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This paper aims to describe a minimum methodology and the minimum knowledge for end users
to assist in performing the underlying views and computer simulations. For this purpose, a basic
analysis of a high energy physics software simulation related to dark photons was performed as an
example. Dark matter is one of the most important research subjects in modern particle physics.
Weakly interacting massive particles, dark higgs bosons, axions, sterile neutrinos, and dark photons
are candidate particles for dark matter. The general method is to model dark matter theory and
then to test it through experiment. During the testing phase, high energy physics software packages
are used for various verification and assisting measurements.
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L. &

dutA o 5 o] e 2ok A A8 (end user) &
=d| AHd BLA}F (physics generator), HA&7] HAAFEAL (de-
tector simulation), AF1 A4 (trigger and event recon-
struction), Hlo]E] B4 2 Sf4] (data analysis and inter-
pretation) @A A 1ol 2] E2] (high energy physics,
HEP) £AZE 9ol E A st AHE St [1]. ©]2]$ HEP
AT EQ o7} L5 5= =GAA (operating system) 2H3
2 A4 (computing) 28 ¥He] HoA w2 of UNIX Al
dol Ao w1 A ARRARE T gh2 A4t 24 9 g7 0]
sty A ARGAF FEAA FGA A Higt ofsf 9
A2 FFAA L T2 H FF o] A 7] (shell) E DRt
L 2 o]afjstal ARg-She Zlolth 55| A Tz o]
ol&oha] o2 A /\F‘-’—ZV} wol Hol= A4 tfRE2
d H, g7 ofsf Foltt [2]. HEP £2ZE o] A
A= AT E Qo] Zi} :’-f‘— DAY IFNA s N
QoA AT A7 U ATYE E 3 A A A7)
W s, 4 52 1e9o] el4ahd gow 47 977}
7t Bt S HEP AZE o] 52 vt 3
FE do|&2 2 GV diZoll A AHEAH= s AFE
lojo] FHZ os|HA] ey 7]&S Sesfjorettt
3-16]. oluf A AREAE SEE 2 FES Aok s dch=
Tl of 2] AR E AA H=d B2 ES HFE
TZ 9 o] A A Ao tHet B FZFoA HxH
metA Ao|z] 28 AFE Hop wEA ~35H7] 919
FAA, A, 22O Ao A T FAH
HAFE o] 22 g B2 o] Hrf [17-20]. =
209 7e i 2 AFAelA 2 REE =+
A dFAe] Beeoll= HEP 2 #-& i&ETM 7HHP
2 AFUE O ME7tsol AEstes 15 549 A=
(hackathon) ofl ZrofstAL, g AFUE Hi1H #F
A SeI A A ARt 9.7 BA AlQl ZA] Au] 4
(database) & °]-8 & 1o g AFHEA A
o AAFE OﬂZﬂE /\]._Q_sH =1 = (build) o] M oﬂ _§_ 7537)r
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B4 g At £ gty B =22 HEP & 5%101
AlEF 0] AE oted T2 & 4 e Ao wer Y
A4 7)&stazt it o] & 99t skt Oﬂxﬂiﬁ A5
B 3R FoA 45 B T 7| 2AHA A3 B
okt

JA Eesto] A5 e oy AE F9| sthve
A5 B it 524 7Y, 74 84, o 7HA] A
TS24 5o TR AAL 9hs)E Aot ¢E 239
EA FAE 2ot g 5 v BAF RS, S LI
Y A= 5an 22 $FE2H, A 225t BEoA

— Ji Young CHoOI - Kyung Kwang Joo 813
Standard Model
I g m :

& s b

g e | u | T

al

KA vy V¢

Portal S
Mediator y-A'mixing )
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AgH Rds =1 AYE FolA 1 o]lE& S5
WS Esta ok @A, g e Os B4 2l
Ot E7e 95 24 SR AF 9 A 4 F
T2 IA s 5 ok 945 3 B2 Tt 41
(kinetic mixing) 2%, 5 YAt (baryon number) 2+ A9
Ak (lepton number) ZFolof gt thA] g1 Ao 2] Y=}

EAE 7H8 5= 29 (B-L model), B YAl thsiA Tt

Alo]A] thAd 4 2 (leptophilic gauge boson model),

A 2t AR he AR A4 2 19 (flavor or

lepton non-universal coupling) 5°] At} [21-28]. Fig. 1

2 71wl AolEe] sl Sut 419l RS 1}
o

Ehdit}, o] =72 o] HElS 7Hto g 4 52101 BAS

A=stded EE 23] A77] oFg o] 29 (y - 2°) 4

At At o 2 (A5 G A) I EE Y B

(7L ) Aol A Ak ZHgRtet [21]. A& AT
l

LE RO BUR RIS 298 Ho
(visible dark photon decay) 2t gt

IT. HMZALS 28t 2T ES0f

1. 22| O[HIE /7| (event generator)

= ofiAdstal o]sfsh=dl HH A O_I:]% = Zﬂ*oh_/} J_ioﬂb]
2] o] 2ol 7123t HdllS et MC AH 7152 #+

HEP 2to|B {252 o] gaiA 2242 ohelwt 3}01011‘“’“

of sigste A4 2 & &S Axtstal 1 A&

Hrol 7H49] ZF(MC particles) &= A/ gttt [29]. E ?}

o|gof 7| %3t o RS0 thERER AR A7 E9]
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Fig. 2. An example of a Feynman diagram where B me-
son decay into six leptons (through dark photons).

SHA|2} F24-& & ¢otof gttt Particle Data Group Ol 4]
HF7EE 42} do] ¥ H|o] & (particle data table) W A}
oY Y == (particle decay model list) & ©]-8& 4
S, 4 AEA) Aot TR B A9} RS
Gjol A F7h5h ST, B A7) MO A 73
HI\E BviGen® AHESHIR, o714 S84} T 24
<= 95l PYTHIAB.29} 332 W& S $ls PHOTOS
£ olgstdtt, 18 S5 f’& <= & old A7t vl A

2 AR FHAT FEH o AT oA} 116GV
Upsilon(4S) 7} A4 = 12 —545401 B Z7H7 wtEolA &
A5FAE B3 Hol= 57 (visible dark photon decay)
= 7okt [30-32). EEAS] B2 1 GeV/c? ol
o] (width) &= 1 MeVol™ Z#H] (branching ratio) +
0.15 x 1008 AH8egch. AERORE AU (R
Aol BHEol Al A9 HAsLH olst T uo]
tho]o] 12 Fig. 29 Att. Fig. 3= MC AH1 A4 7]
R3] T AL AR B2 B FE S of
EE AR 2HE HojFm ZF A2 of 2] 7hA] d3b
Utk Aol Aol A7) 715 4R AL A
=89 4528 SAH (interaction point, IP)-& F &

T =
S ok Al Ztet AXE Qo] 2 X =gt Aatoltt.,

i a2 O

O

2. H&7| 4L B A} (detector simulation)

Sl A A4 G 487 A8 Ba
L 2 Geantd AT Eo]7} A Al ¢

=7] A4t BAIAE =8 A B 7T e ARt
(MC particle) & A&7] A4t BAF T2 500 A ZHA
o2 5E3 YA (Geant 4 particle) ol &< L LA]AK]
84 A=} (matched MC particle) &t AZE7] &4 (Geant4
material) 7F0] A& 28 9 =& AAF (transport) & A}
gttt [33]. o] EAA A AH&AF= MC particle ID £t
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Fig. 3. (Color online) Example for several events, includ-
ing dark photon decay to ordinary matter of SM, pro-
duced by using MC event generator around IP. Neutral
charged particle track (magenta color), electron track
blue color), muon track (sky blue color), and pion track
gray color) are drawn.

Geant4 particle IDE ¥A| (&= %) A1HA F= Aol
Z a5t AY (match) o 7ol whaf, YA=9 GHA,
A dAE HA, FAA =

AE7IM 2 A= A4 2 F7
A7) 2By g2 R
A 2=t} Al AFL2t= 27)AF

Feo 23577 o H 7] WiZoll =71 %ﬂﬂ E*}Oﬂ
M F2 AR7] Belg AstehA Hojst BARshE Flol
Basteh Geantdo A YAt 542 BASHE HEA 2
9zt pzrt agH o)At HAst w2 gkgkeh MC
Qlzp Wl Ay cg;q-Eo] AZ7] B4 G == oA,
A% 5o Ba)ape Adtalr] 18 o] B ol A 71 g
A%E AUL 8ol o A W] 0E QAP
AlZkol ZH Aot ol2gt WE A 2l o] da s
A5l GeantV T2 A E 7} Y Fo]rt,

WlO oﬁ

3. At 21 (software trigger and event recon-
struction)
HE7] Aqt BAA AAES AE7] 220 42
& Qlsto] of ¥ 7HA] SRS A, & 501
Y2 425 (dE/dx), A& A7 (time of fhght) iﬂ A=
I YFARA (Cherenkov radiation), Z10] BFAFA
radiation), =& 9 92 AH T2
(kinematics constraint) <5
A el we Aol FRE FE E Ao A AR
A emEl AnEgo] B 22kl HE7] st=gof Aol
A EE]A (trigger), AIA F4 (tracking) 12|21 A1 A
4 ezl e AuHA olalrl h F Rl 2 <
T I AR o2 BN whel, o] 4TS
& A3 s st EdjAzE A2 HE7]
(silicon vertex detector), AAF7] DA (electro-magnetic

71E AHESHRAL o 7]of A FH]

calorimeter), 7 A&
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Beam axis
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Fig. 4. Nlustration of showing one of event shape variables. A thurst variable (T), which provides separation between

QCD jets and B meson decay, is drawn.
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Fig. 5. (Color online) An example for events reconstruction around IP. Neutral charged particle track (magenta color),
electron track (blue color), muon track (sky blue color), pion track (gray color), a response elements of electromagnetic
(EM) calorimeter (green color box), and a deposited momentum on elements of detector material (red logo block

histogram) are drawn.
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Fig. 6. (Color online) Example for visualization of raw data with using ROOT data framework analysis toolkit. (Left)

beam-energy constrained mass of B meson M, = «/Efeam — p%, where Epeqy, is the beam energy, and pp is the
momentum of the reconstructed B meson (Right) energy difference AE = Ep - Epeam, where Ep is the energy of the
reconstructed B meson. In this analysis channel, B meson decays into six leptons with or without dark photon.

4. H|0o|gl M U SHM (data analysis and inter-

pretation)

o] A A A&t HlolE RA oA @1 E = %
FE AL Ao BAglo] e melofA B A7t
A-H] gheh G455 AHaE stEdle] HA Qlste] AF ohs
(deep learning) 7]&°] A& H7| A& Zt g ZA
z| A 3lste] A-got= A E stal vk = AR A4
dA A FHof| gh= St TA W71 A E o854 AREAL
7F 4Rt Hlol8 55 7HA AL 2| A] 9] v 74 S 2het,

o|Zlo] Z|AgkFll A “ots5” o ofu]E UEhdith. 1oz
=9 dlo]g B4 459}t 752 BEF (classification)
7F R o7]of b siA] B 74| sk =75 ol&
< 4= Ut dl=, oA A 7

|

=
O
=
2>

(decision tree), 2t

# % (random forests),

BAE OAF A & (boost
decision tree, BDT) W' 5] 1=, 9 1517} o] &7
Sfjof of| & 2 sfjAo] -go] Strt [38-41). o|FA L2 o7
W7 A5 gholl JsiA Sh55 HolE 9} ot &2 &/ 7T
ok =ofdl dlol® Fol AMgAF Yok Ry FAA &
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AR e & HlE AR o g FHste =
A5k7] wWizoll, Jo2 BUAR AR E 5ol B SUHAE
AT 4= At Fig. 62 AR A4 F S35 dlolE]
A 22 AR FAL 7HE (raw) HOlHE
%3]1 A1 Zts}E _F Aol A4 39 HlolE+=
P A, 5 TR T FUF A H S0
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Fig. 7. (Color online) Example for visualization to raw data applied with user-customized cuts by using root. (a)
invariant mass of B meson, (b) scatter plot with beam energy constraint mass versus energy difference of B meson,
(c) energy difference of B meson, (d) beam energy constraint mass of B meson.
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data.

e 9 ARE #iAR & 23S AlZERR Aot 2 oA
ANA F2 HiFA S Atz A5 AT EAY 27
-7l A HIxEr

Fig. 82 Jlofluf#] o] 23k Ao A o] 228 &
ZEHo]o H 555 He v vehdlnh Aoy =
G2 ol A =l dAE ot HHES

-
o=

A

oA ol E WEY 1R YO R AL AL F T

oﬂﬁ = ZAH dE H
_,_oﬂl:];{] E] 2a=
o2l et At =2l
A3t o]As} (digitize) 418 FH-&

Vo] AT EYo] W SFE o] S o] R4 AL AT
dotal A ARl A S A S 2 AlA A
A% dlold dil o] % mEls HIhrt
I11. 2 <F
B A 22 ik BAtE o] 8 3 2o Higt o] 57}
%H}EPOI wJojof gttt o]et gt 7] &8 AnE]
o] 9 ARE Bl tisl 87 HolA = A4 do] &

2ot Fs) Foed A ndl AE 7hes] 245t

i

QoA T Qe A AHAE 9T shutel A2 9E Y

g

o GRS EHIE A
_]

SPA7) ofe] A} el e oM €] < B ool el
AZkH o 2 vepgleh, Tel 3 mou 7] Ba) 4T Egol
o] WHlEg o)k P B B4 o] §-83 2 aste)



818
gael =2

o] =2 2018 AH (7] HgAE) o] A
072 FFALAYEE] 7|2 ATALY (NRF-2016K1A3A7
A09005608) A& Hrol 4= Ayt

REFERENCES

[1] HEP Software Foundation homepage, http://hep
softwarefoundation.org (accessed Mar., 15, 2018).

[2] R. Blum and C. Bresnahan, Linuz Command Line
and Shell Scripting Bible (Wiley, 2015).

[3] S. J. Chapman, Fortran for Scientists and Engineers
(McGraw-Hill, New York, 2017).

[4] M. Metcalf, J. Reid and M. Cohen, Modern For-
tran Explained (Oxford University Press, New York,
2011).

[5] N. S. Clerman and W. Spector, Modern Fortran
Style and Usage (Cambridge University Press, 2012).

[6] S. Prata, C Primer Plus (Sams Publishing, 2004).

[7] S. Prata, C ++ Primer Plus (Sams Publishing,
2011).

[8] S. Meyers, Effective Modern C++ (O’Reilly, 2014).

[9] I. Horton, Using the C++ Standard Template Li-
braries (Apress, 2015).

[10] P. Gottschling, Discovering Modern C++ (Addison-
Wesley, 2016)

[11] D. Beazley and B. K. Jones, Python Cookbook
(O"Reilly, 2013).

[12] L. Ramalho, Fluent Python (O'Reilly, 2015).

[13] B. Slatkin, Effective Python (Addison-Wesley,
2015).

[14] K. Beck, Implementation Patterns (Addison-Wesley,
2007).

[15] J. Bloch, Effective Java (Addison-Wesley, 2017).

[16] H. Schildt, Java: A Beginner’s Guide (McGraw-Hill,
2017).

[17] D. A. Patterson and J. L. Hennessy, Computer Or-
ganization and Design (Morgan Kaufmann, 2013).

[18] A. B. Tucker and R. E. Noonan, Programming Lan-
guages (McGraw-Hill, 2008).

[19] A. Silberschatz, P. B. Galvin and G. Gagne, Oper-
ating System Concepts (Wiley, 2013).

[20] A. V. Aho et al., Compilers: Principles, Techniques,
and Tools (Addison Wesley, 2006).

[21] B. Holdom, Phys. Lett. B 166, 196 (1986).

New Physics: Sae Mulli, Vol. 68, No. 7, July 2018

[22] S. Weinberg, Phys. Rev. Lett. 43, 1566 (1979).

[23] H. Georgi, H. R Quinn and S. Weinberg, Phys. Rev
Lett. 33, 451 (1974).

[24] P. F. Pérez, S. Ohmer and H. H. Patel, Phys. Lett.
B 735, 283 (2014).

[25] P. F. Pérez and C. Murgui, Phys. Lett. B 777, 381
(2018).

[26] A. Celis, J. Fuentes-Martin, M. Jung and H. Serodio,
Phys. Rev. D 92, 015007 (2015).

[27] R. Essig et al., FERMILAB-CONF-13-648, SLAC
PUB-15960, 2003.

[28] S. Alekhin, W. Altmannshofer, T. Asaka, B. Batell
and F. Bezrukov et al., Rep. Prog. Phys. 79, 124201
(2016).

[29] T. Sjostrand, PoS LHCP2016 276, 007 (2016) .

[30] EvtGen homepage, https://evtgen.hepforge.org (ac-
cessed Mar., 15, 2018).

[31] PYTHIA homepage, http://home.thep.lu.se/~tor
bjorn/Pythia.html (accessed Mar., 15, 2018).

[32] PHOTOS homepage, http://photospp.web.cern.ch/
photospp/ (accessed Mar., 15, 2018).

[33] GEANT4 homepage, http://geant4d.web.cern.ch/
geant4 (accessed Mar., 15, 2018).

[34] S. Brandt, C. Peyrou, R. Sosnowski and A. Wrob-
lewski, Phys. Lett. 12, 57 (1964).

[35] J. D. Bjorken and S.J. Brodsky, Phys. Rev. D 1,
1416 (1970).

[36] G. C. Fox and S. Wolfram, Phys. Rev. Lett. 41,
1581 (1978).

[37] R. E. Kalman, J. Basic Eng. 82, 35 (1960).

[38] C. M. Bishop, Pattern Recognition and Machine
Learning (Springer, Singapore, 2006).

[39] K. P. Murphy, Machine Learning: A Probabilistic
Perspective (The MIT Press, 2012).

[40] G. James, D. Witten, T. Hastie and R. Tibshirani,
An Introduction to Statistical Learning (Springer,
2017).

[41] T. Hastie, R. Tibshirani and J. Friedman, The Ele-
ments of Statistical Learning (Springer, 2016).

[42] ROOT homepage, https://root.cern.ch/ (accessed
Mar., 15, 2018).

[43] B. Efron and T. Hastie, Computer Age Statistical
Inference (Cambridge University Press, 2016).

[44] S. Amari, Information Geometry And Its Apllica-
tions (Springer, Japan, 2016).


http://dx.doi.org/10.1016/0370-2693(86)91377-8
http://dx.doi.org/10.1103/PhysRevLett.43.1566
http://dx.doi.org/10.1103/PhysRevLett.33.451
http://dx.doi.org/10.1103/PhysRevLett.33.451
http://dx.doi.org/10.1016/j.physletb.2014.06.057
http://dx.doi.org/10.1016/j.physletb.2014.06.057
http://dx.doi.org/10.1016/j.physletb.2017.12.041
http://dx.doi.org/10.1016/j.physletb.2017.12.041
http://dx.doi.org/10.1103/PhysRevD.92.015007
http://dx.doi.org/10.1088/0034-4885/79/12/124201
http://dx.doi.org/10.1088/0034-4885/79/12/124201
http://dx.doi.org/10.22323/1.276.0007
http://dx.doi.org/10.1016/0031-9163(64)91176-X
http://dx.doi.org/10.1103/PhysRevD.1.1416
http://dx.doi.org/10.1103/PhysRevD.1.1416
http://dx.doi.org/10.1103/PhysRevLett.41.1581
http://dx.doi.org/10.1103/PhysRevLett.41.1581
http://dx.doi.org/10.1115/1.3662552

