w—'ﬁ?""—

S ==

P i i
- S
! Y 9/ —

Introduction to CMS

cvs 2= 2= L Cf

' / /4 s . ".
- SV v r ol
’ / Y u‘¢" ’ﬂ' = -’
- . ”» $ T - "
a 4 \Y : ‘ - ‘\
o by ; . o
.’, 4 > . . = .‘ =
” o » e
J: v 43 ! v o v
IS8 ' / & i O ’
. - S LR = .
L ! ! . -
ol ) | « i 0 . - -
s il ) D » - . — 1 — -
Y':‘ £ o \ - “ - '\ : ) ——
i ) 3 s ' e L i ) -~
as 1 HERIAY ¥ ahl = EE R |
i [ : N, { ’ ; .
' o g O\
) /_ e o A _—
”u‘- 4
-.-’V ,.. : : —
'.-' 1
I > - —_

- e ——— .
LEE -
i —_— ]

- B3
; \"r"f"; £
* | LY & 4 )
! ." ¥ 4 ! ".\‘ —_—— A,\
T 5 0'..-.\ A ) —
. b~ : 5 3 % |
v N o | — L
A S : = —

, & & . >
o b .

\ ,.

(¥ ' -

« V4N

Junghwan Goh
gt

Kyung Hee University | 43| CHst

2024.07.03
Korea-CERN Summer School

Aot



Welcome to CERN




CERN Meyrin site E

O
oz

u
0z

Science Gateway 2
(7I'EE, public event)




Fo|tiotn

300 Undergraduate students in Summer School Programmes

>10,000 teachers since 1998
>150,000 visitors on guided tours (free of charge)
Arts @ CERN program
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CERN: World's bigg st laboratory

W' for particle physics

(Conseil Européen pour la Recherche Nucléaire)

Main goal: understand the most fundamental
% particles and laws of the universe...
| developing the most advance technologies
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https://howlargeisthelhc.com/#/

Frangbis Englert

Prize share: 1/2

Pe.’rerVW. Higgs

Prize share: 1/2

The Nobel Prize in Physics 2013 was awarded
jointly to Francois 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"



CERN pays tribute to Peter Higgs

Peter Higgs passed away on 8 April at the age of 94

10 APRIL, 2024

Peter Higgs, in front of the CMS detector, in 2008. (Image: Maximilien Brice/CERN).

Peter Higgs has passed away at the age of 94. An iconic figure in modern science, Higgs in 1964 postulated the
existence of the eponymous Higgs boson. Its discovery at CERN in 2012 was the crowning achievement of the
Standard Model (SM) of particle physics - a remarkable theory which explains the visible universe at the most

fundamental level.



D’ ot Venons Nous CIO| A =7t

Ou Allons Nous

f2l= Of
Que Sommes Nous F2|l= F2AQI7t
F2l= Of

What is the universe made of? How did the universe begin?
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Time Since the Big Bang
(Billions of Years)
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What is the universe made of? How did the universe begin?
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Looking into the small world, in one slide

Visible light x-ray,
then electron

or, particles
from the universe

Smaller than nucleus,

o protons/neutrons
- T L - AN or even smaller,
- . + new particles
M " n » = 2
Inside of the "atom™: (E=mc)

riore enery Bleeding edge of

the highest energy

Radiations from
radioactive materials,
then produce ourselves
with accelerator technique F
(cyclotron, synchrotron)

No bare eye, nor films,
Build particle detectors

'!- g
-
4 ¢
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Building block of the universe

A. Mempashens

Mendeleev Periodic table Atomic structure
ONMTD CHCTEMH SAEMEHTOBD. géﬁiﬂ+1 2 3 4 5 6 7 8 9 0 11 12 13 14 15 16 17 18
OCHOBAHNOR MA NXS ATOMHOMD BHCH N XNMHYECKOMS CXOACTES. 1 |‘1| H2e _ PROTON
NUCLEUS
TimS0 Zr= 90 7=180.
Va5l Nb= 94 Tam182. 2 |2 llee Bl &1l 4 2(5e NEUTRON
nts Eeats Bttt 1112 131121516 |[17 [ 8
Mn=55 Rh=1044 Pi=197. .
Fe=56 Rn=104s Ir=198. 3 [Na]|mg ALJLSTEILP IS J[C[Ar ELECTRON
Ni=Co=53 Pim106s O-=199. 19 [ 2 21 |[221[231[241[25|[26 ][ 27 ][ 281[291[30][31|[32][33|[ 34 |[35][ 36
“"& s ug-g-; g-m Hg ~200. 4 |? cg Sc || Ti \? Cr M?1 Fg Co NSI Cu||Zn || Ga||Ge || As || Se || Br || Kr
Bull Alm2iy 2m68 Ur=ilg Auw=i87 41 |[42[43 (2445 |[46|[47][48][49][50]|[51 |[52][53 ][ 54
C=12 s;-u. ?=10 s;-l:: 2 > % %? %? %? Nb || Mo T% Ru || R Pg Ag || C In|[Sn||Sb||Te|| T || Xe
N=14 P=31 As=75 Sb=122 BIi=210?
i $Th BT AR BEFAREHEAEERERREE Nuclear structure
- = & ] -
Li=7 Na=23 K=39 Rb=854 Cs=133 Tim=204. 7 |[ 881+ [103][104]| [105][106][107]|[108][109][110][111][132][113][114][115]|[116][117][118
c:-:o g;..g;,. Ba=137 Pb=207. 7 r a|*| Lr Igf Db || Sg Igh I-?s I\%t Ds || Rg || Cn || Nh|| FI |[Mc|| Lv || Ts ||Og
Tmd5 -
Frms- Lampt «[57[581[591[60 ][ 671 |[62 ][ 63 65[66 |[67][681][69 7
i ik HIREIEIRIEN A Dy |[Ho|| Er |[Tm|| Y ) -
HUE ,G - J
«[891[90][91|[921][93][94|[95][96][97 ][ 98 ][99 |[100 10& 102 \ X
*Ac || T Pa || U |[Np||Pu||Am||Cm|| B C Es ||Fm || Md|| No —r

“If we consider protons and neutrons as elementary particles, we would have three kinds of elementary particles [p,n,€]....

This number may seem large but, from that point of view, two is already a large number”
Paul Dirac 1933 Solvay Conference
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Frontier of fundamental physics and technology

What is the universe made of? How did the universe begin?

Particles ' Universe _
Physics laws and matters

at the beginning

Quarks, Le.ptons,. gy @i+ Dark matter and energy
Force carriers, Higgs Sy

Detectors

Accelerators
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Particle Zoo
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Baryon Summary Table Meson Summary Table °

Thi short tabk gives the name, the quantum numbers (where known |, and the status of baryons in the Review. Only the aryons with 3- ar See akothe tabk of suggested T quark-mode lassignments in the Quark Modelsect jon.
4-starstatus are included in the Baryon Summary Table. Due to insufficient data or uncertain interpretation, the other entries in the tabk
ar not established baryons. The names with masses ar of bayons that decay strongly. The spin- parity J© [when known) is given with each

= Indicates particlks that appear in the preceding Meson Summary Tabk, We do not regand the obher et ries as being establs bed.
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Quarks Electrowaak

H

w.

Idee des quarks
(up,down, strange)

1950 1960 | 1870

[
4 | |
z”%ﬂ
z? - - et beaucoup
9] - plus !

(top) 2000
A T T T T O Y

1, |

W

[ T ' I ! T [
GeaV TeV

108 108 1012

I The Standard Model of particle physics

Years from concept to discovery

1880 90 1900 10 20 30 40
——

Photon | |

Muon i

Electron

Electron neutrino
Muon neutrino
Down

Strange

Up

Charm

Tau

Bottom

Gluon

W boson

Z boson

Top

Tau neutrino

HIGGS BOSON

Source: The Economist

s Leptons

50

Bosons
Quarks

60

70 80

| Theorised/explained

| Discovered

90 2000

12
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NUCLEUS

Proton

Neutron

u
D

PROTON
NEUTRON

ELECTRON

="up"quark +3¢€

="down" quark -5 e

wa| = calma

Standard Model of Elementary Particles

interactions / force carriers
(elementary bosons)

three generations of matter three generations of antimatter
(elementary fermions) (elementary antifermions)

mass  =2.2 MeVlc? =128 Gellc? =173.1 GeVic? =2.2 MeWic? =128 Ge\fic? =173.1GeWlc? 0 =124 87 Gelic?
charge % s s -3 = =¥ = -¥ 0 0o
wl W | & | W W@ B @ H
up J charm J top | antiup J anticharmJ antitop J l gluon higgs
r
=47 MeVic? =96 MeVic? =418 Ge\fic? =47 Me\ic? =96 MeVic? =418 GeVlc? 0 m
] Et] =¥ Vs ¥ = Vs 0
1 d " 14 S S 14 t)/ 14 d s 1 S " 14 ﬁj 1 ‘ %
down J strange J bottom I antidownJ antistrangeJ antibottomJ L photon g "
y =z
(2 B
7
=0511WeWic? =105.66 Me\/lc? =1.7768 Gelflc? =0.511 Me¥lc? =105 66 Mekfic? =17768 GeVlc? =91.19 Ge\ic? m (]
= = M
-1 -1 -1 1 1 1 0
+
llé e 1.& u 1[,2 r.[ 1.& e llé p llé r[ 1 a g %
[
electron muon tau positron antimuon antitau Z° boson g i
>
% =2.2 eVlc? =0.17 MeVic? =18.2 MeVic? =2.2 eVic? =0.17 MeVic? =18.2 MeVic? =80.39 GeVic? =80.39 GeVic?
0 0 0 0 0 0 1 -1
E . Ve . Vu .Vt .. Ve . Vi . o . w . v
w electron muon tau electron muon tau W+ boson | | W- boson
| neutrino J neutrino J neutrino _J antineutring, antineutringl antineutring, )

Note: no gravitation, dark matter, dark energy
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Standard Model, still oversimplified

Standard Model of Elementary Particles STRONG VERTICES
q g g g
three generations of matter three generations of antimatter interactions / force carriers
(elementary fermions) (elementary antifermions) (elementary bosons)
| I I | 1 I
g g
mass =22 MeVic? =128 GeVic =173.1GeVic? =2.2 MeVic? =128 GeVic? =173.1GeVlic o =124.97 GeVlc?
charge = % S E - - - - -% -t [u] 0 q g g g
spin | % l:!/ L E:/ 1 ‘t/ L l‘-l/ L 9’, Y L 1 ‘ 0 H WEAK VERTICES
up charm top antiup anticharm antitop J l gluon higgs f
r
=47 MeVlc? =96 Me\/ic? =418 GeVlc? =47 MeVlc? =86 Mel/ic? =418 GeVic? 4] m Z
=¥ d L] —-¥ ¥ ¥ e ¥ 1]
1 1 S 1 b 1 d 1 S 1 5 ‘ 2
“ 4 g > * 4 * > * > “ > * O f
down strange bottom antidown | antistrange, antibotto mJ L photon 9., ELECTROMAGNETIC VERTEX ~ ELECTROWEAK VERTICES
=) ) o) % J 8 Z W W\Zsy
w
=0511MeVlc? =105 66 MeVic? =17768 GeVic? =0511MeVic? =105 66 Mevic? =17768 GeVic? =91.19 GeVlc? Lu o]
-1 -1 -1 1 " 1 = 1 = 0 G} o
ll,t e I.I,E u ll,i r.[ l:'i e l:'i u l:’i T 1 a : %
'—
electron muon tau positron antimuon antitau l Z° boson g o w Wiz
=
72)
g =22 eVic? =0.17 MeVic? =182 MeVic? <22 EWCZ_ =0.17 Me\icz =182 Me\u’_.'EZ =80.39 GeVic* =80.39 GeVic? m H\\ ,'mB
0 0 v] 1] 1] 0 1 -1
E ., Ve ., vV , Vrt ., Ve ., Vv ., Vt L w . \U oL
----- L] ]
LAY
w electr_on muon tau el_ectror_1 muon tau W+ boson | | W- boson H RN
.| neutrino neutrino neutrino antineutrino | | antineutrino | | antineutrino y H P AN
m . Mg

Incomplete theory: no gravitation, dark matter, dark energy + Many free parameters
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Basic building blocks

Fo|tiotn

Electromagnetism Strong interaction Weak interaction
e e q q e Ve E Ve Ve
e gs Iw E 9z
Y g w Z
All charged particles Only quarks All fermions All fermions
Never changes flavour | Never changes flavour | Always changes flavour : Never changes flavour
o=1/137 Og=1 Oz = 1/30
uarks, WWW
Ny Has ggg. 9999 '
osons WZZ, etc
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A A
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- O + O X
wn w
b d b d b d
Initial Final _ > . -
state state Time Time

The diagram is still valid after stretching, rotating it

e e | Multiplied to
e the Amplitude:
.. Prob. «< e4
Y
e
e e P @
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Electrodynamics

time

Pair annihilation Pair production Compton scattering
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Neutral current (Z):

Z - qq,Z -1'",Z -,

g

Charged current (W):

Wt sud Wt ->c5 W > tb, ..
W+ - l+ﬁl

4]

or, Between W/Z or y

N *\ zf
5,
\H" w » ’(W
\ S
P = x
s £ PN
Fa & b Y
W w A > W
# y “
Fi Fi ™,

N \ f;_c
.

w W W % Y

LY LY
MMM'U'\!'L,I"‘L,.
Fa
y, ¥ W }f \x
A w & \\_
,.l‘ #
F . Y
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QCD diagrams

a = e?/4n =1/137

iq q
— 0000000, —
q q
—200000000000000 7 —~
= q q i q
0000000~ — <—=0000000,~—
q q q q
‘ I — . -—~00000000000000 7 —~ -—~00000000000000 7 —~
2 00000097 200000007 00000097 200000007
— — — — — — — —

q qq q . . . \

] ] ] ]

1 1
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STRONG VERTICES

q g g g
g g
q g g g
WEAK VERTICES
f
V4
f
ELECTROMAGNETIC VERTEX
w Wl\Z/y
w Wl z/y
m H- ,emg
_____ ® ) [ ’
H S
m H-’ Ymp

https://en.wikipedia.org/wiki/Standard_Model

QCD

Interesting SM
in the textbook

(+ something "new")

Higgs

Something
really new?

10° |
—
10° |

10° ¢ —————rrry — 3 10°
&\ § ! h s
10° o, . . . 110
7 I : ' ' 1 a7
10" ¢ Tevatron 'LHC: 310
10%% ' '

5

7,

o

=

o

()
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o

10? b

3 I

9
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O
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@

7
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7
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c

)]

=

()

. \s (TeV)
https://www.hep.ph.ic.ac.uk/~wstirlin
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https://www.hep.ph.ic.ac.uk/~wstirlin/plots/crosssections2012.pdf

Z Typical proton-proton collision

Zo|njota

31

INTRO TO CMS / KOREA-CERN SUMMER SCHOOL / J. GOH

2024. 7. 3.



()

AT }w TIME FOR

g

APPE

/=

[ — -
(L)
==
-
~ —
[
P
=
[ —

0000000

(b)

O
= &1,

0
KK
T
=TT
)
K
~ ni0
= Lo
ol OH

(£

¢ “O000000Y
9 "O00B000 "

¢ OOBUT00)

TUOBOT0™ ¢

0000000

9

4 0000000

4 OOBTT00)

470000000

32

GOH

INTRO TO CMS / KOREA-CERN SUMMER SCHOOL / J.

2024. 7. 3.



— - :

FRAchE.lE" >

/-*. oy, “',lgi >
- 50 o 2 "N
* .4 {




LHC/CMS & ATLAS in the B.C. era

16 DECEMBER 1994

1984 R 1992 LHC construction approved

1 Coteber 1992

Fo|tiotn

LABORATOIRE EUROPEEN POUR LA PHYSIQUE DES PARTICULES

CERN  EUROPEAN LABORATORY FOR PARTICLE PHYSICS The CERN council approves the construction of the Large Hadron Collider. To
achieve the project without enlarging CERN's budget, they decide to build the
accelerator in two stages.

C M S 3LJANUARY 1997 i 14 FEBRUARY 1997
CMS and ATLAS experiments ALICE experiment approved
The Compact Muon Solenoid approved

The CERN research board officially approves the ALICE experiment. Re-using the

Four years after the first technical proposals, the experiments CMS and ATLAS are

aficially Bath are g 1 designed to g L3 magnet experiment from the LEP, ALICE is designed to study quark-gluon

¢

the fundamental natureofmameram;th; basic forces that shape our universe, plasma, a state of matter that would have existed in the first moments of the
including the Higgs boson, universe.
& NS
LARGE HADRON COLLIDER
IN THE LEP TUNNEL
G 10 SEPTEMBER 2008
The LHC starts up
PROCEEDINGS OF THE ECFA-CERN WORKSHOP
Mg Letter of Intent ¢ " =~ 30 MARCH 2010
Abstract H Ha
CERN and the European Committee for Future FIrSt LHC CO“lSlonS at i Tev
Accelerators (ECFA) hold a workshop in Lausanne, i We propose &g }ggild_na\ geg;;‘gl o deﬁcmr %;slignedd )todrun at th:al;i st
. inosity at the . The ompact Muon Solenoi etector
Switzerland and at CERN from the 21-27 March 1984. sptimized for th h of the SM Higgs bo from 90 GeV to
. . tl,l;'e!\r’“,zbut c:: Alseosflilr(:wsO de(:c(ion (:E‘LB: wifioenr::\geaorfn;?s:?l;gesig\l:mres from
The event, Large Hadron Collider in the LEP Tunnel, lternative elect k symmetry breaking mechanisms. CMS is also well adapted
marks the first official recognition of the concept of S e :',:;’g,:;’,,,‘:;;;;i:::,y sk h;:ﬁy",ﬁﬁ"‘;)ﬂi:: ';f‘f;,“,',',.",,",‘:';'f: ) el sove
the LHC. Attendees consider topics such as what ey et 1ok, P’“"“‘f,‘},’:’bﬁ,r“"",': YL high precision. e samgy
. resolution for the above particles wi tter than 1% at 1 eV. At the core o
; ; the CMS detector sits a | rconducting solenoid generating a unif gneti
types of particles to collide and the challenges R et [ s ey
inherent to high-energy collisions. The image above muon spectre without compromising the t up to rapid
. of 2.5. The inner tracking system will measure all high p, charged tracks with a
shows one proposal from the workshop — adding the momentum precision of Ap/p = 0.1 p; (py in TeV) in the range 11| < 2.5. A high
. . s e . lution crystal elec gnetic calorimeter, designed to detect the two photon
LHC in with the existing LEP machine — that was later decay of an intermediate mass Higgs, is located inside the coil. Hermetic hadronic
lori S i i i | =47 i i
scrapped. forwand et and messurement of missing tenaverie energy. ' "S8"€ %0 19 SEPTEMBER 2008
http://cdsweb.cern.ch/record/154938/files/CER https://cdsweb.cern.ch/record/290808 Incident at the LHC

N-84-10-V-1.pdf
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“A” major achievement of LHC: Higgs Discovery in 2012

Fo|tiotn

04 JULY 2012
. -1 -1
ATLAS and CMS observe a particle ' 1.7 (8 ToV) + 5.1 W (7 ToV)
consistent with the Higgs boson 8 2200 Selected diphoton sample = 8 s OMS S/(S+8) weighted sum
3 2000E- ®  Data2011 and 2012 3 e EH—=wy + Daa
% - Sig + Bkg inclusive fit (m = 126.5 GeV) I w £
o 1800w, . sth order polynomial - = E —— S+Bits (weighted sum)
1600} = @ o5k -« B component
- 15:7T&V,JLdt:4.8 ' ) b = =lo
1400~ = o of o
1200 \s=8 TeV,J Ldt=591" — g s F
= 3 o 15F
1000 = g :
- — 1
o0F 3 & F E=taeny
600 :_ = + 05 l"-.l‘lN =124.70 = 0.34 GeV
400~ — 2 E
200F- ATLAS Preliminary = P R e ————————————
=] = 1 f 1 f f = B component subtracted
B 100 —
g 0 g +
] i + 3
ATLAS spokespes Fablola Gianot! sents the collaboration's results. (IMAGE: CERN| ° -100;_-+ PR - " -+I n M| PR PR - _;
- o R 100 110 120 130 140 150 160 I P T D T P B
m,, [GeV] 110 115 120 125 130 135 140 145 150
The Nobel Prize in Physics 2013 m,, (GeV)
CMS 1s=7TeV,L=5.11";V5=8TeV,L=19.7 fb’
> data i s %35'_' T« Data ’ R
. . . und H— - 4| - — R
The Nobel Prize in Physics 2013 was awarded 25 g ?.Zﬁtgﬁundz..m. i o f %21—23 GeV :
jointly to Francois Englert and Peter W. Higgs "for = sl = A1 D30F L mmzx E
. . . syst. unc. N ]
the theoretical discovery of a mechanism that s S 2 5F E
contributes to our understanding of the origin of ° Vs =8TeV, fLdt=58 -t o ]
mass of subatomic particles, and which recently 2 W 20 =
. 3 [~ 1
was confirmed through the discovery of the @ sk E
predicted fundamental particle, by the ATLAS and : ]
CMS experiments at CERN's Large Hadron 10| =
Collider" 55 :
Franggis Englert Pe;’rerW.Higgs 100 150 200 250 Jye . :
Prize share: 1/2 Prize share: 1/2 my (GeV) 0 80 100 200 300 400 600 800
m,, (GeV)

2024. 7. 3. INTRO TO CMS / KOREA-CERN SUMMER SCHOOL / J. GOH 35



27km in circumference
~100m underground
Superconducting magnets
Particles ~ speed of light

Temperature 1.9K

He inventory 800,000L

Power consumption 120MW
Number of bunches 2808
Stored energy in magnet: 11GJ
N. of turns per sec. 11256
Beam life 0-30hrs

BOOSTER
072 (157 m)]
/ o pe

>/

Leilr
2005 (78 m}
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Particle collision at LHC

Low 63 (pp)
High Luminosity

RF
& Future Expt.

. Interaction
Pirt

Relative bearn sizes around IP1 (Atlas) in collision

25 ns: 30 long range encounters per IP

Head on
collision

Parasitic
encounters

I
|
|
|
|
|
|

7.5m
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LHC filling scheme

https://lpc.web.cern.ch/cgi-bin/filling schemes.py

Filling Schemes 79977
\ Ipc@
7
7\ cern.ch

Filling Schemes (overview) LPC home

ATLAS CMS ALICE LHCb
2452 2452 1842 1821
Beam 1 Beam 2

Bunches 2464 2464
Non colliding 0 0
Injections 12 12

RF Full Detuning phase/delay info

LHCb

AT-
LAS ALICE c

ALICE -LAS

Hji | |

TOTR TUTTRE TITTRT T0T |
AT

LHCb

oo

Fill: 9852

E: 6800 GeV

t(SB): 08:31:49 03-07-24 11:22:41

PROTON PHYSICS: STABLE BEAMS

Energy: 6800 GeV | B1: 2.58e+14 | B2: 2.65e+14

10.00 m

Beta* |P2:

Bete* IP1: [P

Inst. Lumi [{ub.s)™-1] IP1: 17532.45

FBCT Intensity and Beam Energy

Intensity

L lly

14:00 13:00 22:00 0200 06:00

Comments {03-Jul-2024 10:58:25)

STABLE BEAMS
Roman pots IN

Beam will be dumped at 3pm, then access
for MKI8 module exchange

AFS: 25ns_2352b_2340_2004_2133_108bpi_24in;

Updated: 11:22:38fInstantaneous Luminosity

Beta* |P8

Beta* IP5: [ ERU

IP5: 17069.88

2.00m

IP8: 1645.02

Updated: 11:22:38

IP2: 8.65

1

m-2s
]
=1
=1
=1
=1
Il

=
")
(=
(=
(=]
|

S

Luminosity / 1e30 ¢

14:00 17:00 20:00 23:00 0200 0500 03:00 11:00
— ATLAS — ALICE — CMS — LHCb

BIS status and SMP flags Bl B2
Link Status of Beam Permits true

Global Beam Permit

Setup Beam
Stable Beams

PM Status B1 BE=EAIESsEPM Status B2 ENABLED

Beam Presence
Moveable Devices Allowed In

LHC page 1: https://op-webtools.web.cern.ch/vistar/
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https://lpc.web.cern.ch/cgi-bin/filling_schemes.py
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Note: Experiments at CERN

LHC experlments leedtarget experlments

SR\ )/ '
B 1 | SND@LHC

SND@LHC

Antimatter experiments

! { "'
ASACUSA
ALPHA
‘ g7 SE = [ :
< - £ ! K J N T 4
b, i
“

...And future
experiments

MEDICIS
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Particle collisions in every 25ns at 13.6TeV, average ~40 multiple collisions

- Data processing at 40MHz with >100M channels

- Extreme conditions: radiation with high energy particles (~GeV),
superconducting magnet (1-4 Tesla) to cover large volume

- Random events according to the quantum physics — select rare cases only

- Operating +15 years and more

2024. 7. 3.
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CMS Detector
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Tracking system
~Ttaly, France, Belgium, USA, Austria, Finland,
Switzerland, CERN...

Electromagnetic Calorimeter
Russia, China, France, Italy, Japan, UK, Switzerland,
Greece, Taiwan

Hadron Calorimeter
SA, Russia, Ukraine, Turkey, Iran, India, Hungary...

Solenoid
France, Italy, Switzerland, Finland, CERN, UK,
Japan, Croatia

Muon system
Italy, Germany, Spain, USA, Russia, Belgium, Bulgaria,
South Korea, Pakistan, CERN

Flux-return yoke
Germany, Russia, Czechia, Japan, CERN

Support system
China, Pakistan, USA
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... 1S @ generic particle detector

Fo|tiotn

* Only 7+ particles:
° p. n, e, pt, y, T KE (KO, v)

(Somehow) Distinguishable by their charge, interaction, energy loss
e EM interaction? Tracking Electromagnetic Hadron Muon

chamber calorimeter calorimeter chamber

* Bends under B fields? photons

. . _h.
* Nuclear interaction? ot

* Minimum (but nonzero) interaction?

miions

* Or invisible? ’
7t p

* Decays? —
. —

particle detector particle Innermost Layer... P ... Outermost Layer
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IK@NAS

KOREA CMS Cotiabaration 3

=2 Example: Cloud Chamber

_— —— B, Build own one: https://cds.cern.ch/record/1999082
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Particle passage in media
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Energy deposit per unit length (keV/cm)

lllll 1 ] 1

llllll

ALICE performance
pp, Vs =13 TeV

B=02T

107

1

Momentum (GeV/c)

Ze|tiota
Tracking Electromagnetic Hadron Muon
charmber calorimmeter calorimeter charmber

Innerrmost Layer...

P .. Outermost Layer
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Particle detectors

Timeline of Particle Physics and Instrumentation Modemn Particle Physics Detectors Overview
T 100 st o Tracking Calorimeters| |Muon Detector| |Particle ID
Nuclear Emulsions + Geiger- gg:gwick C. Powell S.L. GlashofM. Perl
Muller tubes dominated i G- Rocheste S Wemperg / / /
s " , -
Racaactiviy e T el 1960-1985: Vertex Det. Hadronic Transition Rad.
H. Becquerel E.W. Aston C.D. Anderson |R. Feyn eak time for
el Bubble Chambers : . -
1m0 20 e 974 Main Tracker Electro-Magnetic Cerenkov Rad.
Electron uantum Mechanics Neutrino
J. J. Thompson| W. Heis ‘berg F. Reines Richtgr / \
R e / / |threshold | [RICH|

T silicon | homogeneous |
1900 gh btomultiplier 195¢ &mc égl& S Bk -
. Jams P ilicon Strip Det. . - :
B. balzberg - Ghar J. Kemmer gaseous samlm Time-of-Flight
B. Lutz

>1980: solid state detectors o e

Wi y'd
h EQ“EE' Cfm:b lr?MWPC A/ \ | scintillator | [RPC |
in common use pthe - Lla ambpers S 2

TPC straw tub LAr scmtlllator

and drift chambers)
Geiger-Miiller

1903 1937 started to dominate .
Spinthariscope ::.béeiger Nuclear Emulsion . et chamber MWPC
W, Crookes o Colger W By Sl Energy Loss dE/dx

https://www.desy.de/~titov/1_2017_07_Cerklje-Slovenia_TESHEP_Historylnstrumentation_ModernTrackingDetectors_14072017_FINAL.pdf
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; Particle detection: Gas

recombination
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Particle trajectory in CMS detector

Fo|tiotn

CMS DETECTOR

STEEL RETURN YOKE
. . Total weight : 14,000 tonnes 12,500 tonnes SILICON TRACKERS
Tracking Electromagnetic Hadron Muon Overall diameter :15.0m Pixel (100x150 ym?) ~1.9 m? ~124M channels
chamber calorimeter  calorimeter  chamber Overalllength  :28.7m Microstrips (80-180 m) ~200 m* -9.6M channcls

Magneticfield  :3.8T
DUCTING SOLENOID
m coil carrying ~18,000 A

MUON CHAMBERS
Barrel: 250 Drift Tube, 480 Resistive Plate Chambers
e+ Endcaps: 540 Cathode Strip, 576 Resistive Plate Chambers
—

PRESHOWER
muons 4 Silicon strips ~16 m* ~137,000 channels
—_—
+ | FORWARD CALORIMETER
TP Steel + Quartz fibres ~2,000 Channels
—_—
n
R

Innermost Layer.,, ———J ...Outermost Layer

CRYSTAL
ELECTROMAGNETIC

Key: Muon o o,
Electron
Charged Hadron (e.g. Pion) Ao CLoRMeTER oK)
n!l“ ~ = = - Neutral Hadron (e.g. Neutron) '

' = = === Photon

X

Transverse slice
through CMS

2+

— P
R =35

EEReREEEEERES

==
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CMS Detector

Zerera

CMS DETECTOR STEEL RETURN YOKE
Total weight : 14,000 tonnes 12,500 tonnes SILICON TRACKERS
Overall diameter :15.0 m Pixel (100x150 um?) ~1.9 m* ~124M channels

Overall length  :28.7m
Magnetic field :3.8T

Microstrips (80-180 um) ~200 m* ~9.6M channels

SUPERCONDUCTING SOLENOID
Niobium titanium coil carrying ~18,000 A

MUON CHAMBERS
Barrel: 250 Drift Tube, 480 Resistive Plate Chambers
Endcaps: 540 Cathode Strip, 576 Resistive Plate Chambers

PRESHOWER
Silicon strips ~16 m* ~137,000 channels

FORWARD CALORIMETER
Steel + Quartz fibres ~2,000 Channels

CRYSTAL
ELECTROMAGNETIC
CALORIMETER (ECAL)
~76,000 scintillating PbWO, crystals

HADRON CALORIMETER (HCA
Brass + Plastic scintillator ~7,000 channels

~
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Is 2@ 4-D camera

Fo|tiotn

LHC numbers

» 11245 times per second for a proton

« Vs =13TeV

» Collisions can happen every 25ns = 40MHz

« ~40 pp interactions / collision
Delivered more than 100fb-" at 13TeV

2024. 7. 3. INTRO TO CMS / KOREA-CERN SUMMER SCHOOL / J. GOH 5 6



CMS Experiment at the LHC, CERN ) N/

Data recorded: 2011-May-25 08:00:19.229673 GMT(10:00:13 CEST)
Run/Event 165633 /384010457 <

() CERM 2011, Al rights reserved. Ittp figuana .cem.chiispy



m*c* = (Ex + Ep)* — (By, + Pp)°

Collide proton beams at high energy
Quarks or gluons inside of the protons collide
Heavy particles are produced, m = E/c?

W e

Unstable heavy particles decay immediately
to other light particles, nice if the particle in the final state is easy to
detect
5. Measure final state particle’s kinematics, identification,
guess what happened in this event
6. Collect as many as possible,
Compare with expectations of theoretical models

2024. 7. 3.
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Contributors 1,149

+ 1,135 contributors

CMS Experiment at the LHC, CERN
Data recorded: 2015-Sep-28 06:09:43.129280 GMT
Run /Event / LS: 257645 / 1610868539 / 1073

= O cms-sw |/ cmssw

<> Code () Issues 815

Languages

C++ 60.6
Fortran 3.8%

HTML 1.6% L

Shell 0.9%

® Other 1.2%

17 Pullrequests 112 () Actions

3 CMSSW Public

¥ master ~

3 Projects

¥ 99 Branches © 2,507 Tags

@ Security [~ Insights

57 EditPins ~

Q Go to file t

Q Type 7] to search > + ~ (0}

® Watch 74 ~

3 cmsbuild Merge pull request #44963 from gpetruc/correlator_gtt_serenity_m oD 29682e8 - 2daysago (L) 244,804 Commits

Alignment
AnalysisAlgos
AnalysisDataFormats
BigProducts/Simulation
CUDADataFormats
CalibCalorimetry
CalibFormats

CalibMuon

Multi-IOV Zmumu mode, fixes on DMR averaged, PV trends
[ANALYSIS] [LLVM16]Fix set but unused variables warnings
remove unused objects and migrate edm::RefToBase to e...
Drop unused flags

Merge pull request #43257 from thomreis/ecal-reco-gpu...

Moved event meta-data storage in streamer files

[CPP20] Replace some enums with constexpr ints to avoi...

Add missing newline at the end of file

Jun12,2005 - Jun 5, 2024

2 weeks ago

last year

8 months ago

last year

5 months ago

last month

3 months ago

4 months ago

% Fork 4.2k - Starred 1.1k -

Add file ~ <> Code ~ About

CMS Offline Software
& cms-sw.github.iof

c-plus-plus  hep  cern

cms-experiment

8

Readme

5

Apache-2.0 license
Activity

Custom properties
1.k stars

74 watching

< O % [ ¢

4.2k forks

Report repository

Contributions to master, line counts have been omitted because commit count exceeds 10,000.

400
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200

100
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2014

2016 2018 2020 2022

2024
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The CMS experiment at CERN is proud to announce the first release of
13 TeV proton-proton collision data collected in 2016. Over 70 TB of 13
TeV collision data and 830 TB of corresponding simulations are now
accessible to the global scientific community and enthusiasts alike
through the CERN Open Data Portal.

SingleMuon primary dataset in NANOAOD format from RunH of 2016 (/SingleMuon/
Run2016H-UL2016_MiniAODv2_NanoAODv%-v1/NANOAOD)

Search
/SingleMuon/Run2016H-UL2016_MiniAODv2_NancAQDvI-v1/NANOACD, CMS Collaboration
66 rosult(s) found Sortby  Most recent ot E = Cite as: CMS Collaboration (2024). SingleMuon primary dataset in NANOAOD format from RunH of 2016 (/SingleMuon/Run2016H-UL2016_MiniAQDv2_NanoAQDv3-v1/f
NANOAOD). CERN Open Data Portal. DOI:10.7483/OPENDATA.CMS.4BUS.64MV
Current parameters Cloaral /Tau/Run2016H-UL2016_MiniAODv2_NanoAODv9-vi/NANOAOD
Tau primary dataset in NANOAOD format from RunH of 2016. Run period from run number 281613 to 284044, The list of validated [ pataset [ comsion I cus | 1srev | pp [ cemn-Liic |
cus Dataset.Comsion runs, which must be appied to all analyses, either with the full validati...
e  couet ) cottn J oo |
e Description
/SinglePhoton/Run2016H-UL2016_MiniAODv2_NanoAODv9-v1/NANOAOD
inciude on-demand datasets SinglePhoton primary dataset in NANOAOD format from RunH of 2016. Run period from run number 281613 to 284044, The list SingleMuon primary dataset in NANOAOD format from RunH of 2016. Run period from run number 281613 to 284044,
of validated runs, which must be applied to all analyses, either with the full...
Type [ ostseet | Cottuon  cos | The list of validated runs, which must be applied to all analyses, either with the full validation or for an analysis requiring only muons, can be found in:
v Dataset (33,880) v/, Al -
Validated runs, full validation
v Coflision (66) /SingleMuon/Run2016H-UL2016_MiniAODv2_NanoAODv9-v1/NANOAOD
Derived (17) SingleMuon primary dataset in NANOAOD format from RunH of 2016, Run period from run number 281613 10 284044.The list of Validated runs. muons only * L]
Simulated (33,797) validated runs, which must be applied to all analyses, either with the full v... alidated runs, muons only Dataset Cha ractel'l St'ICS
\mipslosbi | oot J ot Jf s |
Condiien (3 Related datasets 174035164 events. 82 files. 130.4 GiB in total.
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https://opendata.cern.ch/search?q=&f=experiment%3ACMS&f=type%3ADataset%2Bsubtype%3ACollision&f=year%3A2016&l=list&order=desc&p=1&s=10&sort=mostrecent
https://opendata.cern.ch/search?q=&f=experiment%3ACMS&f=type%3ADataset%2Bsubtype%3ASimulated&f=year%3A2016&l=list&order=desc&p=1&s=10&sort=mostrecent
https://opendata.cern.ch/

Exercise?

http://opendata.cern.ch/visualise/events/CMS

| vxPlane D
¢ CMS Experiment at the LHC, CERN

Data recorded: 2012-Jul-20 05:06:03.253893 GMT
Tracker Barrels : Run/ Event/LS: 199318/ 119646793/ 114

DoubleMuParked_Run201 2C_O.!g:Eve:1ts/Rg|\_1 9931ﬁ£vent_1 19646793 [5 of 25]

v Detector

Tracker Endcaps
ECAL Barrel

ECAL Endcap (+)
ECAL Endcap (-)

HCAL Barrel

HCAL Endcaps

HCAL Outer

HCAL Forward (+) &

- =» 00—+~ - 0000000000000
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http://opendata.cern.ch/visualise/events/CMS

What you see in the real data

102

34 fb' (13 TeV, 2018)

u) % [ [ [ T T [ [ [ [ T T | [ T T |
8 1 011 :E CMS Online Reconstructed Dimuon Events 3_
N 10 = Preﬁm;’nary Jy pT(p} > 3 GeV, n(u) < 2.4, opposite sign =
O 100 E =
| - = =
ﬂ_ — P, O -
» 10° = L | v Y(ns) =
> 10°H 1Y =
(b] 2 B4 -
O] 10" 2 =
D 6 I -
E 105 ?%
u:j 10 : L1-Trigger Selection Requirements _?
104 = 2u,p, > 45 GeV, |n|<2, OS, m{2u)>7 GeV 2u,p, > 1577 GeV _——
3, p, > 5313 GeV 3, p, » 5/5/3 GeV e . . .
103 = 2u,p, >0 GeV, [1j<1.5, 05, sR<1.4 2u,p, > 45 GeV, |n|<2, OS, T<m(2.)<18 GeV PhYSICS of this flgure:
2u,p. =4 GeV, 08, sR<1.2 L, p. = 22 GeV “x _
' ' E=mc?
L 2u,p, >0 GeV, [nj<1.4, 05, AR<1.4 2u,p, »4.5GeY, 05, AR<1.2 . |
102 z 2u,p, =45 GeV, 05 h a
| | | | 1 1 1 | | | | | | 1 1 1 | | | | | | 1 1 1 | II:!I 2 4 u
mc —dq,q
1 10 102 K
ut 1 invariant mass [GeV] = (Ex + Ep)? — (By +B,)°
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The Higgs at LHC, at 13TeV
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CMS CMS 138 b (13 TeV)
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Quite complicated, actually

Proton-proton beam crossing in every 25 ns (40MHz)

But we are eager to increase the rate
— adllow muiltiple pp collisions
Most of them are well-known, inelastic scattering

Only possible with high-granularity, radiation hard detectors
with high-performing software algorithm

CMS Experiment at the LHC, CERN
Data recordad; 2016-Oct-14 06:56:16,7388952 GMT
Run/ Event /132831717 142530805 264
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Data taking during Run1&?2
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CMS Integrated Luminosity, pp, 2010, s = 7 TeV CMS Integrated Luminosity, pp, 2011, vs = 7 TeV CMS Integrated Luminosity, pp, 2012, s = 8 TeV

Ve ry h |g h d ata ta I(| N g Data included from 2010-03-30 11:22 to 2010-10-31 06:25 UTC Data included from 2011-03-13 17:01 to 2011-10-30 16:10 UTC Data included from 2012-04-04 22:38 to 2012-12-16 20:49 UTC
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4.5 45 a5

~
S
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High-Pileup test in 2018
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An overlay of 136 collisions



HiLumi

L LARGE HADRON COLLIDER

LHC HL-LHC

O =15 13.6 TeV 13.6 - 14 TeV
e

energy

Diodes Consolidation
splice consolidation cryolimit LIU Installation

7 TeV 8 TeV button collimators interaction ) inner triplet . I
—_— R2E project regions Civil Eng. P1-P5 pilot beam radiation limit installation
2011 2012 2013 2014 2015 2016 2017 2018 2019 2020 2022 2023 2024 2025 2026 2027 2028 2029 “IIIII
5to 7.5 x nominal Lumi_,
ATLAS - CMS 1
experiment upgrade phase 1 ATLAS - CMS /
beam pipes : : : ¢ HL upgrade
nominal Lumi ~_2Xnominal Lumi, ALICE - LHCb y— S moming Lum ,

75% nominal Lumi /— upgrade
luminosity IR
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E

J|FMIAM|]|J|A|S|IONIDJ|FIMAM ]| J|AIS|ON|ID{J|FM/AM|]|J|AIS|OND{ ] |[FIMAM ]| J|A[S|OND]J|FMAM| ]| ] |AIS|O|N|D{ J|FIMIAIM| ]| J|A[S|ON|D) ]| FIMIAM| ]| J |A|S|ON|Df J| F[M[AM|] | J|A|S|O|N|D{ ] |FIMIAM J|J|A|S|O

=
jw)

| Run3 Long Shutdown 3 (LS3)
2030 2031 203 203 2034 2035 2036 203 203
J|FM|AM|J|1|A|S|ON|D|J| F|M|AM|]|J|A[S|ON|D{J[FM/AM|J | 1|A|S|ON|D{ J| F|M|AM| 1| ] |A|S|O[N|D{ I | FIM AM|J | 1|A|S|O|N|D 3| F|M|AM| 1| |A|S|ON|D{ J | FIM AM| J| J|A|S|O|N|D]{ 3| F|M|AM| 1| J |A|S|ON|D{ J | FIM,AM| J| | A[S|O|N[D]
Run 4 ‘ LS4 ‘ Run 5 ‘
2039 2040 2041
J|FIM|AM|J|1|A/S|O|N|D{ ]| F|M|AM| 1| J|A|S|ON|D|{J[FIM,AM|J| ] |A[S|O|N|D] Shutdown/Technical stop
: . _ . Protons physics
LS5 Ions
! _ Run 6 ‘ Commissioning with beam
| ‘ Hardware commissioning

Last update: April 2023

https://Ihc-commissioning.web.cern.ch/schedule/LHC-long-term.htm
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Collisions for Physics

Beta* IP1: 0.

Inst. Lumi [(ub.s]™-1]
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CMS Experiment at LHC, CERN
Data recorded: Wed Apr 17 04:19:29 2024 CEST
Run/Event: 379530 / 323537809

| Lumi section: 208 :

0_144bpi_18inj_3INDI\

PROTON PHYSICS: STABLE BEAMS Fill: 9530

Energy: 6799 GeV 17-04-24 04:22:38
IP5: CMS
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Run3 data taking
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Muon Detectors
e DTs & CSCs: new FE/BE readout electronics
® RPCs: new electronics

¢ new GEM/IiRPC chambers

* extended muon coverage to Inl = 3

L1-Trigger
e track trigger at L1 (40 MHz)

* latency up to 12.5 ps

e triggers on long-lived particles
Data acquisition & HLT

* increased HLT output rate

Tracker
’ e all silicon (strips and pixels)

1
\ ® less material

* coverage extended to Inl = 4

Barrel Calorimeters

e crystal granularity readout at 40 MHz

* precise timing for e/y > 30 GeV

* ECAL operation at low temperature (10°)
e upgraded laser monitoring system

~|* Endcaps (ETL): Low Gain Avalanche Diodes

N S NG -, ¢ 3D shower reconstruction with
ll \ ' precise timing

A MIP Timing Detector (MTD)

* precision timing on single charged tracks
/| (30 to 40 ps resolution)
|* Barrel (BTL): LYSO crystals + SiPMs

Endcap Calorimeter (HGCAL)
* silicon pixels (EM) and scintillators
+ SiPMs (HAD)

Beam Radiation Instrumentation
and Luminosity (BRIL)

e higher granularity (>2B channels)| « BCM/PLT refit
:x ® new T2 tracker

Fo|tiotn
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LHC doubles luminosity: data rate doubles
~ exponential growth in the early stage

- more particles in an event, combinatorial

CMS Experiment at the LHC, CERN

Computing resource needs will

explode in the HL-LHC era
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Even worse: data complexity I i
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... assuming the same technology trends in CPU & storage
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3000fb-!

o |
/ —

[ Luminositysofar | | Luminosity after HL-LHC |

Running

Learn from the recent
developments in the industry

But in computing-wise, typical HEP analysis
are easy to speed up by increasing num. CPUs
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1M processing cores, 170 data centers in 42 countries
More than 1000 PB of CERN data stored world-wide
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Computing, Al for data analysis

Transfer Throughput
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nt at the LHC, CERN

SPARKS*

Al at CERN

2024. 7. 3. INTRO TO CMS / KOREA-CERN SUMMER SCHOOL / J. GOH 76



; Computing R&D studies
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The CMS Collaboration
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CMS Collaboration
3394 1102 282 247 S

f1=:,
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The CMS collaboration has around:

62388

2166 1228 1102 1388

A typical CM5 physics paper will be signed by the PRD physicists and a significant fraction of the doctoral students
meaning it will typically have about 2100 signatures.
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Korea University

joined CMS
collaboration

KCMS: 117H EHQP ol 712 1200
ZE2 Azl Ay, Aoy, mady,

M=LH, HEAIE'EH,’SEE CH, MIECH,

Moy, A M|CH, shkCh
KISTI: Associate member

https://cms-kr.org

Kyungpook National
University joined CMS
for computing

1998 2006

MOU for LHC ALICE,

CMS, Computing
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Top- SM & Hea Machine
Hig%s POG BSM Ior:(y Learning
. Yo H. Yoo Omon  vrm e
Detector
[ , |
RPC GEM MTD
T. J. Kim T. J. Kim C. Moon
S. Choi I. Park D. Moon
U. Yang J. Yoo
KISTI joined World-
wide LHC Computing
Grid as Tier-1 center
2008 2017

2002

2007

Korean government

2013

10th annivérsary of

U. of Gangneung and
Pohang joined ALICE
collaboration

signing the
International
Cooperation
Agreement

Theoretical physics
exchange program

signing of the ICA

& 20th
anniversary of Korea-
CMS cooperation
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https://cms-kr.org/
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Korean CMS Awards

Fo|tiotn

CMS Awards 2017 CMS Awards 2021 CMS Awards 2023
Minho Kang Benjamin Radbun-Smith Won Jun

CMS Awards 2018
Kyeongpil Lee

CMS Awards 2020

Minseok Oh, Inseok Yoon

CMS Awards 2022
BN | o) e

57 1. B2, v Ece Asilar, Sihyun Jeon
"y, *' 'g:'r,iL =

!51&"“" |
9 . £ R B

i

ol s

b

c
0
N
G§?
R
a DY,
T
u
L
A
TI

‘-1\
'Nn

'\‘
')

g

A

S
ei

w20

2024. 7. 3. INTRO TO CMS / KOREA-CERN SUMMER SCHOOL / J. GOH 81






Fo|tiotn

differenti

e particle acceleratorsges

& for the post-LHC era.

Profiting from CERN'
g infrastructure.

Switzerland
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