Lesson 4

Exercises

Alexandre Lindote, 22nd of March 2024



The Experiment

Consider a WIMP search experiment based on a 2-phase xenon
TPC

* Assume that the fiducial mass is 5600 kg

* And that the experiment runs for 3 years with an average 90% duty cycle

* As with any similar detector, the experiment measures the S1
(scintillation) and S2 (ionisation) signals for each interaction

e 3D position reconstruction => ability to fiducialise the volume
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The Experiment

* This experiment is searching for NRs in the 5-50 keV nuclear
recoll range

e Let’s treat this as a simplified counting experiment

* After a thorough analysis of all the background sources (ER and NR), we
expect 1.5 events in our search region (before unblinding the science data)

e After unblinding, we observe 4 candidate events!

* For simplicity, let’s assume
« The Earth is stationary: ve = (0,0,0)
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* There is no upper limit on the velocity
of the DM particles:
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Exercise 1

e Find the 90% confidence level interval on the mean number of
signal counts (y) from Feldman-Cousins* statistics

* Would you claim a WIMP discovery with this experiment?

e Justify

* G.J. Feldman, R.D. Cousins, “A Unified Approach to the Classical Statistical Analysis of Small Signals”, PRD 57 (1998) 3873, arXiv:physics/9711021



https://journals.aps.org/prd/abstract/10.1103/PhysRevD.57.3873
https://arxiv.org/abs/physics/9711021

Exercise 1

Feldman-Cousins statistics

TABLE IV. 90% C.L. intervals for the Poisson signal mean u, for total events observed n , for known mean background b ranging from

0 to 5.

no\b 0.0 0.5 1.0 1.5 2.0 2.5 30 35 4.0 5.0
0 0.00, 244 0.00, 194 0.00, 1.61 000, 133 000, 1.26 0.00, 1.18 0.00, 1.08 0.00, 1.06 0.00, 1.01 0.00, 098
1 0.11, 436 0.00, 3.86 0.00, 3.36 0.00, 291 0.00, 253 000, 2.19 0.00, 1.88 0.00, 1.59 0.00, 1.39 0.00, 1.22
2 053,591 003,541 000,491 0.00,441 0.00,391 000,345 000,304 0.00, 2.67 0.00, 2.33 0.00, 1.73
3 1.10, 742 0.60, 692 0.10, 642 0.00, 592 0.00, 542 0.00, 492 0.00, 442 0.00, 395 0.00, 3.53 0.00, 2.78
4 147, 860 1.17, 810 0.74, 7.60 0.24, 7.10 0.00, 6.60 0.00, 6.10 0.00, 560 0.00, 510 0.00, 4.60 0.00, 3.60
5 1.84,999 153,949 125,899 093,849 043,799 0.00,749 0.00, 699 0.00, 649 0.00, 599 0.00, 4.99
6 221,1147 1.90,1097 1.61,1047 133,997 1.08, 947 0.65, 897 0.15, 847 0.00, 797 0.00, 747 0.00, 6.47
7 356,12.53 3.06,1203 2.56,11.53 2.09,11.03 1.59,10.53 1.18,1003 0.89, 953 0.39, 9.03 0.00, 853 0.00, 7.53
8 396,1399 346,1349 296,1299 251,1249 2.14,1199 1.81,1149 1.51,1099 1.06,1049 0.66, 9.99 0.00, 8.99
9 436,1530 3.86,1480 3.36,1430 291,13.80 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 4.00,1500 3.50,1450 3.04,1400 2.63,13.50 2.27,13.00 1.94,12.50 1.19,11.50
11 591,17.81 541,1731 491,16.81 441,1631 391,15.81 345,1531 3.04,1481 2.67,1431 2.33,13.81 1.73,12.81
12 7.01,1900 6.51,1850 6.01,1800 5.51,17.50 5.01,1700 451,16.50 4.01,16.00 3.54,1550 3.12,15.00 2.38,14.00
13 7422005 692,1955 642,1905 592,1855 542,1805 492,1755 442,1705 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 0482252 8982202 8482152 7982102 7482052 6982002 648,1952 598,19.02 548,1852 4.48,17.52
16 9992399 9492349 8992299 8492249 7992199 7492149 6992099 649,2049 5.99,19.99 4.99,18.99
17 11042502 10542452 10.0424.02 9542352 9042302 8542252 8042202 7542152 7.0421.02 6.04,20.02
18 114726.16 10972566 104725.16 9972466 9472416 89723.66 84723.16 7972266 7472216 64721.16
19 12512751 12.01,2701 11512651 11.01,26.01 10.51,25.51 1001,2501 9.51,2451 9.01,2401 8512351 7.51,22.51
20 13.5528.52 13.05,28.02 12.5527.52 12.0527.02 11.552652 11.052602 10.5525.52 10.05225.02 9.55224.52 8.55,23.52




Exercise 1

Feldman-Cousins statistics

TABLE IV. 90% C.L. intervals for the Poisson signal mean u, for total events observed n , for known mean background b ranging from

0 to 5.

ng\b 0.0 05 10 15 20 25 3.0 35 40 5.0
0 000,244 000,194 000,161 000, 133 000, 126 000,118 000, 108 000, 106 000, 101 0.00, 0.98
1 011,436 000,386 000,336 000, 291 000,253 000,219 000, 188 000, 159 000, 139 000, 1.22
2 053,591 003,541 000,491 000,441 000 201 000 245 000 204 A00 2 &7 000, 233 000, 1.73
3110, 742 060, 692 0.0, 642 000. At 90% CL there seems to be a signal! (oo, 353 000, 2.78
4 147,860 117,810 0.74, 760 (024, 7.10 ) 000, 660 000, 610 000, 560 000,510 000, 460 0.00, 3.60
5 184,999 153,949 125,899 093,849 043,799 000,749 000,699 000,649 000, 599 000, 499
6 2211147 1901097 161.1047 133,997 108, 947 065, 897 0.15, 847 000, 7.97 000, 747 000, 647
7 3561253 3061203 2561153 2091103 1591053 1.18.1003 089,953 039,903 000, 853 000, 7.53
8 3961399 3461349 2961299 2511249 2141199 1811149 151,1099 1061049 0.66, 999 000, 8.99
9 4361530 3.86.1480 3361430 2911380 253.1330 2.19.12.80 188,1230 1.59.11.80 133,1130 0.43,10.30
10 550.1650 500.1600 4501550 4001500 3501450 3041400 2631350 2271300 1941250 1.19.11.50
11 5911781 5411731 4911681 4411631 3911581 3451531 3041481 2671431 2331381 1.73.12.81
12 701.1900 6511850 601,1800 5511750 5011700 4511650 4011600 3.541550 3.12.1500 2.38.14.00
13 7422005 6921955 6421905 5921855 5421805 4921755 4421705 3951655 3.53.1605 2.78.15.05
14 8502150 8002100 7502050 7.002000 6501950 6001900 5501850 500,1800 450.1750 3.59.16.50
15 9482252 8982202 8482152 7982102 7482052 6982002 6481952 598.19.02 5481852 4481752
16 9992399 9492349 8992299 8492249 7992199 7492149 6992099 6492049 5991999 4.99,18.99
17 11042502 10542452 10042402 9542352 9042302 8542252 8042202 7542152 7042102 6042002
18 11472616 10972566 104725.16 9972466 9472416 8972366 8472316 7972266 1472216 64721.16
19 12512751 12012701 11512651 11012601 10512551 10012501 9512451 9012401 8512351 7512251
20 13552852 13052802 12552752 12052702 11552652 11052602 10552552 10052502 9552452 8.5523.52

But is it enough to claim a discovery?...



Exercise 1

Feldman-Cousins statistics

* In science, a 90% CL is not enough to declare a “discovery”

e Definitions vary, but in high-energy physics the accepted levels
are:

e 30 to be considered an “observation” / \
(-6826%,)
e 50 to be considered a “discovery”
95._44‘% _ R
 Both are well above a90% CL:  _ i e .
—r ! * ! | e S— N
e 30isa99.73% CL 60 -50 -40 -30 -20 -10 0 +16 +20 430 +4o +50 +60
e 50isa99.999943% CL ) TR L
« 99.999943% >

« 99.9999998% >



Exercise 1

Feldman-Cousins statistics

* If we look in the 95% CL table, these results are already
compatible with no signal !

TABLE VI. 95% C.L. intervals for the Poisson signal mean w, for total events observed n( , for known mean background » ranging from

0to 5.
no\b 0.0 05 1.0 1.5 2.0 2.5 30 35 4.0 50
0 0.00, 309 0.00, 263 0.00, 233 0.00, 205 0.00, 178 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, 464 0.00, 414 0.00, 3.69 0.00, 3.30 0.00, 295 0.00, 2.63 0.00, 2.33 0.00, 2.08 0.00, 1.88
2 036, 6.72 0.00, 622 0.00, 572 0.00, 522 0.00, 4.72 0.00, 425 0.00, 3.84 0.00, 346 0.00, 3.11 0.00, 2.49
3 082,825 032,775 0.00, 7.25 0.00, 6.25 0.00, 5.75 0.00, 525 0.00, 4.78 0.00, 435 0.00, 3.58
4 137,976 087, 926 0.37, 8.76 0.00, 7.76 0.00, 726 0.00, 6.76 0.00, 6.26 0.00, 5.76 0.00, 4.84
5 1.84,11.26 147,076 097,1026 047, 9.76 0.00, 9.26 0.00, 8.76 0.00, 826 0.00, 7.76 0.00, 7.26 0.00, 6.26
6 221,1275 190,1225 161,11.75 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 2.58,13.81 227,331 197,1281 1.69,1231 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 2941529 2.63,14.79 233,1429 2.05,13.79 1.78,13.29 1.48,12.79 098,1229 048,11.79 0.00,11.29 0.00,10.29
9 436,16.77 386,627 3.36,1577 291,1527 246,14.77 196,1427 1.62,13.77 1.20,13.27 0.70,12.77 0.00,11.77
10 475,17.82 4251732 3751682 3.30,1632 292,15.82 257,1532 225,14.82 1.82,1432 143,13.82 0.43,12.82
11 5.14,1929 4.64,18.79 4.14,1829 3.69,17.79 3.30,17.29 2.95,16.79 2.63,1629 2.33,15.79 2.04,1529 1.17,14.29
12 6322034 5.82,19.84 532,1934 482,18.84 4.32,1834 3.85,17.84 3.44,1734 3.06,16.84 2.69,16.34 1.88,15.34
13 6722180 6222130 5.7222080 5222030 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 7842294 7342244 6842194 6342144 5842094 5342044 484,1994 437,1944 394,1894 3.10,17.94
15 8252431 7752381 7252331 6752281 6252231 5752181 5252131 4.7820.81 4352031 3.58,19.31
16 0342540 8.842490 8342440 7842390 7342340 6842290 6342240 5842190 5342140 4.43,2040
17 9762681 9262631 8.762581 8262531 7.762481 7262431 6762381 6262331 5762281 4.84,21.81
18 10.8427.84 10342734 9842684 9342634 8842584 8342534 7842484 7342434 6.8423.84 5.8422.84
19 11.26,29.31 10.76,28.81 10.26,28.31 9.7627.81 9262731 8.76,26.81 8262631 7.7625.81 7.262531 6.26,24.31
20 12.33,30.33 11.83229.83 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




WIMP-nucleus cross section Iimit

Exercise 2: Estimate the experiment sensitivity for a 50 GeV WIMP

e Start from the differential nuclear recoil spectrum we expect from
WIMPs (slide 18 in Lesson 2)

R __po0 g [~ LD,
dE 2m ,uA

 dRis the NR differential rate (ev/kg/day/keV)
 dEr is our energy range



WIMP-nucleus cross section Iimit

Exercise 2: 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)

R __po0 g [~ LD,
dE 2m ,uA

 dRis the NR differential rate (ev/kg/day/keV)
» dEris our energy range

Let’s assume some simplifications:
 The Earth is stationary

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

* The form factor is 1: F2(q) = 1

10



WIMP-nucleus cross section Iimit

Exercise 2: Estimate the experiment sensitivity for a 50 GeV WIMP

* The differential nuclear recolil spectrum can be approximated to
(see Eq. 3.10 in the Lewin&Smith paper, see bibliography)

Egr

dR . IOOGA F (q)-“max f(V) d3V - R_e Eyr
dE - 2m M S E.r
 dRis the NR differential rate (ev/kg/day/keV)
e dERr is our energy range T 2000 AV
* Ro is a reference integral rate (normalisation) My MAYT
e Eois the most probable WIMP kinetic energy . lm 2
* ris the kinematic factor 2
o dm,m,
(m, +m, )’

1 GeV/c2 = 1.78266 x 10-27 kg »



WIMP-nucleon cross section limit

Exercise 3 (use the WIMP-nucleus CS obtained in exercise 2)

 From slide 22 of lesson 2 (or from L&S paper)

o5 (q— 0= (71 w21~ o s
T ,up

e Reduced masses:

‘LL:

e Mxe = 122.3 GeV/c2
* mp = 0.938 GeV/c2
e A=131.2

12



Sensitivity curve

Homework

* (Generalize the calculations we have just done. Create a plot of
the experiment sensitivity (at 90%, 95% or 99% CL) to the Sl
WIMP-nucleon interaction cross section as a function of the
WIMP mass (1 GeV to 1 TeV)

* Feel free to use your favourite tool! Use Python, GNUPIot, Excel,
Google Sheets, etc. You can even do it manually!

13



Exercise 4

Minimum WIMP mass

 What is the minimum WIMP mass our detector is sensitive t0?
 Assume a WIMP escape velocity of 544 km/s

* Assume the velocity of the Earth is 220 km/s

14



Effect of the various simplifications

e These are the differential rate and 90% CL limit on the cross
section plots with the assumptions we used

le33

Differential rate (counts/day/kg/keV)
w

10742 5
;| i 50 GeV WIMP _
10743 4
47 1044
o 1074° —
E E
L ]
T 10746
2 - E
10747
1 ] -4
10—48 .
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0 10 20 30 40 50 60 70 10° 10! 102 103 10*
Er (keV) my (GeV)

15



Effect of the various simplifications

* Including a finite escape velocity has basically no effect

10746 ]
T I Milky Way DM velocity profile |
n 4r from simulations, and best fit T
~ - to a simple Maxwellian
s
& 3 1
OOCD 2 _ 10747 1
i
X
Vi 1 "
> i —— Base Assumptions
?_'/ / "\ ] Escape velocity
0 — .. LSS | —— Earth velocity
0 200 400 600 800 Lo — Form factor
v [km/s] 10 102 10  10%

my (GeV)
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Effect of the various simplifications

 Including a finite escape velocity has basically no effect

e Adding the Earth velocity clearly increases the recoil spectrum in the chosen energy range
(WIMP patrticles have more energy), making the detection more favourable for low masses

le33 10-46
50 GeV WIMP —— Before Earth Velocity '
5 1 After Earth Velocity
< I
2 .
X I
941 !
= I
© I
ke I
b I
c 3 1 &
2 I
S ! § 1071
% : U)bD.
— 2 4 I
5 !
c I
0 I
% 11 : —— Base Assumptions
e : Escape velocity
: —— Earth velocity
0 - i —— Form factor
T T T T T T T T 10_48 ——TT T —— T T —— T T ——TT
0 10 20 30 40 50 60 70 10! 102 103 104
Er (keV) my (GeV)
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Effect of the various simplifications

* Including a finite escape velocity has basically no effect

* Adding the Earth velocity clearly increases the recoil spectrum in the chosen energy range
(WIMP particles have more energy), making the detection more favourable for low masses

* Including a <1 form factor that depends on the transferred momentum has a clear impact, especially

for higher masses

Silicon
1074 -l — Germanium
—— Xenon
107 e il L —
100 10! 102

E R [ke\/]

10—46

(cm?)

sl
Op
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ag’(cmz)

Other interesting effects

Feel free to try these in your homework

* With a lighter target we gain some sensitivity at low masses, but lose
on the coherence factor (A2)

* Alow energy threshold has a big impact on these experiments,
particularly (but not only) at low masses

10746 \ 107
1074 5 10
lan
—— No changes —— No changes
A=50 target 1keV lower threshold
1074 Lb—rqy — T —— T — 1074 Ly —— T —— T —— T
101 102 103 10 101 102 103 10
my (GeV)

19 m, (GeV)
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