
Exercises 

The Experiment 

Consider a WIMP search experiment based on a 2-phase xenon TPC. As other detectors 
based in this technology, the experiment measures the S1 (scintillation) and S2 
(ionisation) signals for each interaction. So it can do 3D position reconstruction of each 
event, and define a “fiducial” volume where the background is minimal. It can also do NR 
vs ER discrimination (based on the S2/S1 ratio).

Assume that:


• The fiducial mass is 5600 kg 

• The acceptance for nuclear recoils is 50%

• The experiment runs for 3 years with an average 90% duty cycle


This experiment is searching for nuclear recoils caused by WIMPs in the energy range 
between 5 and 50 keV.


We will do a simplified analysis, using the “cut-and-count” method. 


After a thorough analysis of all the background sources (ER and NR), and defining the 
WIMP search region, we expect 1.5 events in our search region (before unblinding the 
science data). After unblinding, 4 events are observed! 


Exercise 1: Have we found dark matter?!

Find the 90% confidence level interval on the mean number of signal counts (µ) from 
Feldman-Cousins statistics (see Table IV). Would you claim a WIMP discovery with this 
experiment? Justify.


Exercise 2: WIMP-nucleus cross section limit

Estimate the experiment sensitivity for a 50 GeV WIMP. Start from the differential nuclear 
recoil spectrum we expect from WIMPs (slide 18 in Lesson 2):


dR is the NR differential rate (in ev/kg/day/keV), dER is our energy range, 𝜌0 is the local 
WIMP density, 𝜎A is the WIMP-nucleon cross section, mᵪ is the WIMP mass, µA is the 
reduced WIMP-nucleus system mass, F(q) is the nuclear form factor and f(v) is the WIMP 
Maxwellian velocity distribution. 


For simplicity, let’s assume:

• The Earth is stationary

• There is no upper limit on the velocity of the DM particles

• The form factor is 1
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WIMP-NUCLEUS ELASTIC SCATTERING RATES
7KH�µVSKHULFDO�FRZ¶�JDODFWLF�PRGHO
� DM halo is 3-dimensional, stationary, has no lumps
� Isothermal sphere with density profile U ן r í�
� Local density ߩͲ̱ ͲǤ͵ GeV/cm3

Maxwellian (truncated) velocity distribution, ݂ሺݒሻ
� Characteristic velocity ݒͲ = 220 km/s
� Escape velocity ܿݏ݁ݒ = 544 km/s
� Earth velocity ܧݒ = 230 km/s

5

1
)(

4
, 2

/

0

0 0 d
�

 | �

TW

TWrEE

R mm
mmre

rE
R

dE
dR

R

~ few keV

Nuclear recoil energy spectrum [events/kg/day/keV]

H. Araújo



With these simplifications, this recoil rate can be well approximated by ( see Eq. 3.10 in 
the Lewin&Smith paper in the bibliography) 


R0 is a reference integral rate (normalisation), E0 is the most probable WIMP kinetic energy 
and r is the kinematic factor:


Exercise 3: WIMP-nucleon cross section limit

Use the WIMP-nucleus cross section obtained in the previous exercise to calculate the 
cross section per nucleon. Use the equation from slide 22 in Lesson 2 (or the L&S paper).


Exercise 4: Minimum WIMP mass

What is the minimum WIMP mass our detector is sensitive to?

For this exercise, use the standard Earth velocity (vE = 220 km/s) and WIMP escape 
velocity from the Milky Way halo (vesc = 544 km/s). The recoil energy is related with the 
initial WIMP energy (Ei) by the simple kinematic relation (𝜃 is the scattering angle):


Homework: Sensitivity curve

Generalize the calculations from exercises 2 and 3 to create a plot of the experiment 
sensitivity (at 90%, 95% or 99% CL) to the SI WIMP-nucleon interaction cross section as 
a function of the WIMP mass (1 GeV to 1 TeV). Feel free to use your favourite tool (Python, 
GNUPlot, Excel, Google Sheets, etc). You can even do it manually!


Useful quantities:

220 km/s = 0.75 x 10-3 c

1 GeV/c2 = 1.78266 x 10-27 kg

mXe = 122.3 GeV/c2

mp = 0.938 GeV/c2

AXe = 131.2
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Expected Rates in a Detector

• The differential rate (still strongly simplified) is:

• R = event rate per unit mass

• ER = nuclear recoil energy

• R0 = total event rate

• E0 = most probable energy of WIMPs 

(Maxwell-Boltzmann distribution)

• r = kinematic factor
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More complete approach:
non-relativistic EFT

11 operators for exchange of 
spin-0 or spin-1 mediators

6 independent responses
contribute to amplitude

(Fitzpatrick, Haxton, Anand, et al: 
1203.3542, 1405.6690)

WIMP-NUCLEON ELASTIC SCATTERING XS
� Coupling to p and n more useful than coupling to nucleus

� Compare different targets materials, collider searches, LQGLUHFW�VHDUFKHV�«

� Spin-independent (scalar) interaction

± Note A2 enhancement (coherence) ± more sensitive search

� Spin-dependent (axial-vector) interaction

± Note J (nuclear spin) replaces A2 enhancement ± less sensitive

± Some targets more sensitive to proton, others to neutron scattering
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Dark Matter - Problem Sheet

Matthew Knight

December 18, 2020

1 Question 1

In the following I’ve assumed that the region of interest includes the 50% acceptance cut. From

Feldman-Cousins statistics, for a Poisson signal with background rate of 1.5, the 90% C.L. interval

for the signal mean µ is [0.24,7.10]. The interval tells us that at a 90% confidence level, there is
a signal. However, in HEP, it is normal to only claim a discover at a � 5� significance, i.e. a

confidence level of � (1 � 2.87 ⇥ 10
�7

) ⇥ 100%. Furthermore, it is hard to be entirely confident

that you have correctly predicted your background and this is another reason why I’d feel cautious

about declaring a discovery.

2 Question 2

2.1 Velocity distribution normalisation

Assuming a Maxwellian dark matter velocity distribution:

f(v,vE) = Ae�(v+vE)2/v20 (1)

where v is the velocity of the dark matter relative to Earth, vE is the velocity of the Earth relative

to the galatic rest frame, and A is a normalisation factor. Let’s take the following assumptions:

1. The Earth is stationary with respect to the galactic rest frame, i.e. vE = (0, 0, 0).

2. There is no constraint on the velocity of a dark matter particle. In a proper treatment,

f(v,vE) would be truncated at vesc, where vesc is the local escape speed (to escape the

galaxy). Here we take vesc = 1.

We can consider the e↵ect of these assumptions by considering how they shift/alter the velocity

distribution and how that would subsequently a↵ect the integral. Regarding the first assumption,

given vE2 ⇠ v20 and that the denominator in the exponential is v20 we can expect a noticeable shift

in the distribution, however any results should be correct to an order of magnitude. Regarding the

second assumption, commonly used values for v0 and vesc are 220 and 544 kms
-1

and so the value

the exponential at v = vesc is e�5442/2202
= 1.76 ⇥ 10

�3
. Thus the additional contribution to the

integral of f(v,vE) due to including v > vesc is negligible.
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Expected Rates in a Detector

• The differential rate (still strongly simplified) is:

• R = event rate per unit mass

• ER = nuclear recoil energy

• R0 = total event rate

• E0 = most probable energy of WIMPs 

(Maxwell-Boltzmann distribution)

• r = kinematic factor
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Kinematics

• WIMPs with velocity v and incident kinetic energy                      which are scattered under an angle 

θ in the center of mass system, will yield a recoil energy ER in the laboratory system:
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TABLE IV. 90% C.L. intervals for the Poisson signal mean m, for total events observed n0 , for known mean background b ranging from
0 to 5.

n0\b 0.0 0.5 1.0 1.5 2.0 2.5 3.0 3.5 4.0 5.0

0 0.00, 2.44 0.00, 1.94 0.00, 1.61 0.00, 1.33 0.00, 1.26 0.00, 1.18 0.00, 1.08 0.00, 1.06 0.00, 1.01 0.00, 0.98
1 0.11, 4.36 0.00, 3.86 0.00, 3.36 0.00, 2.91 0.00, 2.53 0.00, 2.19 0.00, 1.88 0.00, 1.59 0.00, 1.39 0.00, 1.22
2 0.53, 5.91 0.03, 5.41 0.00, 4.91 0.00, 4.41 0.00, 3.91 0.00, 3.45 0.00, 3.04 0.00, 2.67 0.00, 2.33 0.00, 1.73
3 1.10, 7.42 0.60, 6.92 0.10, 6.42 0.00, 5.92 0.00, 5.42 0.00, 4.92 0.00, 4.42 0.00, 3.95 0.00, 3.53 0.00, 2.78
4 1.47, 8.60 1.17, 8.10 0.74, 7.60 0.24, 7.10 0.00, 6.60 0.00, 6.10 0.00, 5.60 0.00, 5.10 0.00, 4.60 0.00, 3.60
5 1.84, 9.99 1.53, 9.49 1.25, 8.99 0.93, 8.49 0.43, 7.99 0.00, 7.49 0.00, 6.99 0.00, 6.49 0.00, 5.99 0.00, 4.99
6 2.21,11.47 1.90,10.97 1.61,10.47 1.33, 9.97 1.08, 9.47 0.65, 8.97 0.15, 8.47 0.00, 7.97 0.00, 7.47 0.00, 6.47
7 3.56,12.53 3.06,12.03 2.56,11.53 2.09,11.03 1.59,10.53 1.18,10.03 0.89, 9.53 0.39, 9.03 0.00, 8.53 0.00, 7.53
8 3.96,13.99 3.46,13.49 2.96,12.99 2.51,12.49 2.14,11.99 1.81,11.49 1.51,10.99 1.06,10.49 0.66, 9.99 0.00, 8.99
9 4.36,15.30 3.86,14.80 3.36,14.30 2.91,13.80 2.53,13.30 2.19,12.80 1.88,12.30 1.59,11.80 1.33,11.30 0.43,10.30
10 5.50,16.50 5.00,16.00 4.50,15.50 4.00,15.00 3.50,14.50 3.04,14.00 2.63,13.50 2.27,13.00 1.94,12.50 1.19,11.50
11 5.91,17.81 5.41,17.31 4.91,16.81 4.41,16.31 3.91,15.81 3.45,15.31 3.04,14.81 2.67,14.31 2.33,13.81 1.73,12.81
12 7.01,19.00 6.51,18.50 6.01,18.00 5.51,17.50 5.01,17.00 4.51,16.50 4.01,16.00 3.54,15.50 3.12,15.00 2.38,14.00
13 7.42,20.05 6.92,19.55 6.42,19.05 5.92,18.55 5.42,18.05 4.92,17.55 4.42,17.05 3.95,16.55 3.53,16.05 2.78,15.05
14 8.50,21.50 8.00,21.00 7.50,20.50 7.00,20.00 6.50,19.50 6.00,19.00 5.50,18.50 5.00,18.00 4.50,17.50 3.59,16.50
15 9.48,22.52 8.98,22.02 8.48,21.52 7.98,21.02 7.48,20.52 6.98,20.02 6.48,19.52 5.98,19.02 5.48,18.52 4.48,17.52
16 9.99,23.99 9.49,23.49 8.99,22.99 8.49,22.49 7.99,21.99 7.49,21.49 6.99,20.99 6.49,20.49 5.99,19.99 4.99,18.99
17 11.04,25.02 10.54,24.52 10.04,24.02 9.54,23.52 9.04,23.02 8.54,22.52 8.04,22.02 7.54,21.52 7.04,21.02 6.04,20.02
18 11.47,26.16 10.97,25.66 10.47,25.16 9.97,24.66 9.47,24.16 8.97,23.66 8.47,23.16 7.97,22.66 7.47,22.16 6.47,21.16
19 12.51,27.51 12.01,27.01 11.51,26.51 11.01,26.01 10.51,25.51 10.01,25.01 9.51,24.51 9.01,24.01 8.51,23.51 7.51,22.51
20 13.55,28.52 13.05,28.02 12.55,27.52 12.05,27.02 11.55,26.52 11.05,26.02 10.55,25.52 10.05,25.02 9.55,24.52 8.55,23.52

TABLE V. 90% C.L. intervals for the Poisson signal mean m, for total events observed n0 , for known mean background b ranging from
6 to 15.

n0\b 6.0 7.0 8.0 9.0 10.0 11.0 12.0 13.0 14.0 15.0

0 0.00, 0.97 0.00, 0.95 0.00, 0.94 0.00, 0.94 0.00, 0.93 0.00, 0.93 0.00, 0.92 0.00, 0.92 0.00, 0.92 0.00, 0.92
1 0.00, 1.14 0.00, 1.10 0.00, 1.07 0.00, 1.05 0.00, 1.03 0.00, 1.01 0.00, 1.00 0.00, 0.99 0.00, 0.99 0.00, 0.98
2 0.00, 1.57 0.00, 1.38 0.00, 1.27 0.00, 1.21 0.00, 1.15 0.00, 1.11 0.00, 1.09 0.00, 1.08 0.00, 1.06 0.00, 1.05
3 0.00, 2.14 0.00, 1.75 0.00, 1.49 0.00, 1.37 0.00, 1.29 0.00, 1.24 0.00, 1.21 0.00, 1.18 0.00, 1.15 0.00, 1.14
4 0.00, 2.83 0.00, 2.56 0.00, 1.98 0.00, 1.82 0.00, 1.57 0.00, 1.45 0.00, 1.37 0.00, 1.31 0.00, 1.27 0.00, 1.24
5 0.00, 4.07 0.00, 3.28 0.00, 2.60 0.00, 2.38 0.00, 1.85 0.00, 1.70 0.00, 1.58 0.00, 1.48 0.00, 1.39 0.00, 1.32
6 0.00, 5.47 0.00, 4.54 0.00, 3.73 0.00, 3.02 0.00, 2.40 0.00, 2.21 0.00, 1.86 0.00, 1.67 0.00, 1.55 0.00, 1.47
7 0.00, 6.53 0.00, 5.53 0.00, 4.58 0.00, 3.77 0.00, 3.26 0.00, 2.81 0.00, 2.23 0.00, 2.07 0.00, 1.86 0.00, 1.69
8 0.00, 7.99 0.00, 6.99 0.00, 5.99 0.00, 5.05 0.00, 4.22 0.00, 3.49 0.00, 2.83 0.00, 2.62 0.00, 2.11 0.00, 1.95
9 0.00, 9.30 0.00, 8.30 0.00, 7.30 0.00, 6.30 0.00, 5.30 0.00, 4.30 0.00, 3.93 0.00, 3.25 0.00, 2.64 0.00, 2.45
10 0.22,10.50 0.00, 9.50 0.00, 8.50 0.00, 7.50 0.00, 6.50 0.00, 5.56 0.00, 4.71 0.00, 3.95 0.00, 3.27 0.00, 3.00
11 1.01,11.81 0.02,10.81 0.00, 9.81 0.00, 8.81 0.00, 7.81 0.00, 6.81 0.00, 5.81 0.00, 4.81 0.00, 4.39 0.00, 3.69
12 1.57,13.00 0.83,12.00 0.00,11.00 0.00,10.00 0.00, 9.00 0.00, 8.00 0.00, 7.00 0.00, 6.05 0.00, 5.19 0.00, 4.42
13 2.14,14.05 1.50,13.05 0.65,12.05 0.00,11.05 0.00,10.05 0.00, 9.05 0.00, 8.05 0.00, 7.05 0.00, 6.08 0.00, 5.22
14 2.83,15.50 2.13,14.50 1.39,13.50 0.47,12.50 0.00,11.50 0.00,10.50 0.00, 9.50 0.00, 8.50 0.00, 7.50 0.00, 6.55
15 3.48,16.52 2.56,15.52 1.98,14.52 1.26,13.52 0.30,12.52 0.00,11.52 0.00,10.52 0.00, 9.52 0.00, 8.52 0.00, 7.52
16 4.07,17.99 3.28,16.99 2.60,15.99 1.82,14.99 1.13,13.99 0.14,12.99 0.00,11.99 0.00,10.99 0.00, 9.99 0.00, 8.99
17 5.04,19.02 4.11,18.02 3.32,17.02 2.38,16.02 1.81,15.02 0.98,14.02 0.00,13.02 0.00,12.02 0.00,11.02 0.00,10.02
18 5.47,20.16 4.54,19.16 3.73,18.16 3.02,17.16 2.40,16.16 1.70,15.16 0.82,14.16 0.00,13.16 0.00,12.16 0.00,11.16
19 6.51,21.51 5.51,20.51 4.58,19.51 3.77,18.51 3.05,17.51 2.21,16.51 1.58,15.51 0.67,14.51 0.00,13.51 0.00,12.51
20 7.55,22.52 6.55,21.52 5.55,20.52 4.55,19.52 3.55,18.52 2.81,17.52 2.23,16.52 1.48,15.52 0.53,14.52 0.00,13.52
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We solve for x1 and x2 numerically to the desired precision,
for each m in a grid with 0.001 spacing. With the acceptance

regions all constructed, we then read off the confidence in-
tervals @m1 ,m2# for each x0 as in Fig. 1.
Table X contains the results for representative measured

values and confidence levels. Figure 10 shows the confidence
belt for 90% C.L.

TABLE VI. 95% C.L. intervals for the Poisson signal mean m, for total events observed n0 , for known mean background b ranging from
0 to 5.

n0\b 0.0 0.5 1.0 1.5 2.0 2.5 3.0 3.5 4.0 5.0

0 0.00, 3.09 0.00, 2.63 0.00, 2.33 0.00, 2.05 0.00, 1.78 0.00, 1.78 0.00, 1.63 0.00, 1.63 0.00, 1.57 0.00, 1.54
1 0.05, 5.14 0.00, 4.64 0.00, 4.14 0.00, 3.69 0.00, 3.30 0.00, 2.95 0.00, 2.63 0.00, 2.33 0.00, 2.08 0.00, 1.88
2 0.36, 6.72 0.00, 6.22 0.00, 5.72 0.00, 5.22 0.00, 4.72 0.00, 4.25 0.00, 3.84 0.00, 3.46 0.00, 3.11 0.00, 2.49
3 0.82, 8.25 0.32, 7.75 0.00, 7.25 0.00, 6.75 0.00, 6.25 0.00, 5.75 0.00, 5.25 0.00, 4.78 0.00, 4.35 0.00, 3.58
4 1.37, 9.76 0.87, 9.26 0.37, 8.76 0.00, 8.26 0.00, 7.76 0.00, 7.26 0.00, 6.76 0.00, 6.26 0.00, 5.76 0.00, 4.84
5 1.84,11.26 1.47,10.76 0.97,10.26 0.47, 9.76 0.00, 9.26 0.00, 8.76 0.00, 8.26 0.00, 7.76 0.00, 7.26 0.00, 6.26
6 2.21,12.75 1.90,12.25 1.61,11.75 1.11,11.25 0.61,10.75 0.11,10.25 0.00, 9.75 0.00, 9.25 0.00, 8.75 0.00, 7.75
7 2.58,13.81 2.27,13.31 1.97,12.81 1.69,12.31 1.29,11.81 0.79,11.31 0.29,10.81 0.00,10.31 0.00, 9.81 0.00, 8.81
8 2.94,15.29 2.63,14.79 2.33,14.29 2.05,13.79 1.78,13.29 1.48,12.79 0.98,12.29 0.48,11.79 0.00,11.29 0.00,10.29
9 4.36,16.77 3.86,16.27 3.36,15.77 2.91,15.27 2.46,14.77 1.96,14.27 1.62,13.77 1.20,13.27 0.70,12.77 0.00,11.77
10 4.75,17.82 4.25,17.32 3.75,16.82 3.30,16.32 2.92,15.82 2.57,15.32 2.25,14.82 1.82,14.32 1.43,13.82 0.43,12.82
11 5.14,19.29 4.64,18.79 4.14,18.29 3.69,17.79 3.30,17.29 2.95,16.79 2.63,16.29 2.33,15.79 2.04,15.29 1.17,14.29
12 6.32,20.34 5.82,19.84 5.32,19.34 4.82,18.84 4.32,18.34 3.85,17.84 3.44,17.34 3.06,16.84 2.69,16.34 1.88,15.34
13 6.72,21.80 6.22,21.30 5.72,20.80 5.22,20.30 4.72,19.80 4.25,19.30 3.84,18.80 3.46,18.30 3.11,17.80 2.47,16.80
14 7.84,22.94 7.34,22.44 6.84,21.94 6.34,21.44 5.84,20.94 5.34,20.44 4.84,19.94 4.37,19.44 3.94,18.94 3.10,17.94
15 8.25,24.31 7.75,23.81 7.25,23.31 6.75,22.81 6.25,22.31 5.75,21.81 5.25,21.31 4.78,20.81 4.35,20.31 3.58,19.31
16 9.34,25.40 8.84,24.90 8.34,24.40 7.84,23.90 7.34,23.40 6.84,22.90 6.34,22.40 5.84,21.90 5.34,21.40 4.43,20.40
17 9.76,26.81 9.26,26.31 8.76,25.81 8.26,25.31 7.76,24.81 7.26,24.31 6.76,23.81 6.26,23.31 5.76,22.81 4.84,21.81
18 10.84,27.84 10.34,27.34 9.84,26.84 9.34,26.34 8.84,25.84 8.34,25.34 7.84,24.84 7.34,24.34 6.84,23.84 5.84,22.84
19 11.26,29.31 10.76,28.81 10.26,28.31 9.76,27.81 9.26,27.31 8.76,26.81 8.26,26.31 7.76,25.81 7.26,25.31 6.26,24.31
20 12.33,30.33 11.83,29.83 11.33,29.33 10.83,28.83 10.33,28.33 9.83,27.83 9.33,27.33 8.83,26.83 8.33,26.33 7.33,25.33

TABLE VII. 95% C.L. intervals for the Poisson signal mean m, for total events observed n0 , for known mean background b ranging
from 6 to 15.

n0\b 6.0 7.0 8.0 9.0 10.0 11.0 12.0 13.0 14.0 15.0

0 0.00, 1.52 0.00, 1.51 0.00, 1.50 0.00, 1.49 0.00, 1.49 0.00, 1.48 0.00, 1.48 0.00, 1.48 0.00, 1.47 0.00, 1.47
1 0.00, 1.78 0.00, 1.73 0.00, 1.69 0.00, 1.66 0.00, 1.64 0.00, 1.61 0.00, 1.60 0.00, 1.59 0.00, 1.58 0.00, 1.56
2 0.00, 2.28 0.00, 2.11 0.00, 1.98 0.00, 1.86 0.00, 1.81 0.00, 1.77 0.00, 1.74 0.00, 1.72 0.00, 1.70 0.00, 1.67
3 0.00, 2.91 0.00, 2.69 0.00, 2.37 0.00, 2.17 0.00, 2.06 0.00, 1.98 0.00, 1.93 0.00, 1.89 0.00, 1.82 0.00, 1.80
4 0.00, 4.05 0.00, 3.35 0.00, 3.01 0.00, 2.54 0.00, 2.37 0.00, 2.23 0.00, 2.11 0.00, 2.04 0.00, 1.99 0.00, 1.95
5 0.00, 5.33 0.00, 4.52 0.00, 3.79 0.00, 3.15 0.00, 2.94 0.00, 2.65 0.00, 2.43 0.00, 2.30 0.00, 2.20 0.00, 2.13
6 0.00, 6.75 0.00, 5.82 0.00, 4.99 0.00, 4.24 0.00, 3.57 0.00, 3.14 0.00, 2.78 0.00, 2.62 0.00, 2.48 0.00, 2.35
7 0.00, 7.81 0.00, 6.81 0.00, 5.87 0.00, 5.03 0.00, 4.28 0.00, 4.00 0.00, 3.37 0.00, 3.15 0.00, 2.79 0.00, 2.59
8 0.00, 9.29 0.00, 8.29 0.00, 7.29 0.00, 6.35 0.00, 5.50 0.00, 4.73 0.00, 4.03 0.00, 3.79 0.00, 3.20 0.00, 3.02
9 0.00,10.77 0.00, 9.77 0.00, 8.77 0.00, 7.77 0.00, 6.82 0.00, 5.96 0.00, 5.18 0.00, 4.47 0.00, 3.81 0.00, 3.60
10 0.00,11.82 0.00,10.82 0.00, 9.82 0.00, 8.82 0.00, 7.82 0.00, 6.87 0.00, 6.00 0.00, 5.21 0.00, 4.59 0.00, 4.24
11 0.17,13.29 0.00,12.29 0.00,11.29 0.00,10.29 0.00, 9.29 0.00, 8.29 0.00, 7.34 0.00, 6.47 0.00, 5.67 0.00, 4.93
12 0.92,14.34 0.00,13.34 0.00,12.34 0.00,11.34 0.00,10.34 0.00, 9.34 0.00, 8.34 0.00, 7.37 0.00, 6.50 0.00, 5.70
13 1.68,15.80 0.69,14.80 0.00,13.80 0.00,12.80 0.00,11.80 0.00,10.80 0.00, 9.80 0.00, 8.80 0.00, 7.85 0.00, 6.96
14 2.28,16.94 1.46,15.94 0.46,14.94 0.00,13.94 0.00,12.94 0.00,11.94 0.00,10.94 0.00, 9.94 0.00, 8.94 0.00, 7.94
15 2.91,18.31 2.11,17.31 1.25,16.31 0.25,15.31 0.00,14.31 0.00,13.31 0.00,12.31 0.00,11.31 0.00,10.31 0.00, 9.31
16 3.60,19.40 2.69,18.40 1.98,17.40 1.04,16.40 0.04,15.40 0.00,14.40 0.00,13.40 0.00,12.40 0.00,11.40 0.00,10.40
17 4.05,20.81 3.35,19.81 2.63,18.81 1.83,17.81 0.83,16.81 0.00,15.81 0.00,14.81 0.00,13.81 0.00,12.81 0.00,11.81
18 4.91,21.84 4.11,20.84 3.18,19.84 2.53,18.84 1.63,17.84 0.63,16.84 0.00,15.84 0.00,14.84 0.00,13.84 0.00,12.84
19 5.33,23.31 4.52,22.31 3.79,21.31 3.15,20.31 2.37,19.31 1.44,18.31 0.44,17.31 0.00,16.31 0.00,15.31 0.00,14.31
20 6.33,24.33 5.39,23.33 4.57,22.33 3.82,21.33 2.94,20.33 2.23,19.33 1.25,18.33 0.25,17.33 0.00,16.33 0.00,15.33
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TABLE VIII. 99% C.L. intervals for the Poisson signal mean µ, for total events observed n0,

for known mean background b ranging from 0 to 5.

n0\b 0.0 0.5 1.0 1.5 2.0 2.5 3.0 3.5 4.0 5.0
0 0.00, 4.74 0.00, 4.24 0.00, 3.80 0.00, 3.50 0.00, 3.26 0.00, 3.26 0.00, 3.05 0.00, 3.05 0.00, 2.98 0.00, 2.94

1 0.01, 6.91 0.00, 6.41 0.00, 5.91 0.00, 5.41 0.00, 4.91 0.00, 4.48 0.00, 4.14 0.00, 4.09 0.00, 3.89 0.00, 3.59
2 0.15, 8.71 0.00, 8.21 0.00, 7.71 0.00, 7.21 0.00, 6.71 0.00, 6.24 0.00, 5.82 0.00, 5.42 0.00, 5.06 0.00, 4.37
3 0.44,10.47 0.00, 9.97 0.00, 9.47 0.00, 8.97 0.00, 8.47 0.00, 7.97 0.00, 7.47 0.00, 6.97 0.00, 6.47 0.00, 5.57
4 0.82,12.23 0.32,11.73 0.00,11.23 0.00,10.73 0.00,10.23 0.00, 9.73 0.00, 9.23 0.00, 8.73 0.00, 8.23 0.00, 7.30
5 1.28,13.75 0.78,13.25 0.28,12.75 0.00,12.25 0.00,11.75 0.00,11.25 0.00,10.75 0.00,10.25 0.00, 9.75 0.00, 8.75
6 1.79,15.27 1.29,14.77 0.79,14.27 0.29,13.77 0.00,13.27 0.00,12.77 0.00,12.27 0.00,11.77 0.00,11.27 0.00,10.27
7 2.33,16.77 1.83,16.27 1.33,15.77 0.83,15.27 0.33,14.77 0.00,14.27 0.00,13.77 0.00,13.27 0.00,12.77 0.00,11.77
8 2.91,18.27 2.41,17.77 1.91,17.27 1.41,16.77 0.91,16.27 0.41,15.77 0.00,15.27 0.00,14.77 0.00,14.27 0.00,13.27
9 3.31,19.46 3.00,18.96 2.51,18.46 2.01,17.96 1.51,17.46 1.01,16.96 0.51,16.46 0.01,15.96 0.00,15.46 0.00,14.46

10 3.68,20.83 3.37,20.33 3.07,19.83 2.63,19.33 2.13,18.83 1.63,18.33 1.13,17.83 0.63,17.33 0.13,16.83 0.00,15.83
11 4.05,22.31 3.73,21.81 3.43,21.31 3.14,20.81 2.77,20.31 2.27,19.81 1.77,19.31 1.27,18.81 0.77,18.31 0.00,17.31
12 4.41,23.80 4.10,23.30 3.80,22.80 3.50,22.30 3.22,21.80 2.93,21.30 2.43,20.80 1.93,20.30 1.43,19.80 0.43,18.80
13 5.83,24.92 5.33,24.42 4.83,23.92 4.33,23.42 3.83,22.92 3.33,22.42 3.02,21.92 2.60,21.42 2.10,20.92 1.10,19.92
14 6.31,26.33 5.81,25.83 5.31,25.33 4.86,24.83 4.46,24.33 4.10,23.83 3.67,23.33 3.17,22.83 2.78,22.33 1.78,21.33
15 6.70,27.81 6.20,27.31 5.70,26.81 5.24,26.31 4.84,25.81 4.48,25.31 4.14,24.81 3.82,24.31 3.42,23.81 2.48,22.81
16 7.76,28.85 7.26,28.35 6.76,27.85 6.26,27.35 5.76,26.85 5.26,26.35 4.76,25.85 4.26,25.35 3.89,24.85 3.15,23.85
17 8.32,30.33 7.82,29.83 7.32,29.33 6.82,28.83 6.32,28.33 5.85,27.83 5.42,27.33 5.03,26.83 4.67,26.33 3.73,25.33
18 8.71,31.81 8.21,31.31 7.71,30.81 7.21,30.31 6.71,29.81 6.24,29.31 5.82,28.81 5.42,28.31 5.06,27.81 4.37,26.81
19 9.88,32.85 9.38,32.35 8.88,31.85 8.38,31.35 7.88,30.85 7.38,30.35 6.88,29.85 6.40,29.35 5.97,28.85 5.01,27.85
20 10.28,34.32 9.78,33.82 9.28,33.32 8.78,32.82 8.28,32.32 7.78,31.82 7.28,31.32 6.81,30.82 6.37,30.32 5.57,29.32

TABLE IX. 99% C.L. intervals for the Poisson signal mean µ, for total events observed n0, for
known mean background b ranging from 6 to 15.

n0\b 6.0 7.0 8.0 9.0 10.0 11.0 12.0 13.0 14.0 15.0
0 0.00, 2.91 0.00, 2.90 0.00, 2.89 0.00, 2.88 0.00, 2.88 0.00, 2.87 0.00, 2.87 0.00, 2.86 0.00, 2.86 0.00, 2.86

1 0.00, 3.42 0.00, 3.31 0.00, 3.21 0.00, 3.18 0.00, 3.15 0.00, 3.11 0.00, 3.09 0.00, 3.07 0.00, 3.06 0.00, 3.03

2 0.00, 4.13 0.00, 3.89 0.00, 3.70 0.00, 3.56 0.00, 3.44 0.00, 3.39 0.00, 3.35 0.00, 3.32 0.00, 3.26 0.00, 3.23

3 0.00, 5.25 0.00, 4.59 0.00, 4.35 0.00, 4.06 0.00, 3.89 0.00, 3.77 0.00, 3.65 0.00, 3.56 0.00, 3.51 0.00, 3.47

4 0.00, 6.47 0.00, 5.73 0.00, 5.04 0.00, 4.79 0.00, 4.39 0.00, 4.17 0.00, 4.02 0.00, 3.91 0.00, 3.82 0.00, 3.74

5 0.00, 7.81 0.00, 6.97 0.00, 6.21 0.00, 5.50 0.00, 5.17 0.00, 4.67 0.00, 4.42 0.00, 4.24 0.00, 4.11 0.00, 4.01

6 0.00, 9.27 0.00, 8.32 0.00, 7.47 0.00, 6.68 0.00, 5.96 0.00, 5.46 0.00, 5.05 0.00, 4.83 0.00, 4.63 0.00, 4.44

7 0.00,10.77 0.00, 9.77 0.00, 8.82 0.00, 7.95 0.00, 7.16 0.00, 6.42 0.00, 5.73 0.00, 5.48 0.00, 5.12 0.00, 4.82
8 0.00,12.27 0.00,11.27 0.00,10.27 0.00, 9.31 0.00, 8.44 0.00, 7.63 0.00, 6.88 0.00, 6.18 0.00, 5.83 0.00, 5.29
9 0.00,13.46 0.00,12.46 0.00,11.46 0.00,10.46 0.00, 9.46 0.00, 8.50 0.00, 7.69 0.00, 7.34 0.00, 6.62 0.00, 5.95

10 0.00,14.83 0.00,13.83 0.00,12.83 0.00,11.83 0.00,10.83 0.00, 9.87 0.00, 8.98 0.00, 8.16 0.00, 7.39 0.00, 7.07
11 0.00,16.31 0.00,15.31 0.00,14.31 0.00,13.31 0.00,12.31 0.00,11.31 0.00,10.35 0.00, 9.46 0.00, 8.63 0.00, 7.84
12 0.00,17.80 0.00,16.80 0.00,15.80 0.00,14.80 0.00,13.80 0.00,12.80 0.00,11.80 0.00,10.83 0.00, 9.94 0.00, 9.09
13 0.10,18.92 0.00,17.92 0.00,16.92 0.00,15.92 0.00,14.92 0.00,13.92 0.00,12.92 0.00,11.92 0.00,10.92 0.00, 9.98
14 0.78,20.33 0.00,19.33 0.00,18.33 0.00,17.33 0.00,16.33 0.00,15.33 0.00,14.33 0.00,13.33 0.00,12.33 0.00,11.36
15 1.48,21.81 0.48,20.81 0.00,19.81 0.00,18.81 0.00,17.81 0.00,16.81 0.00,15.81 0.00,14.81 0.00,13.81 0.00,12.81
16 2.18,22.85 1.18,21.85 0.18,20.85 0.00,19.85 0.00,18.85 0.00,17.85 0.00,16.85 0.00,15.85 0.00,14.85 0.00,13.85
17 2.89,24.33 1.89,23.33 0.89,22.33 0.00,21.33 0.00,20.33 0.00,19.33 0.00,18.33 0.00,17.33 0.00,16.33 0.00,15.33
18 3.53,25.81 2.62,24.81 1.62,23.81 0.62,22.81 0.00,21.81 0.00,20.81 0.00,19.81 0.00,18.81 0.00,17.81 0.00,16.81
19 4.13,26.85 3.31,25.85 2.35,24.85 1.35,23.85 0.35,22.85 0.00,21.85 0.00,20.85 0.00,19.85 0.00,18.85 0.00,17.85
20 4.86,28.32 3.93,27.32 3.08,26.32 2.08,25.32 1.08,24.32 0.08,23.32 0.00,22.32 0.00,21.32 0.00,20.32 0.00,19.32
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