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3 From the large scale structure of the

Universe, we know that the Universe has a
very large component of Dark Matter, but
have no ideas about the nature of it. One way
to search for Dark Matter is to look for

OL K IE mg signatures of it annihilating at the centre of
our galaxy. Such an annihilation might
produce anti-deuterons which could

MW Df MMWM 1 ‘YD}‘D}! 2 1 My@n subsequently be detected by space based
)Dma‘ﬂbph [lll" instruments.
bﬂ { The exact production mechanism of anti-
}% W [ deuterons in the annihilation process lacks
W \BN \}@{\g experimental measurements and data from
the LHCb experiment based at the Large

% The project will involve developing a new
deuterons in the decay of the heavy anti-
i particle physics and develop your
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be Python.

O“\ measurement method for the LHCb
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programming skills in a large software
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Hadron Collider might be able to provide this.
experiment where we will search for anti-
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Figure 8: Measured Cherenkov angle verses momentum for different charged particle species in
the RICH 1 detector at the LHCb experiment. Reproduced from Ref. [4].
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(base) Izzys-MacBook:~ izzyweeden$ cd Code\ /

5t with swad

1 & np.abs((branches.CKtheta))<20

"%

Proton hypothesis, has_proton & r==

(base) Izzys-MacBook:Code izzyweeden$ python3 ./example.py |
| typename | interpretation 70000
_____________________ T e R e
| double | AsDtype('>f8')
| double | AsDtype('>f8') 60000 1
| double | AsDtype('>f8')
| double | AsDtype('>f8')
| int32_t | AsDtype('>i4') 50000
| int32_t | AsDtype('>i4')
| float[] | AsJagged(AsDtype('>f4'))
| int32_t | AsDtype('>is') 40000
| floatl[] | AsJagged(AsDtype('>f4'))
| floatl] | AsJagged(AsDtype('>f4'))
| floatl] | AsJagged(AsDtype('>f4')) 30000 A
| floatl[] | AsJagged(AsDtype('>f4'))
| floatl[] | AsJagged(AsDtype('>f4'))
| floatl] | AsJagged(AsDtype('>f4')) 20000 4
| floatl[] | AsJagged(AsDtype('>f4'))
10000 A
0-

-0.03

-0.02 -0.01 0.00 0.01

A6,

0.02 0.03 0.04
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(base) Izzys-MacBook:~ izzyweeden$ cd Code\ /
izzyweeden$ python3 ./Fitting_Code.py

Figure 3. Example for protons with Cherenkov

(base) Izzys-MacBook:Code

SO ([ angle on x-axis in mrad and number of photons
| double | AsDtype('>f8') H
| double | AsDtype('>fs') per 0.4 mrad on y-axis. The smaller bump around
| double | AsDtype('>f8')
| double | AsDtype('>fs) 0 mrad represents protons detected.
| int32_t | AsDtype('>i4"')
| int32_t | AsDtype('>i4')
| floatl[] | AsJagged(AsDtype('>f4'))
| int32_t | AsDtype('>i4"') i i i
| floatl[] | AsJagged(AsDtype('>f4')) Flt Wlth prOton hyp0theS|s
| float[] | AsJagged(AsDtype('>f4'))
| floatl[] | AsJagged(AsDtype('>f4')) .
| floatl] | AsJagged(AsDtype('>f4')) 10000 1 best fit
| floatl[] | AsJagged(AsDtype('>f4'))
| floatl] | AsJagged(AsDtype('>f4')) | i
il i s sl signal w/ 1005k photons
35000 1 data
p-value
[[Fit Statisticsl] 30000
fitting method leastsq
function evals 25
data points 50 ) J
variables 4 '5000
chi-square 35.1175356
reduced chi-square 0.76342469 P e T i
Akaike info crit -9.66612046 OO0 1 < e e Satena
Bayesian info crit = -2.01802844 20000 -ccmmmmmmmmmm e T e
[[Variables]] j j j j
slope: 1219.36207 +/- 4.92446534 (0.40%) (init = 1420.8) . e . .
offset: 33951.5703 +/- 43.9191105 (0.13%) (init = 35520) 14 =t-mmmmmmmmgm e S A S —
mean: 0 (fixed) = S . c . " * s
width:  1.79569737 +/- 0.07813884 (4.35%) (init = 1) S 04 v 5 —— * o p
norm: 2290.20894 +/- 75.8825537 (3.31%) (init = 2000) Q. . . «®® . . u 3 b .
[[Correlations]] (unreported correlations are < 0.100) _1 1 T e T . _ TTTTTETmmETmTmmTT e e R e e ™ .
C(slope, offset) = 0.760 . : = - "
C(offset, width) .612 — —_
C(slope, width) 446 10 5 O 5
C(offset, norm) 416 NO~.(mran)

C(slope, norm)
C(width, norm)

.324

Figure§. Fit for protons with Cherenkov angle
on x-axis and number of photons per 0.4 mrad
on y axis. Pull plot is shown below.
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import uproot

import matplotlib.pyplot as plt
import numpy as np

import awkward as ak

particles_unchanged = uproot.open("DVntuple_pions.root:TuplePion/DecayTree;1")
particles_massChange = uproot.open("DVntuple_pions_reprocessed.root:TuplePion/DecayTree;1")

particles_unchanged.keys()
particles_unchanged.show()

particles_massChange.keys()
)

particles_massChange.show(

branches_unchanged = particles_unchanged.arrays()
branches_massChange = particles_massChange.arrays()

Piplus_RichDLLp_unchanged = branches_unchanged.
Piplus_RichDLLp_massChange = branches_massChange.

Piplus_RichDLLk_unchanged = branches_unchanged.
Piplus_RichDLLk_massChange = branches_massChange.

Momentum_unchanged = branches_unchanged.
Momentum_massChange = branches_massChange.

Momentum_unchanged = branches_unchanged.
Momentum_massChange = branches_massChange.
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cx=Piplus_RichDLLk_massChange
plt.hist(x, bins)

plt.xlabel('Log likelihood"')
plt.ylabel('Number of Tracks')

' fD (/8 l/“ﬁlﬂ P/D‘ﬂl'\ mess MM% plt.title('Kaon Mass unchanged', fontweight ="bold")

plt.show()
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Proton Mass Unchanged

30000 -

25000

20000 4
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0
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bins=200
x=Piplus_RichDLLp_unchanged
plt.hist(x, bins)

plt.xlabel('Cherenkov Angle (mrad)')
plt.ylabel('Number of Photons')
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plt.title('Proton Mass Unchanged', fontweight ="bold")

plt.xlim([-100,100])
plt.show()
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import matplotlib.pyplot as plt
import numpy as np
import awkward as ak

particles_pions_proton_minus_200 = uproot.open("DVntuple_pions_proton_minus_200.root:TuplePion/DecayTree;1")
particles_pions_proton_nominal = uproot.open("DVntuple_pions_proton_nominal.root:TuplePion/DecayTree;1")
particles_pions_proton_plus_200 = uproot.open("DVntuple_pions_proton_plus_200.root:TuplePion/DecayTree;1")
particles_pions_proton_plus_400 uproot.open("DVntuple_pions_proton_plus_400.root:TuplePion/DecayTree;1")

branches_pions_proton_minus_200 = particles_pions_proton_minus_200.arrays()
branches_pions_proton_nominal = particles_pions_proton_nominal.arrays()
branches_pions_proton_plus_200 = particles_pions_proton_plus_200.arrays()
branches_pions_proton_plus_400 = particles_pions_proton_plus_400.arrays()

RichDLLp_minus_200 = branches_pions_proton_minus_200.
RichDLLp_nominal = branches_pions_proton_nominal.pi
RichDLLp_plus_200 = branches_pions_proton_plus_200.
RichDLLp_plus_400 = branches_pions_proton_plus_400.p

RichDLLK_minus_200 = branches_pions_proton_minus_200.
RichDLLk_nominal = branches_pions_proton_nominal.pi
RichDLLk_plus_200 = branches_pions_proton_plus_200.
RichDLLk_plus_400 = branches_pions_proton_plus_400.

lower = Momentum_nominal > 20
upper = Momentum_nominal < 24
cut = lower & upper

lower2 = Momentum_plus_400 > 20
upper2 = Momentum_plus_400 < 24
cut2 = lower2 & upper2

plt.rc('font', size=16)
bins=500
x=RichDLLp_nominal[cut]
cx=RichDLLp_plus_400[cut2]

label=['Unchanged Mass', '+400MeV']
plt.hist((x,cx), bins,label=1label)

plt.xlabel('Log likelihood"')
plt.ylabel('Number of Tracks')
plt.legend(prop ={'size': 16})
plt.xlim([-100,100])

plt.title('+400MeV Proton Mass and Unchanged Mass, Momentum Region 20-24GeV', fontweight ="bold")
plt.show()
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lower = Momentum_nominal > 18
upper = Momentum_nominal <
cut = lower & upper

lower2 = Momentum_plus_200 > 18
upper2 = Momentum_plus_200 < 24
cut2 = lower2 & upper2

print(len)

plt.rc('font', size=16)
bins=500
x=RichDLLp_nominal[cut]
cx=RichDLLp_plus_200[cut2]

entries_protons_nominal, bins_x= np.histogram(x, bins)
entries_protons_plus200, bins_x = np.histogram(cx,bins)

print(len(x))
print(len(cx))

print(entries_protons_plus200)
print(entries_protons_nominal)

nominal_minus_plus200 = entries_protons_nominal - entries_protons_plus200, entries_protons_nominal

plt.bar(nominal_minus_plus200,bins_x)
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plt.rc('font', size=18)
bins=500
x=RichDLLp_nominal[cut]
xm2=RichDLLp_minus_200 [cutm2]
xp2=RichDLLp_plus_200[cutp2]
xp4=RichDLLp_plus_400[cutp4]

entries_protons_nominal, bins_x= np.histogram(x, bins,weights=np.ones_like(x)/len(x),range=(-100,100,1))
entries_protons_changed, bins_x = np.histogram(xp4,bins,weights=np.ones_like(xp4)/len(xp4), range=(-100,100,1))

nominal_changed = entries_protons_nominal-entries_protons_changed

plt.bar(bins_x[0:500],nominal_changed)

plt.errorbar(bins_x[0:500],nominal_changed,yerr=((np.sqrt(len(x))/len(x))+(hp.sqrt(len(xp4))/len(xp4))), fmt="o"
plt.xlabel('Difference Delta Log likelihood"')

plt.ylabel('Number of Tracks')

plt.xlim([-60,150])

plt.title('Difference between +400MeV Proton Mass and Nominal Mass', fontweight ="bold")
plt.show()
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plt.rc('font', size=18)

bins=80
x=np.array(RichDLLp_nominal[cut])
xm2=np.array(RichDLLp_minus_200 [cutm2])
xp2=np.array(RichDLLp_plus_200[cutp2])
xp4=np.array(RichDLLp_plus_400[cutp4])

entries, bins_x=np.histogram(x,bins,weights=np.ones_like(x)/len(x), range=(-100.0,100.0))

entriesp2, bins_x=np.histogram(xp2,bins,weights=np.ones_like(xp2)/len(xp2),range=(-100.0,100.0))
entriesm2, bins_x =np.histogram(xm2,bins,weights=np.ones_like(xm2)/len(xm2), range=(-100.0,100.0))
entriesp4, bins_x =np.histogram(xp4,bins,weights=np.ones_like(xp4)/len(xp4),range=(-100.0,100.0))

plt.scatter(bins_x[0:80],entries, label="Unchanged Mass',s=5)
plt.scatter(bins_x[0:80],entriesp2, label="'+200MeV"',s=5)
plt.scatter(bins_x[0:80],entriesm2, label="'-200MeV"', s=5)
plt.scatter(bins_x[0:80],entriesp4, label="'+400MeV"',s=5)

plt.errorbar(bins_x[0:80], entries,yerr=np.sqrt(len(x))/len(x), fmt="o0",markersize='1")

plt.errorbar(bins_x[0:80],entriesp2, yerr=np.sqrt(len(xp2))/len(xp2), fmt="o",markersize='1")
plt.errorbar(bins_x[0:80],entriesm2, yerr=np.sqrt(len(xm2))/len(xm2), fmt="o",markersize="'1")
plt.errorbar(bins_x[0:80],entriesp4,yerr=np.sqrt(len(xp4))/len(xp4), fmt="o0",markersize='1")

plt.xlabel('Delta Log likelihood')
plt.ylabel('Number of Tracks')

plt.legend(prop ={'size': 16})

plt.xlim([-100,150])

plt.title('Proton Mass Changed and Unchanged, Momentum 18-24GeV', fontweight ="bold")
plt.show()




Nor pakised PWF wWithh wqng 5

Proton Mass Changed and Unchanged, Momentum 18-24GeV

0.00

MW:W 3
P Mﬂdmm

~100 -75 - 25 50 75 100
D It LgIk elihood

ko i -
£+m be v%ﬁtp( O%wo%’r Y ngl
e £ OOMN showg on peak = vwslnbedol 7

/ﬂ.w, w L Gome lol.o‘rw’ﬂn smaller matrkers.
P08t n Mass Changed and Unchanged, Momentum 18-24GeV
| ooy
}H I"H | et
| *I.H
W
|
ll';l} Hl’"i I

il i




Mon 3/ /
a\/(Aﬁ1 V“MA/\X, ~100,108) Wos (U;cd,f.rg% withodl

Proton Mass Changed and Unchanged, Momentum 18-24GeV

Unchanged Mass
+200MeV
-200MeV
+400MeV

0.008 1

o
o
o
o

0.004 1

Number of Tracks

0.002 1

0.000

—-100 —50 0 50 100 150
Delta Log likelihood

lvxc/{mbiwﬁ W00V bars depumedd 6 blook daken

Proton Mass Changed and Unchanged, Momentum 18-24GeV
0.020+

Unchanged Mass
+200MeV
-200MeV
+400MeV

0.0151

0.0101

0.005

Number of Tracks

0.000

750 M7 b)lg?

—0.005
—-100 —50 0 50 100 150
Delta Log likelihood




&ng/\olvc l’nw( {:ogrmfw\y to r))f.wrorbaf()/

Mollgel o H (85 bing = SO hins

Proton Mass Changed and Unchanged, Momentum 18-24GeV

. Unchanged Mass A( .
- +200MeV S 3b(M

i e wyce
ééigWudluﬁ

ObVi0Und

, )
’ .
gy, |
HH ”}l . -200MeV

1024 l t . +400MeV

v 1 \\\ —~
/
\

é /’/( \ Jans 04‘@ Q
= 10-> Tl N LT e
; \ Q
8 ~
= \
> \ v

1074 WL

\ ||| Nt
\ \ \ é
E
~100 -50 0 50 100 150 \
Delta Log likelihood [‘é:'.

tterd f oer d%ww with gargd oS



Werk |0

é ods

° mr\) rs br\ \0‘,0)3

- |

Ommas

Cornedded  erny

pws

or+

TasKs
btk en power ,oam/'
%f‘ todk

-SW/»M

e Glydede mao

/\45,4'01’)

w

buss on S<allr pbis were //wé«aa/

Protons with Changed masses and Proton mass, Momentum 12-24Ge

Kaons with Changed masses and Proton mass, Momentum 9-12G

,..—f""*"'"." - Proton Mass
" Proton mass +200MeV
N

) 10 i_.-""’ M, Proton mass -200MeV )

) e % Pro mass +400MeV 2

£ g \ &

% 1073 o " ©

A " W 3

Qo i [S

£ “ 2

2107 w o
s]

o a

E i

i
-100 =50 0 50 100 150

Delta Log likelihood

1072

=
o
I

[
o
1

[
o
|

' '.;:;!w
il
Iﬂﬂ!n’
fif

“.. - Proton mass +200MeV
s,

--------
.....

000000000000000000

-100

=50 0 50 100 150

Worked pn fmi W%‘Wu nd Wmd—)wzﬂ

Delta Log likelihood



Wed /10

Mldr\ Wwh Clidk 1A
pzsmwi”-%r ; bars o W:sca,ueyvolob
v o ol
- fm“ﬁw b o gyevt

N
ror be> Gisv & 1L
Ja oy
X[ . ]
h () = | a ER,
, ¥N=wo0

o 5
AE 1D }A:S

ev =y



A /10
W Wror m. O W,OW fﬂf p/DHWS K/(MVK/
wror (s m;&v &\ongMW wrmv%

Proton Mass Changed and Unchanged, Momentum 18-24GeV

Delta Log likelihood

Mu, oy Unchanged Mass
3 ¥ ol r k"'i:;,. +200MeV
10774 ,.:-"'“ *"’ié-.. -200MeV
M ' in, +400MeV
B “,.»z* o
8] ?tb"‘f H’ "tt
[(v] U :
£ 05| ol "Wy
° H&Hlb*t‘"’ it |
()] I ;i‘:l
Re) e} H }f |
§ 1074 ‘ F l[ ’
o | l’ ’ |
-100 -50 0 50 100 150

Proton Mass Changed and Unchanged, Momentum 18-24GeV

n, Unchanged Mass
. ﬂg:c‘ﬁﬁ "‘#g"*-;;t, +200MeV
10774 i ing, -200MeV
Wt”ﬁ i, +400MeV
E o i,
() b N'
© Ul 1
= 1073 »“&é{ . " }*:”
5 i iy
8 it H‘*}
3 10741 pF ”H ’
Al
-100 -=50 0 50 100 150

Delta Log likelihood



- NN MWgLoaT&o a red B omr tha
Mass4, )f) to Ko one )

- thoutd be LOOM o p lowk

PrUV\wA.Sﬁ;—u/ A WL
% Koo %M

plt.rc('font', size=18)

bins=150
x=np.array(RichDLLk_nominal[cut])
xm2=np.array(RichDLLk_minus_200 [cutm2])
xp2=np.array(RichDLLk_plus_200[cutp2])
xp4=np.array(RichDLLk_plus_400[cutp4])

entries, bins_x=np.histogram(x,bins, range=(-100.0,100.0))

entriesp2, bins_x=np.histogram(xp2,bins, range=(-100.0,100.0))
entriesm2, bins_x =np.histogram(xm2,bins, range=(-100.0,100.0))
entriesp4, bins_x =np.histogram(xp4,bins, range=(-100.0,100.0))

x_err = np.sqrt(entries)/len(x)

xp2_err = np.sqrt(entriesp2)/len(xp2)
xp4_err = np.sqrt(entriesp4)/len(xp4)
xm2_err = np.sqrt(entriesm2)/len(xm2)

entries, bins_x=np.histogram(x,bins,weights=np.ones_like(x)/len(x), range=(-100.0,100.0))
entriesp2, bins_x=np.histogram(xp2,bins,weights=np.ones_like(xp2)/len(xp2),range=(-100.0,100.0))
entriesm2, bins_x =np.histogram(xm2,bins,weights=np.ones_like(xm2)/len(xm2), range=(-100.0,100.0))
entriesp4, bins_x =np.histogram(xp4,bins,weights=np.ones_like(xp4)/len(xp4), range=(-100.0,100.0))

plt.scatter(bins_x[0:150],entries, label="'Unchanged Mass',s=5)
plt.scatter(bins_x[0:150],entriesp2, label="'+200MeV',s=5)

( 1

( ]
plt.scatter(bins_x[0:150],entriesm2, label="'-200MeV',s=5)
plt.scatter(bins_x[0:150],entriesp4, label="'+400MeV',s=5)

plt.errorbar(bins_x[0:150], entries,yerr=x_err, fmt="o0",markersize="1")

plt.errorbar(bins_x[0:150],entriesp2, yerr=xp2_err, fmt="o0",markersize='1")
plt.errorbar(bins_x[0:150],entriesm2, yerr=xm2_err, fmt="o0",markersize='1")
( 1

plt.errorbar(bins_x[0:150],entriesp4,yerr=xp4_err, fmt="o0",markersize='1")
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