantum coherence

KLOE event:
fàKSKLàp+p-p+p-



€ 

i =
1
2

K 0 K 0 − K 0 K 0[ ]

Dt/tS

I(
D
t)

(a
.u

)

Dt=|t1-t2|

no simultaneous decays 
(Dt=0) in the same
final state due to the
fully destructive 
quantum interference

EPR correlation:

f p

p

p

p t2=t1 t1

f p

p

p

p t2 t1
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Interference effects are a key 
feature of QM, 
“the only mystery”
according to Feynman

=> Experimental test

Same final state for both kaons: f1 = f2 = p+p-
(this specific channel is suppressed by CP viol.
|h+-|2=|A(KL->p+p-)/A(KS->p+p-)|2 ~ |e|2 ~ 
10-6  )

f ®KSKL®p+p- p+p- : test of quantum coherence



€ 

I π +π−,π +π−;Δt( ) = N
2 π +π−,π +π− K 0K 0 Δt( )

2
+ π +π−,π +π− K 0K 0 Δt( )

2% 
& ' 

− 1−ζ00 ( )⋅ 2ℜ π +π−,π +π− K 0K 0 Δt( ) π +π−,π +π− K 0K 0 Δt( )
∗( ), - . 

f ®KSKL®p+p- p+p- : test of quantum coherence

€ 

i =
1
2

K 0 K 0 − K 0 K 0[ ]

ζ00 = 0    →    QM

Decoherence parameter:

ζ00 > 0

Dt/tS

I(Dt)  (a.u.)

000 =z
0 <ζ00 ≤1    →    Violation of QM!
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I(
D
t)

(a
.u

)

Dt/tS

Dt=|t1-t2|

ζ00 > 0

000 =z
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I(
D
t)

(a
.u

)

Dt/tS

Dt=|t1-t2|

ζ00 > 0

000 =z

Violation of QM?



KLOE result:

• Analysed data:
• Fit including Dt resolution 
and efficiency effects + 
regeneration

L=1.5 fb-1

f ®KSKL®p+p- p+p- : test of quantum coherence

€ 

ζ00 = 1.4 ± 9.5STAT ± 3.8SYST( ) ×10−7

PLB 642(2006) 315
Found. Phys. 40 (2010) 852

36

CP violation: |h+-|2 ~ |e|2 ~ 10-6
=> terms z00/|h+-|2 => high sensitivity to z00
=> Amplification mechanism due to CPV



Instrumental effects:
importance of resolution
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Take into account instrumental effects with the convolution integral:

à“physics” distribution: f(x)
à efficiency e(x)
à resolution R(x-x’)
à measured distribution:  g(x)

g(x) = ε( !x )R(x − x ') f ( !x )d !x∫
If efficiency effects are negligible:

g(x) = R(x − x ') f ( "x )d "x∫



Do homework n.1 !
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10/10/18 11:44Cobalt-60

Page 2 of 2https://www.ld-didactic.de/software/524221de/Content/Appendix/Co60.htm

Cobalt-60

Cobalt-60 ist ein künstlich hergestelltes Isotop mit einer Halbwertszeit von 5,27 Jahren. Es zerfällt durch Emission
eines Elektrons mit maximal 318 keV (β-Zerfall) in einen angeregten Zustand des stabilen Nickel-60. Dieser geht
durch Emission eines γ-Quants von 1173 keV in einen weiteren angeregten Zustand über, der dann durch Emission
eines γ-Quants von 1333 keV in den Grundzustand übergeht.
Die Umhüllung des verwendeten Präparates absorbiert die β-Teilchen und damit sind nur γ-Quanten beobachtbar.
Zu beachten ist bei der γ-Spektroskopie mit einem Szintillationszähler, dass die Comptonkante der
höherenergetischen Linie bei 1333 keV eine Energie von 1119 keV besitzt und damit in der niederenergetischen
Flanke der zweiten γ-Linie bei 1173 keV liegt und deren Form verzerrt.

γ-Spektrum des Co-60
Zurück zur Übersicht

www.ld-didactic.com

60Co
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Single Bremsstrahlung photon spectrum at LEP

𝜎!
𝑘
=

𝑐
𝑘(𝐺𝑒𝑉)
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sE(BNL)~25 MeV
sE(SLAC)~ 2 MeV



Folding – Unfolding - I

3/23/20Methods in Experimental Particle Physics47

� Folding: convolution integral
� Unfolding: e.g. by Fourier Transform techniques

(see later for folding-unfolding techniques using directly MC)
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Resolution effect:
Smearing of spectrum structures, 
i.e.enlarging peaks, smoothing sharp edges, filling holes or gaps

Instrumental effects:
importance of resolution
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“Logic” of an EPP experiment:
end of selection => candidate events



“Logic” of an EPP experiment - VI
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� End of the selection: CANDIDATES sample Ncand
� Which relation is there between Ncand and NX ? 
� (Nsignal = estimated candidates after background subtraction)

� Efficiency: not all searched final states are selected and go to the candidates
sample.(Trigger efficiencies are particularly delicate to treat.) Efficiency includes
also the acceptance.

� Background: few other final states are faking good ones and go in the candidates
sample.

� where: 
� e = efficiency (0<e<1); e = A × ed
� Nb = number of background events

� Estimate e and Nb is a crucial work for the experimentalist and can be done
either using simulation (this is tipically done before the experiment and updated
later) or using data themselves.

€ 

εNX = Ncand − Nb
NSignal = Ncand − Nb
NX = NSignal / ε

or



Counting
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� So we do collisions at a given √s. What do we actually
measure ?

� We “count” the number of times a final state is obtained. This
frequency is somehow related to the probability of that final
state and so it allows to measure the cross-section/decay
width/branching ratios

� Connection btw probability and frequency:
� Population à probability
� Sample à frequency

� Sampling fluctuations



Random variables – Outline - I
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� Concept of PDF
� Meaning and connection to actual probabilities
� Discrete vs. real variables
� Single vs. multiple variables: factorization

� Definitions/properties
� Physical dimension, positivity, normalization
� Momenta à “functional”
� Mean, variance, standard deviation, skewness, kurtosys
� Covariance matrix
� Propagation



Random variables – Outline - II

3/23/20Methods in Experimental Particle Physics54

� The average and the RMS: two particular and interesting random 
variables, functions of random variables

� Few random variables which provide good statistical models of 
typical situations in experimental physics:
� Binomial
� Poissonian
� Exponential
� Gaussian
� c2

� BUT: up to here only “populations”
� =>Statistical inference (see slides on Probability and Statistics: 

recap 1&2)



Binomial or Poissonian ?
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� N initial states prepared n final states observed à inference
on p. So binomial ? Yes BUT:

� N is not known exactly

� If N à ∞ and p à 0 è n follows a poissonian
distribution (easy to prove)



Quantities to be measured
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� In order to estimate NX we need to measure:
� Ncand
� e
� Nb

� We already know that each of these variables have a 
fluctuation model:
� Ncand is described by a Poisson process
� e is described by a Bernoulli process
� Nb



Ncand: a Poisson variable - I
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� If events come in a random way (without any time structure) 
the event count N is a Poisson variable.

� è if I count N, the best estimate of l is N itself and the 
uncertainty is √N

� If N is large enough (N>20) Poisson à Gaussian. è N±√N
is a 68% probability interval for N.

� If N is small (close to 0) the Gaussian limit is not ok, a 
specific treatment is required (see later in the course).

E λ[ ] = N
var λ[ ] = N



Ncand: a Poisson variable - II
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� If events come in a random way (without any time structure) 
the event count N is a Poisson variable.

� è if I count N, the best estimate of l is N+1 and the 
uncertainty is √N+1  (Bayes’ theorem, uniform prior)

� If N is large enough (N>20) Poisson à Gaussian. è N±√N
is a 68% probability interval for N.

� If N is small (close to 0) the Gaussian limit is not ok, a 
specific treatment is required (see later in the course).

P(N,λ) = λ Ne−λ N!⇒ P(λ | N ) = λ Ne−λ N!
E λ[ ] = N +1
var λ[ ] = N +1



Efficiency: a binomial variable - I
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� Bernoulli process: success/failure N proofs, 0<n<N, p = 
success probability. p == e

P(n / N, p) = (n
N )pn (1− p)N−n

E n[ ] = Np
var n[ ] = Np(1− p)

• Inference: given n and N which is the best estimate of p ? 
And its uncertainty ? (see previous lectures)

ε = p̂ = n
N

σ ε( ) =
σ n( )
N

=
1
N

p̂(1− p̂)



Efficiency: a binomial variable - II
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� Bernoulli process: success/failure N proofs, 0<n<N, p = 
success probability. p == e

P(n / N, p) = (n
N )pn (1− p)N−n

E n[ ] = Np
var n[ ] = Np(1− p)

• Inference: given n and N which is the best estimate of p ? 
And its uncertainty ? (see previous lectures)

ε = p̂ = n+1
N + 2

σ ε( ) =
σ n( )
N

=
1
N + 2

p̂(1− p̂)

(Bayes’ Theorem, uniform prior)



Efficiency: a binomial variable - III
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� How measure it ?
� From data: Sample of N true particles and I measure how many, 

out of these give rise to a signal in my detector
� From MC: I generate Ngen “signal” events. If I select Nsel of these

events out of Ngen, the efficiency is (assume Ngen and Nsel large 
numbers):

ε = p̂ =
Nsel
Ngen

σ ε( ) = σ Nsel( )
Ngen

= 1
Ngen

Nsel
Ngen

1−
Nsel
Ngen

⎛

⎝
⎜

⎞

⎠
⎟



Background Nb
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� Simulation of Ngen “bad final states”; Nsel are selected, i.e. a 
fraction f= Nsel / Ngen of the generated events.What about Nb ? 

� We define the “rejection factor” R =1/f= Ngen/Nsel > 1
� We also need a correct normalization in this case: we need to 

know Nexp = total number of expected “bad final states” in our
sample (Nexp related to luminosity and cross-section). 

Nb = f ⋅Nexp =
Nexp
R

=
Nsel
Ngen

⎛

⎝
⎜

⎞

⎠
⎟ Nexp

σ (Nb) =σ (Nsel )
Nexp
Ngen

= Nsel
Nexp
Ngen

=
Nexp
RNgen



Statistical Errors
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� In all cases there is an irreducible error on NX given by 
limited statistics. It is a random error, coming from the 
procedure of “sampling” that is intrinsic in our experiments.

� In all cases increasing the statistics, the error decreases

σ (Ncand )
Ncand

= 1
Ncand

σ (ε )∝ 1
Ngen

σ (Nb)∝
1
Ngen



Summarizing
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� Ncand: poissonian process è the higher the better

� e: binomial process è high Ngen and high e
� Nb: normalized ≈poissonian process è high R and high Ngen, 

low Nexp
� Moreover: unfortunately efficiency and background cannot

be both improved simultaneously…



Efficiency vs. background
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MC signal events

MC background events

The Cut

What happens if I move the cut ?



Efficiency-background relation
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Example: selection of b-jets in ATLAS.
“b-jet” is the signal;
“light jet” is the background.

MC samples of b-jets and light-jets
Application of 5 different selection recipes
each with a “free-parameter”.
For each point I evaluate

- b-jet efficiency
= Nsel/Ngen (b-jet sample)

- light-jet rejection
= Ngen/Nsel (light-jet sample)

Choice of a working point, “compromise”.
Unlucky situation: if you gain in efficiency you increase your bckg and viceversa…



Combining uncertainties
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� Given the uncertainties on Ncand, e and Nb, how can we
estimate the uncertainty on NX ?

� è Uncertainty Propagation. General formulation

σ (NX )
NX

!

"
#

$

%
&

2

=
σ (ε)
ε

!

"
#

$

%
&
2

+
σ 2 (Ncand )+σ

2 (Nb )
(Ncand − Nb )

2

Assumption: three indipendent contributions
NB:  if Ncand ≈  Nb the relative uncertainty becomes very large (the 
Formula cannot be applied anymore…) 
Can we say we have really observed a signal ??? 
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� Given the uncertainties on Ncand, e and Nb, how can we
estimate the uncertainty on NX ?

� è Uncertainty Propagation. General formulation

σ (NX )
NX

!

"
#

$

%
&

2

=
σ (ε)
ε

!

"
#

$

%
&
2

+
σ 2 (Ncand )+σ

2 (Nb )
(Ncand − Nb )

2

Assumption: three indipendent contributions
NB:  if Ncand ≈  Nb the relative uncertainty becomes very large (the 
Formula cannot be applied anymore…) 
Can we say we have really observed a signal ??? 
Or we are simply observing some fluctuation of the background ?
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