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A Standard model of HEP
A Basics of experimental HEP
A Milestone experiments of HEP
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Standard Model of Higknergy Physics

Force
Carriers
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The Nobel Prize in
Physics 2013

Frangois Englert Peter W. Higgs

The Nobel Prize in Physics 2013 was awarded jointly to Frangois Englert and
Peter W. Higgs "for the theoretical discovery of a mechanism that
contributes to our understanding of the origin of mass of subatomic
particles, and which recently was confirmed through the discovery of the
predicted fundamental particle, by the ATLAS and CMS experiments at
CERN's Large Hadron Collider"
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Leptons and Quarks

matter constituents

FERMIONS <pin = 12, 3/2, 512,

Leptons spin =1/2 Quarks spin =1/2

Flavor M3332 Electric Flavor Approx Electric
GeV/c charge GeV/ 2 charge
V) ienor | (0-0.13)x10-° | 0 0.002
e electron 0.000511 —1 @ down 0.005 -1/3
W madete 0+ (0.009-0.13)x10-9 0 ©) cham 13 2/3
I»l muon 0.106 —1 @ strange 0.1 ik
W nearrino* (0.04-0.14)x10-0 0 M ({) top 173 213

LT tau 777 —1 @ bottom 4.2 _1/3J




Hadrons: Mesons & Baryons

Mesol\'%ame Quark content Lifetime |[s] Mass x ¢2 [MeV] Main decay modes
ot {u, d) 2.6 1078 139.6 TIARPS
T {d, i) 2.6 1078 139.6 Tl
7V tu, i), {d, d} 1210717 135.0 2y
K* {u, 5} 1.2 107" 473.7 (RF vy, (27), (37)
K~ {s, it} 1.2 107" 473.7 (L™, V), (270), (37)
Ky {sd}, {d5) 521078 497.7 3
K" (s.d) (ds) 8.9 10~ 497.7 oI
proton {u, u, d} >10°2 year 038.3
neutron {d,d, u} 8908 939.6 pe Ve
A {d,s, u) 26310710 1115.7 (nm), (p )
p (i, it, d) >1032 year 938.3
i (d,d, i) 898 939.6 petve
A {d,5s. i) 2.63 10710 1115.7 (n 1Y), (p )

Baryon




Fundamental Interactions & Gauge Boson

Properties of the Interactions

The strengths of the interactions (forces) are shown relative to the strength of the electromagnetic force for two u quarks separated by the specified distances.

Property

Particles experiencing:

Particles mediating:

1078 m

Strength at {

3x10™"" m

Weak Electromagnetic

Interaction Interaction
(Electroweak)

Strong
Interaction

Gravitational
Interaction

Mass — Energy Flavor Electric Charge Color Charge

All Quarks, Leptons Electrically Charged Quarks, Gluons
Graviton

(not yet observed) W+ W~ Zo y
10— 41 0.8 1 25
0= 10-4 1 60

Gluons

Long range Short range Long range  Short range

force carriers

BOSONS spin =0, 1, 2, ...

Unified Electroweak spin = 1
Mass Electric
0
—1
+1
0

Y o
photon
\LVJ' 80.39
WJ 80.39
W bosons

Z_B 91.188

Strong (color) spin =1

Mass Electric
GeV/c?2 | charge

0 0

Name

9

gluon

oW AR
W-Boson o Z-Boson
_ Mass=80 GeV/c Mass=91 GeV/c
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cme o)) 2, StaNdard Model and its parameters

iy,
2147092 MeVi/c?

me

1.27 £ 0.02 GeV/c?

ny

172.9 + 0.4 GeV/c?

ng
4675045 Mevic?

mg
9311 Mevic?

mp
4181003 Gev/e?

e my My

0.5109989461(31) 105.6583745(24) 1776.86(0.12) MeV/c?
MeV/c? MeV/c?

Mz My

91.1876 4 0.0021
GeV/c?

125.10 & 0.14 GeV/c?

a Gg as(Mz)

7.2973525664(17) 1.1663787(6) x 1073 0.1179(10)

x 1073 GeV—2

S A p n

0.22453 4+ 0.00044 1 0.836 £ 0.015 0.122 £ 0.0175 0.355 £ 0.0115
Derived quantities sinsz Mw =M, cos 6y, sinz29w = ﬁ

0.23129 + 0.00005

80.385 £ 0.015 GeV/c?

. The quark masses (my, mg) (mc, my), (Mg, mp;
. the charged lepton masses me_my, m:

. the Higgs Mass My

|
2
3. the Z" mass Mz:
4
5

. the electromagnetic coupling constant o;

.0\

7. the weak coupling constant Gg; and
8. the Cabibbo-Kobayashi-Maskawa (CKM) parameters in the Wolfenstein
parametrization k, A, p and 1.

the strong coupling constant os(Mz):

https://link.springer.com/chapter/10.1007/978-030-38207#0 10



https://link.springer.com/chapter/10.1007/978-3-030-38207-0_10
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est of Standard Model

Standard Model Production Cross Section Measurements

Reference

PLB 761 (2016) 158
Nucl. Phys. B, 486-548 (2014)
JHEP 09 (2017) 020
JHEP 09 (2017) 020
JHEP 02, 153 (2015)
JHEP 09 (2017) 020
JHEP 05, 059 (2014)
PLB 2017 04 072
JHEP 06 (2016) 005
PRD 89, 052004 (2014)
PLB 759 (2016) 601
JHEP 05 (2018) 077
EPJC 77 (2017) 367
JHEP 02 (2017) 117
JHEP 02 (2017) 117
JHEP 02 (2017) 117
PLB 761 (2018) 136
EPJC 74: 3109 (2014)
EPJC 74: 3109 (2014)
JHEP 04 (2017) 086
EPJC 77 (2017) 531
PRD 80, 1120086 {(2014)
PLB 773 (2017) 354
PLB 763, 114 (2018)
PRD &7, 112001 {2013}
PRD 85 (2017) 112005
JHEP 01, 086 (2013)
JHEP 01 (2018) 63
JHEP 01, 064 (2016}
PLB 716, 142-159 (2012)
ATLAS-CONF-2018-034
PRD 93, 092004 (2016}
EPJC 72, 2173 (2012)
PRD g7 (2018) 032005
JHEP 01, 099 (2017)
JHEP 03, 128 (2013)
PLB 756, 228-246 (2016)
PRD &7, 112003 (2013}
PRD 93, 112002 (2016)
PRD 87, 112003 (2013}
EPJC 77 (2017} 563 [hep-ex]
JHEP 01, 049 (2015)
PLB 780 {2018) 557
EPJC 77 (2017) 40
JHEP 11, 172 (2015)
EPJC 77 (2017) 40
JHEP 11,172 (2015)
JHEP 11 (2017} 086
PRD 91, 072007 (2015)
EPJC 77 (2017) 474
EPJC 77 (2017) 474
PLB 775 (2017) 206
JHEP 04, 031 (2014}
PRD 83, 112002 (2016)
PRL 115, 031802 (2015)
EPJC 77. 646 (2017)
JHEP 07 (2017) 107
ATLAS-CONF-2018-030
PRD 96, 012007 (2017)
ATLAS-CONF-2018-033
PRD 93, 092004 (2016)



https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CombinedSummaryPlots/SM/

Test of Standard Model

June 2021 CMS Preliminary
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https://cms-results.web.cern.ch/cms-results/public-results/publications/SMP/index.html

2025 TIDC Summer School

Mon / Jun 30, 2025 Tue / Jul 1, 2025 Wed / Jul 2, 2025 Thu / Jul 3, 2025 Fri / Jul 4, 2025 Sat / Jul 5, 2025
8:40 ~ 9.00 Registration
Opening Particle Particle Statistics in HEP LHC Physics
Detectors | Detectors |l
9:00 ™ 10.00 - . - - e
Rong-Shyang Lu [NTU) Prof. Minzu Wang rof. Minzu Wang Prof. Pin~Jung Chiu Prof. Chia-Ming Kuo
[NTU) (NTU) (NTU) (NCU)
1000~ 10:20 COFFEE BREAK
Introduction to High-  Particle Physics | Particle Statistics in HEP LHC Physics
Energy Physics | Detectors Il

1020~ 11:20

Prof. Wen<Chen Chang

(AS)

Introduction to High-

Energy Physics Il

Prof. Jiunn‘Wei Chen
[NTU]

Particle Physics |l

rof. Minzu Wang
[(NTU]

Axion DM and
Haloscope exp.

Prof. Pin-Jung Chiu
(NTU]

Cosmic ray and
AMS exp.

Prof. Chia-Ming Kuo
[(NCu}

EIC Physics

11:20712:20

Prof. WenChen Chang  Prof. Jiunn‘Wei Chen Prof. Yung-Fu Chen Dr. Hsin-Yi Chou Prof. Chia-Ming Kuo

(AS) INTU) [NCU] (AS) (NCU)
122071330 LUNCH BREAK 13:30 Sign In
13:30 ~17:30 EXERCISES

Linux / ROOT GEANT4 Simulation  Silicon Detector/  Scintillator + SIPM  Machine Learning
Alibava Student Report
Prof. Kai-Feng Chen Prof. Rong-Shyang Lu (NTU) Prof, Chia-Ming Kuo Prof. KarFeng Chen

[NTU] (NCU) [NTU]

18007~ RECEPTION BANQUET



Experimental HEP

A Accelerator highenergy and higfflux collisions
A Particle DetectorgScintillator{ A f A O2 y =
A Front End ElectronickSiPN

A Trigger & Data acquisition syste(DAQ)

A Data Analysi§Machine learning)
| Calibration & Data Reduction
I ROOT Analys{sinuxXROOT)
I Monte-Carlo Simulation (GEANT4)
I Error estimation



CERN Accelerator Complex

Watch the video ornttp://home.web.cern.ch/about/accelerators
CMS
—)- - —

LHC

2008 (27 km) North o

ALICE LHCb

TT40 TT41

SPS

119

K
CNGS \J

Gran Sasso

ATLAS

HiRadMat
I

AD

m

East Area_
nToF w— @ X~ PS5 N\ e
LINAC 4 { CTF3
neutrons " Q e
LINAC 3 Leir
i 2005 (78 m)

lons

13


http://home.web.cern.ch/about/accelerators

CMS Detectors

1 TRACKER
;ﬁ%ﬁﬁ}ﬂd TA Austra, [-L'-ﬂ”u,lrrl CERM, Finland, France, Maw Faaland
Ausiria. CERN. Finland, France. Greece Germany, ltaly, Japan®, Switzerland, UK, USA
Hungary, laly, Koraa Poland, —aal ERISTAL ECAL R £ - ; p o -
R : — Belarus, CERN, China, Croatia, Cyprus, France, irelamd

I-J-;;-ll,l,lgi_ll Swntzorland, UK, USA

Italy, Japan®, Portugal, Russia, Serbia, Switzerland, UK, LSA

A
s

PRESHOWER
Armenia, Belarus, CERMN, Greece,
India, Hussia, Laipel. Uzbekistan

RETURN YORFE
Barrel: Czech Rep., Estonia. Germany. Greece. Hussia
Endcap: lapan®. USA, Brazil

SUPERCONDUCTING
MACNET

All countries in CMS contribute
Lo eyt Tanicing o peticular
Finland, France, Italy, Japan®,
Korea. Switzerland. USA

FORWARD
CAFLORIMETER

lungary. Iran, Russia, Turkey, USA

HCAL
Barrel: Gulgaria, lmdia, Spain®, LS HfUGN CIIMBERS
Total weight : 12500 T Endiap: I3-:!I1||||:.. Elll':lilli!il. Flumszda, Lk i ’ Barrel:  Austria, Bulgaria, CERM, China,
Overall diameter : 15.0 m HL: India Germany, Hungary, ltaly, Spain,
Overall length D215 m Endcap: Belarus, Bulgaria, China, ¢ by through
Magnetic field : 4 Tesla Korea. Pakistan. Russia. USA industrial contracts

https://twiki.cern.ch/twiki/bin/view/CMSPublic/WorkBookCMSExperiment



https://twiki.cern.ch/twiki/bin/view/CMSPublic/WorkBookCMSExperiment

Collision and Reconstruction

CMS Experiment at the LHC, CERN
Data recorded: 2022-Nov-18 15:50:14.858368 GMT
Run [ Event [ LS: 362293 / 24480852 [ 27




ATLAS Detectors

Tile calorimeters

LAr hadronic end-cap and
forward calorimeters

LAr electromagnetic calorimeters

Toroid magnets
Muon chambers Solenoid magnet | Transition radiation fracker

Semiconductor fracker

https://atlasopendata.docs.cern.ch/docs/documentation/introduction/introduction ATLAS/#Hasdetector

Take a virtual walk! 16



http://www.google.com/maps/preview#!data=!1m8!1m3!1d3!2d6.055071!3d46.235832!2m2!1f192.55!2f98!4f75!2m4!1e1!2m2!1skWZ2TA53b9AAAAQJODkDDg!2e0&fid=5
https://atlasopendata.docs.cern.ch/docs/documentation/introduction/introduction_ATLAS/#the-atlas-detector

Collision and Reconstruction

@ATLAS

EXPERIMENT
http://atlas.ch

Run: 204769
Event: 71902630
Date: 2012-06-10
Time: 13:24:31 CEST




Detectors, FEMs, Trigger and DAQ
(Online)

DAQ systems

Trigger system _I—I_ | ounit /

Vin v

A J
Detector
Out g F \[

ES—— controller Control PC Storage
Humidity
Pressure

Voltage

Power —- ADC

Supply

Slow
» Control .
System Fast Electronics

https://indico.knu.ac.kr/event/698/contributions/1027/attachments/925/1518/20240117%2620DAQ%20with%20Fast%20Electronics%20nryu.pdf

18


https://indico.knu.ac.kr/event/698/contributions/1027/attachments/925/1518/20240117%20-%20DAQ%20with%20Fast%20Electronics%20-%20mryu.pdf

Display (LCD): online
and offline monitoring

Pushbutton: trigger

Memory card:
storage

Nt

Sensor (CCD): detector
& front-end electronics 19
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Detector | 7 Main event
& Builder, High Level
Front -End g

Trigger online
reconstr




Offline Analysis Chain

offline
reconstruction, T
calibration,

storage

alignment

. User Analysis
Program

4

|
(Q\

2 E
@ _ % I3 * H1 e'p NC 94-00 prelim,
JE— % 10 ”E A HlepNC
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g E - SM¢*p NC (CTEQSD)
® af — SMe'p NC(CTEQSD)
107 L s
2k
10 =
a3k
10 =
£ % Hle'p CC 94-00 prelim.
@ 10 < L amepCe
£ O ZEUSe'p CC 9900 prelim.
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Data reduction/abstraction

particle N

"'ll..', al P : //7’
/1(1;// / éj%/ / m

>V

Digitization/
Reconstruction

Track finding +

Track fit

reconstruct
X2,y 2,22, 12)
Px
P =Py
Pz

hits

(X1,y1.Z1, ty)

Pulse Helght

O S S A L
A B Event 1

=,

Event 2

' t t t t
-1 a 1 H 3 4 5 & T 5
Samiple Muriber

Store the
info for every

event and

every track

signals ’r

Track momentum




Hits

Current situation
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Momentum/Charge of Tracks

A Momentum (p),charge (Z) and curvature)(
P=Mvy =ZeBr

In convenient units this relation is written as

{Pc} [GeV] = 0.29979 - Z - Bltesla] - r[m] (3.1

Track
P le trajectory \
Tl
2

)

25



Particle Identification by Mass
d=g bat = bcat

N m=p/gv=p/g O

1.2<p ra<id

1
B2

0 0.5 1
mass? [GeV/c?P

| MRPC-TOFr d+Au @ 200 GeV
0 05 4 15 2 25 3

3.5
particle momentum p [GeV/c]

26



Hadrons

A Instead of making do with jet reconstruction, often the physics
under study requireghe identification ofindividualhadrons

A Most are unstable, and decay into a few ldiged particles:

Particle | m[MeV] Quarks | Main decay Lifetime ct [cm]
p 140 ud mp 2.63 108s 780
KI 494 us mnp,p P 1.23 108s 370
K 498 ds PP 0.93 1010s 2.7
K.© 498 ds P p,PIn 53 108s 1550
P 938 uud stable > 1P years !
n 940 udd pen, 890 s| 2.73 1013
L 1116 uds pp 2.63 1019s 7.9

Roger Forty Particle ID (Lecture I) 27



Interaction of particles within detectors

Tracking Electromagnetic Hadron Muaon
chamber calorimeter  calorimeter chamber

Muon

are invisible to
. the dector

pthDl"lS Spectrometer
—_—
ot
|
‘ )
IMuohs \ ‘;’-"\ﬂ"
Yy
|~ N
']T,i p Hadronic ‘ >\&
. 2 4
—_— Calorimeter \
__n " —
W guibrtn D The dashed tracks

Innermost Layer... ¥ ... Cuterrmost Layer

Electromagnetic %
Calorimeter &
Solenoid magnet

Transition
Radiation
Tracker

" Pixel/SCT
detector

Tracking

28



Machine Learning for particle identification:

Multivariate Classification
vertex  tracking PID EMCAL HCAL muon
e SR
’ e
K/n/p B il
jeTs—-f ?
H . (-
v P-miss

https://www.jlab.org/indico/event/307/session/1/contribution/4/material/slides/0.pdf

29


https://www.jlab.org/indico/event/307/session/1/contribution/4/material/slides/0.pdf

Electron/Photon Backgrounds:
I\/Iultlvarlate CIaSS|f|cat|on

Example of different calorimeter shower shape variables used to distinguiéh
electron showerdrom jets in ATLAS

30



Machine Learning for particle identification:
Multivariate Classification

®

par9
@par8

Machine Learning tools

Multivariate classification: e N
@par5 @AY »
- JETNET ( Fortran based Artificial Neural " Gy
Network) avur2 QTN
@pari §
+ ROOT-based Toolkit for Multivariate Data  “*
Analysis (TMVA)
h1‘1‘p S: / / root. cer‘n.ch /‘rmva: Input Detector Image  Convolutional Maps Primary Capsules Layer  Particle C.z;:ules Lay:
-> Deep networks (DN) ———
-> Multilayer perception (MP) wle ! Ul £ 4B @ - R e
-> Boosted decision trees s S m T —

Capsule Networks (pixelated)

https://www.jlab.org/indico/event/307/session/1/contribution/4/material/slides/0.pdf
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Machine Learning for particle identification:

I\/Iultlvarlate CIaSS|f|cat|on

(s EMCAL CalorlmeTer
« electron/hadron identification
( shower profile, E/p)

Multivariate classification
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Capsule (pixelated) ML algorithms
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https://www.jlab.org/indico/event/307/session/1/contribution/4/material/slides/0.pdf
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Hadronic Calorimeter :
+ electron/hadron identification
( shower profile, EMCAL/HCAL)
* Muons (EMCAL/HCAL)
Multivariate classification

Fractal dimension using both ECAL and
HCAL fore -, p - and it + at 40 GeV

LML S S S SN S S S S S A

— Electron ]

Muon

— Pion

arXiv:1701.07542v2

« Jets
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Decay and 8

A KO andL are collectively known as’¥, due to their characteristic
two-prong decay vertex

CATLAS |

’ 22 EXPERIMENT

2009-12-06, 10:24 CET
Run 141749, Event 460665

Event with
Kg— mtm—
Candidate




Invariant Mass

™ (B, R) 4-vectors Invariant quantities
M 0 ./ . x* = (t,x,y,2) xhx, = t2 —x? —y? — 72
‘_, <‘ mz(Ez’ Pz) p* = (E,px Dy, Pz) p*p, = E*> —pi —p3 — pz =m?
(E,P)

—_—

— (E1 -|-E2)2 (-F); PZI)Z Energy and momentum conservation
=m? +m’ 2EE 2R R
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Mass reconstruction

A Typical example of reconstruction of a particle deqaty: _
one of the first composite particles reconstructed in the LHC experiments

A This technique an also be used to search for more exciting signals:

m(po) = 135 MeV H- gg
s - SR I vETY R LSS IR LB B R
> C : . B0 | . .
2 60001 ATLASPrellmmary S ; CMS simulation
o C - - 100 fbl
: S B R = = . -
~ 5000: ] = ;
8 I ] 5 :
£ 4000F 1 £ :
P | 5 eooof
3000 0a=19MeV 1 2 !
5 f 7] -il'l E | _
2000 - E 5
- ——f— Data . Ll .
! Fit to data -
1000 ] oD —
——e——  Non diffractive minimum bias MC .
............................ . SR TR DR
00 100 200 300 400 500 600 700 110 120 130 140
) Mo (2

Uncorrected m,, (MeV)
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@]  Making the connection

The imperfect measurement of a (set of)
Raw Data Interactions in the detector

Rec A unique happening:
eg Run 23458, event 1345
Events 6KAOK O2y it xgedayl % I

Analysisz § «O2yTNByYy(i (GKS2NEB 6AGK SEI
the measured quantity (observable) with the prediction.

cross sections (probabilities for interactions),
Observ branching ratios (BR), ratios BRs specific
lifetimes, ...

|

A small number of general equations, with so

26 parameters (poorly or not known at all)




Events / 20 GeV

Data - fitted background

Signals and Error Estimation

Sometimes difficult to distinguish a bona fide discovery

from a background fluctuation...
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Events / 20 GeV

Data - fitted background

Signals and Error Estimation

Sometimes difficult to distinguish a bona fide discovery
from a background fluctuation...

e —
10° = ATLAS Preliminary
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— Background-only fit
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A few months lafer...
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Signals and Error Estimation

Higgs discovery : “We have 56" |

- ATLAS 2011 -2012
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Elastic Scattering
and Inelastic Scattering

b)

e .d

Fig. 4.1. Scattering processes: (a) elastic scattering; (b) inelastic scattering —
production of an excited state which then decays into two particles; (c) inelastic
production of new particles; (d) reaction of colliding beams.



Interaction Cross Sections

where v = v, + v,. Hence the interaction rate for each particle of type a is

dP
Ig = — = NpVvo.

ds

For a beam of particles of type a, with number density n, confined to a volume V/,
the total interaction rate is

rate = r,n,V = (npvo) n,V. (3.24)
The expression of (3.24) can be rearranged into
rate = (n,v)(n,V)o = ¢ Ny 0.

Thus the total rate is equal to

rate = flux X number of target particles X cross section,

which is consistent with the definition of (3.23). More formally, the cross section
for a process is defined as

number of interactions per unit time per target particle

a = - -
incident flux

Large cross section = High probability for observing an event
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Luminosity

W: event rate (T)

f. frequency (Hz)



