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@ CERN Mandate

The CERN mandate is setout in the CERN convention (from 1953!)
which says (amongst other things):

ARTICLE Il : Purposes

1. The Organization shall provide for collaboration among European States in|nuclear research of a pure scientific and

fundamental character, and in research essentially related thereto) The Organization shall have no concern with

work for military requirements and the results of its experimental and theoretical work shall be published or
otherwise made generally available.
2. The Organization shall, in the collaboration referred to in paragraph 1 above, confine its activities to the following:
1. the construction and operation of one or more international laboratories (hereinafter referred to as "the

Laboratories ")|for research on high-energy particles, including work in the field of cosmic raysj each Laboratory

shall include:

i. one or more particle accelerators;

ii. the necessary ancillary apparatus for use in the research programmes carried out by means of the machines
referred to in (i) above;

iii. the necessary buildings to contain the equipment referred to in (i) and (ii) above and for the administration of
the Organization and the fulfilment of its other functions;

Physics, and CERN, has evolved in the 70 years since then, but CERN still focuses on fundamental research, in the domains of
particle and nuclear physics, including both experimental and theoretical research, and R&D for future projects.

From: https://council.web.cern.ch/en/content/convention-establishment-european-organization-nuclear-research



https://council.web.cern.ch/en/content/convention-establishment-european-organization-nuclear-research
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@N Today, the CERN research programme is shaped by the unique accelerator complex that exists at CERN ~ SMARTHEP -
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- Unfortunatley due to time, | will not be able to cover everything. Apologise if your favourite experiment is missed.
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@N Some outstanding questions in fundamental physics

What is the origin of the masses of the elementary particles
(quarks, electrons, ... ) ?

95% of the universe is unknown (dark): e.g. 25% of dark matter

Why is there so little antimatter in the universe ?

What are the features of the primordial plasma permeating the
universe ~10 us after the Big Bang ?

Are there other forces in addition to the known four ?

Etc. etc.
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@m Particle Beams at CERN

Some of these questions can be addressed using particle beams.

Broadly speaking particle beams are used in 3 ways at CERN: Origin of Mass
- Particle collider
- 2 counter rotating beams are collided together } . g

/\Y\ea\ergy Frop, e
)

- Gives the highest collision energy

- Best for for studying heavy (new) particles
- Fixed target:

- A particle beam is steered into a ‘fixed target’ (or beam dump)

Origin of Universe

Unification of Forces

New Physics
Beyond the Standard Model

: : : — =
- Gives the highest rate of particles L3 2
- Best for studying rare processes with light particles 6«* @Q
- Particle decelerator: < «

6\0
- A particle beam is decelerated, or cooled (%
- Allows to ‘trap’ anti-matter particles or rare nuclear isotopes

Particle beams at CERN include protons, muons, electrons, pions, different types of heavy ions (Pb, O, Ar, Xe, ...), anti-
protons, as well as various short lived radioactive isotopes.
The beams span an energy range from <10 keV (ELENA) -> 7 TeV (LHC) (over 8 orders of magnitude!).
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The Large Hadron Collider

 The LHC collides protons at ~14 TeV with
very high luminosity

e For 1 month a year it collides fully stripped

Pb ions

- General purpose detectors (ATLAS/CMS)
* Higgs, Top, electroweak, QCD, Searches for
heavy new particles (SUSY, exotics)
Flavour physics (LHCb)
* B-physics / CP violation

* Heavy ion (ALICE)
* Quark Gluon Plasma

* Small experiements:

* Neutrinos: FASER/SND@LHC (New for
2023)

* Search for exotic particles:
MOoEDAL/FASER/SND@LHC

* Total cross section measurement: TOTEM*

LHo" o7t~ 3 ‘ : | * Forward particle production (input for
ok oA cosmic ray physics): LHCf*

* - take data in special LHC runs



Started physics in 2010

SMARTHEP —

LHC: 26.7km, ~7 TeV
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@) ATLAS/CMS Expe riments SMARTHEP

SCIENCE AND INDUSTRY / O
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Pixel Detector P | A
upgraded in 2017 y L = j /}
replaced some y - £ Z

lectronics in 2018 > & | | Hadron Calorimeter
f . 0 40 | ) Replaced HPDs—SiPMs in
Endcaps in 2018
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"/ Forward Hadron

Calorimeter
l upgraded started in LS1

\ \\Eﬂmphu in2017

Muon Detectors

Drift tubes Ny . ! & Y i
Tile calorimeters + VME— jTCAReadoutin2018  [% e & ¢ 4
i Resistive Plate chambers e ’ f i Major Ungade of L1
LAr hadronic end-cap and \ . _ trigger done by 2016
forward calorimeters Cathode strip chambers ! N 4 / : g

new ME4/2 and RE4/1 installed \ ’ J (4 .
Toroid magnets LAr electromagnetic calorimeters during LS1. \ ’ J Run 2 Trigger/DAQ:
Muon chambers Solenoid magnet | Transition radiation tracker GEM slice test (GE1/1) in 2018 A N / L1 hardware ~100kHz

Semiconductor tracker HLT software ~1kHz

ATLAS and CMS designed to do the same physics — 2 experiments to cross check each others results.
The experiments have been taking high energy data since 2010.

Discovery of the Higgs Boson in 2012 a milestone in particle physics.
Completed the Standard Model but leaves many questions unanswered!
Many searches for heavy physics beyond the Standard Model, unfortunately nothing seen!



ATLAS/CI\/IS Higgs D|scovery at LHC

IIII|IIII|IIII|IIII|IIII|IIII|IIII TT

ATLAS ¢ Data
——— Sig+Bkg Fit (m =126.5 GeV)
-------- Bkg (4th order polynomial)

Ed
-
.

1s=7 TeV, [Ldt=4.8fo"
15=8 TeV, [Ldt=5.9f"

H-yy
(a) .

2013 NOBEL PRIZE IN PHYSICS
Francois Englert
Peter W. Higgs

\s=7TeV,L=51f" \S 8TeVL 53fb

> _I | T T T | T T l>| T T III I || I_
8 161 $ Data S et Kp>05 1]
- Ez+x o 5F :

™ ’ :

~ 14F[zy, 2z o 4F .

@ b [Ims=125GeV T o

c 12 > b 7

(O] L L <

= F 1f

W 10 d 1
0

(&) Qo
T T T

o N B
K;: I

120

140

160 180
m,, (GeV)

Ratio to SM

“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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3 ATLAS and CMS
- LHC Run 1

¢ ATLAS+CMS
------- SM Higgs boson
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Now detailed studies confirm SM

higgs like behaviour at the ~10% level.

Full LHC dataset will improve this to

the few-% level.
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(What the Higgs tells us)

The Standard Model

o P
v (LB
i >LJ \6() 7['5575‘*“'\,(_

+ g -V (@)

This equation neatly sums up our
current understanding of fundamental
particles and forces.

SMARTHEP -

Gauge interactions, well studied
in last 50 years

Yukawa coupling (Higgs to
fermions) not a gauge interaction.
Never studied before. Higgs
coupling to fermions is the first
time we can really study this!

Higgs potential. Need HH production to
study this!

Higgs coupling to vector bosons.
Gauge interaction with scalars.
Similar to what we have seen

before.
11
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ATLAS/CMS: Standard Model Measurements

ATLAS/CMS have a large programme of SM cross section measurements, including very precise W,Z and top
cross-sections, di-boson, jet cross sections etc... Cover 9 orders of magnitude in cross-section!
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ATLAS/CMS: Beyond Standard Model Searches smasTHE?

ATLAS/CMS have carried out a huge number of searches for new particles/phenomena — unfortunately with no
direct evidence for physics beyond the Standard Model.

ATLAS SUSY Searches* - 95% CL Lower Limits ATLAS Preliminary ATLAS Exotics Searches* - 95% CL Upper Exclusion Limits ATLAS Preliminary

March 2022 s ; . Vs=13TeV Status: May 2020 fL dt = (3.2 - 139) fo ! \V5=8,13TeV
Model ignature Ldt [(fb7"] Mass limit Reference . Emiss [
. . ——— r . — Model t,y Jetst ET® [ram™] Limit Reference
4, 3ot Ocu  26jets EM* 139  [IGINANIEXIDEGEN] 10 185 m(F})<400 GeV 2010.14293 T T T
o mono-jet  1-3 jets 139 |4 [8x Degen] 0.9 m(g)-m(¥})=5 GeV 210210874 o ADD Gkx + g/q Oeu 1-4j  Yes 361 Mp 7.7 TeV n=2 1711.03301
£ gorqg? Oep 26 jets 139 | 23 e 201014293 g ADD non-resonant yy 2y - - 36.7 | Ms 8.6 TeV n=3HLZNLO 1707.04147
5 z Forbidden 1.15-1.95 m(¥})=1000 GeV 2010.14293 = ADD QBH - 2j - 37.0 M 89TeV n=6 1703.09127
o o ] = o € ADDBH high ¥, pr >ley >2]j - 32 [Ma 82TeV. =6 Mp—3TeV 1ot BH 1606.02265
- 1e, 2+ . . o
7 Rk e 26 'T‘s s :ig — 22 "‘V;‘,’(S"D Gev GE:N"’E‘;’;;: » £ | ADD BH mulijet - >3] - 36 | Ma 955TeV  n—6, Mp — 3 TeV, rot BH 1512.02586
=1 28 5oaaDhy - P i . = MR CeN B 20220 T | RS1Gkk —yy 2y - - 367 |Gkkmass 41 Tev KfMp =01 1707.04147
@ @ oggWZl Sﬂsf;’# 7'6! 1 ei's Er :gg z . 1.97 o) <800GeY fggg ggggg ©  BukRS Gk — WW/ZZ multi-channel 361 | Gy mass 2.3TeV kMg =1.0 1808.02380
H ) " ! £ : m(e)-m(¥1)=200Ge : £ | BUKRS Gyx — WV — (vaq Teu  2]/1J  Yes 139 | Guxmass 20TeV ko — 10 2004.14636
S g gt 0-1epu 3b EpS 798 | & 2.25 m(¥})<200 GeV ATLAS-CONF-2018-041 W BukRS gkk — tt leu >1b>12 Yes  36.1 gxk Mass 3.8TeV r/m=15% 1804.10823
SSeu 6jets 139 |2 125 m@)rmM):SOO GeV. 1909.08457 2UED / RPP leu =22b=3] Yes 361 KK mass 1.8 TeV Tier (1,1), BAMY — tt) = 1 1803.09678
biby Oep 2b Epis 139 | By 1.255 rqp?ﬂ’;‘\—aoo GeV 2101.12527 SSM Z' — £t 2eu - - 139 Z' mass 5.1TeV 1903.06248
by 0.68 10 GeV<Am(b; X1)<20 GeV 2101.12527 SSM Z’' - 11 4 - . 36.1 Z' mass 2.42TeV 1709.07242
@ < biby, bi—bis — bt Oep 6b Epe 139 |y Forbidden 0.23-1.35 Am(E ¥ 1908.03122 @ | Leptophobic 2’ — bb - 2b - 36.1 | 2" mass 2.1 TeV 1805.09299
E 2 2r 2b EP™ 139 | by 0.13-0.85 Am(¥:. 2103.08189 §  Leptophobic 2’ — tt Oep 21b22J Yes 139 |'Z"mass 4.1 TeV r/m=12% 2005.05138
S S 7 = ¥4 1e, - Yes 139 | W' mass 6.0 TeV 1906.05609
3 A 0-1e, >ljet  Eps 1 1.2 2004.14060,2012.03799 SSM W' &y #
@Rl oo AN ﬂsj/‘ b B 123 - Forbidden BROEH 5 hisheen 8 ssuw 1 1T - Yes 361 |W’mass 3.7 TeV 1801.06992
8 N howh e 2! i th orbidden EEUG - S HVTW - WZ-hggmodelB len  2i/1J Yes 139 |Wmass 43Tev v =3 2004.14636
335 oTbn TG 12r ets 189 & Forbidden 14 2108.07665 3 HVTV' > WV - qqqqmodel B Oe,u 2J - 139 |V mass 3.8TeV av =3 1906.08589
35 Ahdiocli/es et gfvﬂ - o 053 0:85 o s @ | HVT V' — WH/ZH model B multi-channel 36.1 [V’ mass 2,93 TeV av=3 1712.06518
% ! - ;i - HVT W’ — WH model B Oeu 21b22J 139 [ W mass 3.2TeV e =3 CERN-EP-2020-073
i1, o83, B Z/hi) 12eu 1-4b 139 | % 0.067-1.18 2006.05880 LRSM Wg — tb multi-channel 36.1 | Wg mass 3.25 TeV 1807.10473
by, - +7Z 3epu 1b 139 I Forbidden 0.86 m(¥})=360 GeV, m()-m( 2006.05880 LRSM Wg — uNgr 2u 1J - 80 Wpg mass 5.0 TeV m(Ng) =0.5TeV, g, = gr 1904.12679
TR via wz Multiple ¢/jets 139 g; g; 0.96 ymp%‘,’):o, wino-bino 2106.01676, 2108.07586 _ | Clqqqq - 2j = 37.0 A 21.8TeV 1, 1703.09127
ee, = 1jet 139 | XX 0.205 m(F)-m¥)=5 GeV, wino-bino 1911.12606 O  Clttgq 2ep - - 139 |A 358TeV. CERN-EP-2020-066
TGV viaww 2eu 139 | ¥ 0.42 m(E)=0, wino-bino 1908.08215 Cl tttt lep  >1b>1j Yes 361 [A 2.57 TeV 1Carl = 47 1811.02305
{r;)zg via Wh Multiple ¢/jets 139 )f.’/iﬂ Forbidden 1.06 1)=70 GeV, wino-bino 2004.10894, 2108.07586 Axial-vector mediator (Dirac DM) 0 e, u 1-4j Yes 361 Mined 1.55 TeV 84=0.25, g,=1.0, m(y) = 1 GeV 1711.03301
> § XX via /v 2ep 139 X 1.0 1908.08215 S Colored scalar mediator (Dirac DM) 0 e, u 1-4j Yes 36.1 Mmed 1.67 TeV 0, m(y) = 1GeV 1711.03301
oL far)?‘,’ 27 139 T FLTRL] 0.16-0.3 0.12-0.39 1911.06660 Q VVyy EFT (Dirac DM) Oepu 14,<1]  Yes 3.2 M, 700 GeV m(x) <150 GeV' 1608.02372
S friLg, 00 2ep 0jets 139 |7 0.7 1908.08215 Scalar reson. ¢ — ty (DiracDM) O-1e,u 1b,0-1J Yes 361 |ms 3.4TeV y =0.8,1= 0.2, m(x) = 10 GeV 1812.00743
e, i =1jet 139 4 0.256 1911.12606
s e ! " Scalar LQ 1 gen 12e 22j Yes 361 [LQmass 1.4TeV B=1 1902.00377
A, =1GI2G ok oot S | i 055 — 210311604 Scalar LQ 2™ gen 124 2]  Yes 361 [LQmass 1.56 TeV p=1 1902.00877
s e a - Scalar LQ 3" gen 27 2b - 361 [LQumass 1.03 TeV BLQY - br) =1 1902.08103
Oep  =2largejets 139 i 0.45-0.93 2108.07586 i -
Scalar LQ 3" gen 0-1epu 2b Yes 36.1 LQj mass 970 GeV B(LQY — tr) =0 1902.08103
Direct ¥1¥; prod., long-lived ¥7 Disapp. trk 1jet Eps 139 )gz 0.66 Pure Wino 2201.02472 VLQ TT — Ht/Zt/Wb+ X multi-channel 36.1 T mass 1.37 TeV SU(2) doublet 1808.02343
Ba X 0.21 Pure higgsino 2201.02472 >e VLQ BB — Wt/Zb+ X multi-channel 36.1 B mass 1.34 TeV SU(2) doublet 1808.02343
< % Stable g R-hadron pixel dE/dx Eiss 139 7 2.05 GERN-EP-2022-029 g 5 VLQ Ts/3Ts/3| T3 = Wt + X 2(SS)/23eu>1b,21]  Yes 36.1 Ts/3 mass 1.64 TeV B(Tsi3 — Wi)=1, c(TssWe)=1 1807.11883
ST Metastable z R-hadron, 3—qqt} pixel dE/dx Eps 139 | & [r® =10ns] 22 CERN-EP-2022-029 I 3 QY- WhiX Tep 21b>1 Yes 361 [Ymass 1.85 TeV B(Y > W)= 1, cr(Wh)=1 1812.07343
28 i Displ. lep s 129 &g — 50i1,67815 VLQ B — Hb+ X Oeu2y 21b>1 Yes 798 [Bmass 1.21 TeV Kk5=05 ATLAS-CONF-2018-024
S ! * 034 2011.07812 VLQ QQ - WaWq tepu >4]  Yes 203 1509.04261
| dE/d: i 3 2 -EP-2022-
Pixel dEcke T 139 i i) CERNER2022:029 5@ Excitedquark g” — ag - 2j N 139 |lqTmass 6.7 TeV only u* and d", A = m(q") 1910.08447
© § Excitedquark ¢° — gy 1y 1] - 36.7 q* mass 53TeV only u* and d*, A = m(q") 1709.10440
e IR & =9 )
ﬁ%l " HEoze—stee 3ep T fE /¥, [BR(Z7)=1, BR(Ze)=1] 0625 1.05  PuroWino 201110543 S'E Excitedquark b* — bg , 1b1] - 364 |btmass 2.6 TeV 180568266
TR X - WWZectevy dep Ojets  Ep 139 | B/ s # 0,0 2 0] 0.95 1.55 m(¥})=200 GeV 2103.11684 W @ Excitedlepton & 3eu = - 20.3 A=30TeV 1411.2921
22 3-qa%), ¥ - qqq 4-5 large jets 361 | g [mE})=200 GeV, 1100 GeV] 3 19 Large 17, 1804.03568 "= Excited lepton v* 3eput - - 20.3 A=16TeV 1411.2021
v Multiple 361 |7 [,=2e-4,1e-2] 055 1.05 (¥1)=200 GeV, bino-iike ATLAS-CONF-2018-003
3 Ad Ao P [ - m@1)=200 GeV, bino-i Type Ill Seesaw Teu  22]  Yes 798 |NOmass 560 GeV ATLAS-CONF-2018-020
i—bY|,X| — bbs z4b 139 L Forbidden 0.95 m(¥})=500 GeV 2010.01015
@« A, 2jots + 2 PR — g - LRSM Majorana v 2u 2j — 36.1 Ng mass 3.2TeV m(We) = 4.1TeV, gL = gr 1809.11105
o ;' ; - L P o ;‘ a4 042) - TS SR B0 oosss & | Higgs triplet H*= — ¢¢ 234eu(SS) - - 36.1 | H** mass 870 GeV DY production 1710.09748
171, 1= 3 . i .4-1. _ BRI —be/bu)>20% 4 £ Higgs triplet H*= — ¢t et - - 203 DY production, B(H;* — (1) =1 1411.2921
1 & [e-10< 2, <1e-8,3e-10< 4, <3e-9] J BR(f1 —41)=100%, cosé,=1 % S i e . - e &
T B " ov 136 - [ L £ d (61gpy=100%, cost 200311956 Q  Multi-charged particles - . _ 361 | multicharged particle mass 1.22 TeV DY production, lql = 5e 1812.03673
X1 X210, Y y1bs, X{ —bbs 1-2eu  26jets 139 | &) 0.2-0.32 Pure higgsino 2106.09609 Magnetic monopoles - - - 34.4 | monopole mass 2.37 TeV DY production, lg = 1go, spin 1/2 1905.10130
Vs=13TeV  y5=13TeV L + L L +
L L L M A L L L M- artial data -1 1 10
. — ] p: full data 10 Mass scale [TeV]
Only a selection of the available mass limits on new states or 10 Mass scale [TeV] *Only a selection of the available mass limits on new states or phenomena is shown,

phenomena is shown. Many of the limits are based on
simplified models, c.f. refs. for the assumptions made.

+Small-radius (large-radius) jets are denoted by the letter j (J).
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@m LHCb Experiment SMARTHEP
% !{_J?E?Egigne;tor Electromagnetic
oy Calorimeter

RICH1

LHCb is dedicated to flavour physics studies.
Optimized to study B-hadron decays at the LHC, with
; ., , , rige 1 | physics goals of:
— e R - Study CP violation in B sector, multiple independent
: | R measurements of SM CP violating parameters
dl wl _ - Study rare B meson decays sensitive to possible new
, | particles in loops
RICH2 Voon
, Hadronic ~ Stations
Tracking Calorimeter
Stations

Vertex
Locator

Tracking
Station

Dipole
Magnet
Evidence of new particles can show up in indirect “precision” measurements (with heavy new particles can enter via loop

diagrams) before being directly produced at high energy colliders. Heavy new particles can enter via loop diagrams:

- GIM mechanism before discovery of the charm quark _ Sinfe w -
- CPviolation and CKM before discovery of beauty and top quarks R ur Ay,
- Neutral current before discovery of the Z boson I W W
cosbc W~ -
S —>—o VVV—>—— n
I_(O_ cy AV,
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X LHCb: Rare decays RN

Bs->utu- decay very rare decay in SM, with possible large enhancement with New Physics (e.g. SUSY):

b ut .
' Theoretically clean.
HYA? . \ 70 Flavour changing neutral current.
O B Loop and helicity suppressed in SM.
b
S u

~ tan®p

BR(B.2u'u” )™ = (3.3+x0.3)x107° BR(B.2»u"'u )" o« tan®p/M3,
‘Ess;""""""'%o@" ~
[0} [ _'Bg—ﬂfll_ E
Latest result from LHCb: E 3O: --- B 5 ptu- E
0 9 OS5 TS g e Combinatorial —]
B(B® - utu™) = (3.0 £0.6103) x 10 SO B onh 3
0 10 7.80 § 205 -ome By o TEOUY, 3
BB® - u ") <34x%x107"° @95 % CL = 15F S B o
8§ E -mm Ay S PRV, -
© 10 B — Jyu'v, =
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m..- [MeV/c2]
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Limit (90% CL) or BF measurement

LHCb: Rare decays

Bs->u*tu decay very rare decay in SM, with possible large enhancement with New Physics (e.g. SUSY):

/

Sl Ul D e

Long history of searches for this decay, finally disocvered at the LHC after more than 25 years!
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Before LH(Itb

LHCb: CP Violation
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CP violation needed to explain the observed matter/anti-matter
asymmetry in the universe.
Naturally occurs in the Standard Model with 3 generations of

quarks (complex phase in quark mixing matrix).

However, measured level of CP violation in SM by far too small to
explain the observed asymmetry.
Studied in detail by multiple measurements to overconstrain the

CKM “Unitarity Triangle” — LHCb has given a huge improvement in
the precision, and a possible future upgrade would bring a big gain

in sensitivity.
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ALICE — Heavy lon Physics at the LHC

* We think that during first few ps: N ity
« quarks not trapped inside hadrons HISTOry of the Universe
* but free in a deconfined phase -> Quark-Gluon Plasma o0
( QG P ) o \\‘\;\;a‘(oﬂ
“(;ne‘g\.’ \ e =
* Around 10 ps: \m \ &
—r T v A%

A < a Q@
‘-%'Cl
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O
D » % (
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e T~170 MeV (~ 2 1012 K)
e quarks and gluons recombine quark epoch -> hadron
epoch
* Although the Higgs gives mass to fundamental particles
nearly all atomic mass (~99%) is dynamically generated by

QCD confinement
e Mass of uud quarks ~ 10 MeV @ @
* Mass of proton ~ 938 MeV 6
o

194 1apey, yiep ojqiss0d
)
9 <@ -
(fe]]
Usin Uonelpe; saemoioiw HWSO°

S1o
Al
a

{o)

Key: W, Z bosons N\\, photon
d quark @) meson . galaxy

g gluon <) @ ® baryon
* star

€ electron jon
Lmuon Ttau

* By colliding heavy ions at very high energies can reach _ %)m -
energy densities that should form the QGP T

» Evidence of QGP formation already from previous (lower
enegy) experiments at BNL-RHIC and the CERN-SPS but LHC
allows much more detailed studies

e ALICE experiment dedicated for heavy ion physics 18
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)l ALICE — Heavy lon Physics at the L  swamee

ACORDE

* We think that during first few ps:
e quarks not trapped inside hadrons
* but free in a deconfined phase -> Quark-Gluon Plasma
(QGP)
* Around 10 ps:
e T~170 MeV (~ 2 1012 K)
e quarks and gluons recombine quark epoch -> hadron
epoch
* Although the Higgs gives mass to fundamental particles
nearly all atomic mass (~¥99%) is dynamlcally generated by
QCD confinement

« Mass of uud quarks ~ 10 MeV @ @
e Mass of proton ~ 938 MeV
\ @ / MAGNET

N ABSORBER

* By colliding heavy ions at very high energies can reach
energy densities that should form the QGP

e Evidence of QGP formation already from previous (lower
enegy) experiments at BNL-RHIC and the CERN-SPS but LHC
allows much more detailed studies

e ALICE experiment dedicated for heavy ion physics 19

Detector optimized for excellent particle
identification (both for stable and decaying
particles).




ALICE — Example physics

Fitting the measured yields of different hadron types, can extract the transition temperature ~160 MeV

dN/dy

SMARTHEP —

3 3
nt+n K'+K 6 KR’ p+p T+=Z" Q+Q AH+ H 3 4 4
3 3 Ke Sape § = & 5 A—>4-"He ‘He ‘He
& 0 o o
il , , , . ALICE, 0-10% Pb-Pb, \ s, =2.76 TeV ]
e e ol - . : : . : 4 - . —
L P e ¥ al : : : : : : 5
= . . & : -
= = P -
[ &Notinfit i
i ¢ Extrapolated : . : : A
o Model T (MeV) | V(fm) x?/NDF |: il N
1" — THERMUS 2.3 155 + 2 5924 + 543 24.8/11 :BR = 25%; : ; al
" |-- GSI-Heidelberg 156 +2 | 5330+ 505 19.6/11 : : 3
p - .+ SHARE 3 156 +3 | 4476 +696  15.1/11 . a —
- : : ' - : : : : : -
|

20



ALICE — Example phys'

kNorm MOSt head On I 1 :
o Vs, =502TeV }

O |5y =276TeV I

Rpop

0.2

0.4f

0.2

1
0.8f
0.6}
0.4f

II

ALICE
charged particles

171<0.8 1

50-60%

+ 60-70% T

- : Least head-on

70-80%

P, (GeV/c)

P (GeV/c)

0O 10 20 30 40 50 0 10 20 30 40 50 O 10 20 30 40 50

P, (GeV/c)

SMARTHEP
CS Ader
dN / d,
Nuclear modification factor: RAA = ( Pr )AA
(N, )dN/dp,),

 Compare charged particle energy distribution for Pb-Pb

collisions with proton-proton collisions.

* Plot for different “centrality” of the ion collisions (a measure

P
v
—
S

* Sensitive to energy loss of partons in QGP before

of how head-on the ions collide).

hadronization.

e Clear quenching of parton energy due to propagation
through the QGP, stronger effect for head-on collisions.

ATLAS, CMS and LHCb also contribute to heavy ion
physics with Pb-Pb collisions at the LHC.

pA
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2 SPS Experiments

* Fixed target of high energy (up to 450 GeV) proton, or heavy ion beams, or secondary e, u,  beams
* SPS experiments are situated in the CERN “North Area” and are therfore given an NA number!
* QCD (NA58/COMPASS)

* Hadronization CMS

* Heavy ion (NA61/SHINE)
* Quark gluon plasma

* Flavour physics (NA62)
* Rare kaon decays

* NAG63

----------------------------
Neutrino |
Platform

2013 |
1]
1

LHC

TT42

SPS

AWAKE
TI2
. - . " [ 2016 |
Radiation in strong electromagnetic fields Ry
* Light dark matter searches (NA64) 1w MEDICIS
* Missing mass searches OLDE
: o5, J
e Ds production NA65 Ries RE.E_ F T Eict Area |
TT10 ’ '
* Input for future Tau neutrino experiments i |
AP AEL > < - I !
As well as the experimental programme above the SPS acts ) . T . CLEAR
LINAC 3 4 1

as the injector of protons into the LHC, and delivers beam

[ 1994 |
for short testbeams for detector calibration and R&D!

22
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. super Proton Synchrotro SPS) 450GeV, 6.9km

First operation in 1976

23




NAG62 rare kaon decay search

NA62 dedicated experiment to measure the decay: K+ — 7T+V17

Very rare, branching fraction < 1010 predicted with good accuracy (O(5%))
Very sensitive to possible new particles entering in the loops (similar to LHCb).

SM: box and penguin diagrams

S W 4 S W d S d
S e
u,c,t u,c,t
ll,C,t" 16U, T
d W % v v % v

Experimental challenges:
Signal very rare, need lots of Kaons

3x1012 p/spill, 800MHz beam rate => 5MHz of K+ decays in detector volume

Backgrounds many orders of magnitude larger than signal

Neut

Need excellent background reduction
rinos undetected

Detector needs to have very good coverage to be able to veto backgrounds from missing particles

SMARTHEP

24



m The NA62 experiment SMARTHEP
N NA62 collaboration, @

Un-separated hadron (p/x*/K*) beam. JINST 12 (2017) P05025

SPS protons: 400 GeV, 3x10"2/spill. LAV: large-angle Hadronic M
K*: 75GeV/c (+1%), divergence < 100urad. | Pphoton veto (12 stations) calorimeter don

800 MHz beam rate; 45 MHz K* rate; ,=70ps d‘(*:ﬁf&‘))r
~5 MHz K* decays in fiducial volume
Dump

R

GTK: beam
tracker

Vacuum

L

T KTAG Cherenkov

c,=70ps f
/

kaon tagger

400 GeV|
SPS protons, .. | Spectrometer: mall-angle
Anti-counters -— I[R)eeci?))rl\ . straw chambers — | kr EM  Photon veto
6(? m calorimeter

e
—

T T T T T T T T T T T T T T T -
100 150 200 250 Z[m]

o —
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NAG62 rare kaon decays search
‘5 0 12; 2018 Data Recent result (using data collected in 2016,2017 and 2018).
"% ) SM K*—7tvw Signal events separated by background using kinematic variables.
o 0.1
3 " Nops (2016 + 2017 4 2018) = 20 NEZP =10.01 £ 0.424,5 + 1.194¢
o E 0.087 & Nea:p o 7.03-}—1.05
0.06 -

oLt
30 35 40 45
7t momentum [GeV/c]

I S _—

background ~ —0.82

Br(K*T — mtwv) = (10.6 75 star £ 0.94,5) x 10711 at 68% CL

3. 40 significance
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= 1074
107

10°¢

BR(K"—

1077

1078

107°:

1071

107!

Future proposal:
- to measure branching fraction with 5% precision (same level as the theoretical uncertainty),
- then to measure related (but experimentally more challenging) decay modes: K, - °

NAG62 rare kaon decays search

Long history of searching for this decay.

=

| HHH'

1l W [T II‘ [ TTITI

HHHI’ [l HH‘

|

v Camerini

[

Klems
v Cable

V Asano

\ 4 Experimental upper limit @ 90 % CL

8 Experimental measurement

E787

Theoretical prediction

E787+E949 NAG62

| |

|

| 1

1960

19

70

1980 1990

L
2000

1 ‘ 1 | | I
2010 2020
Year of Publication

SMARTHEP
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@l NA64 dark sector search R

» Dark photon (A’) can act as a mediator between dark matter and the SM particles
* Needed to give the observed DM relic density

* In much of viable paramater space these are light (m<1 GeV) with very weak
coupling (€~10)

NA64 uses the SPS electron beam to
look for A’ being radiated from the
electron in a target, and decaying to

Strongly Intéracting

invisible dark matter particles: %) HeavyParticles
[
e- 0= . A ... | Dark g
e 7T |sector n
[
O
o
‘-—"‘rﬂ_f_ T——— E
z D
- Weakly Intéracting Impossible to
H o H H — % z g
The experiment searches for “missing LightsParticles Discover
energy” due to the A’ - T e K 008y,
. see also Boehm, Fayet (2003)
FOF releva nt Slgnal pa rameter Speace, Pospelov, Ritz, Voloshin (2007)

expect 1 A’ per 10° — 1012 electrons.

Feng 16
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NA64 dark sector seaféh _

. MUON1
4n calorimetry

Veto

BGO Target
SR counters S1

H2

Vacuum vessel

. MM4‘
e- tagging o |
MM1 — MM3
S0 H1
-/
/e-,g-lso GeV
Signature:
main components : :
3 P «in: 100 GeV e- track

* clean, mono-energ. 100 GeV e-beam | J +. . 50 GeV e-m shower in ECAL
« e- tagging system: MM tracker + SR

« 411 fully hermetic ECAL+ HCAL

* no energy in the Veto and HCAL
« Sensitivity ~ €2
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N NA64 dark sector search SR T

No signal seen, but NA64 sets world leading limits on invisible A’ decays in much of the parameter space.

2.8 x 101 electrons on target

10_2: T ) T of 7T
- NA64 can also search for visible
decays of the A’ —e.g
w /
¢ 1073 . VISIBLE DECAY MODE M4 < 2mx
> ]
-
(2 IV
o
—4 _
O 10 ]
10-° 7
mA/,G€V 2
MASS OF THE DARK PHOTON ,



@l NA64 dark sector search SRR

Possible future update, use muon beam to look for dark sector particles that couple predominatly to muons.
Motivated by muon g-2 anomaly.

NN Signature:
_ aooomm . 1) Tagged 160 GeV
HCAL 0B i || BT "“°AL | | ECAlL ? S|° ‘ 160 Gev . |INCOMiNG muon
I | I | I Eq 2) Scattered muon
e [~ BVS MST with <80 GeV
. 3) No activity in HCAL
103 m \//

S
&

;
;
/" BaBar

NA64y, 3x10' MOT

Signal production and decay: oy warailllVal &
w N & S
/ , s— "bb‘*\ ‘r\é‘:// | ?f//
u+2Z —->u+2Z+A,A — xx A
10° ¢ "

| Projected sensitivity
10” 10 10" 10° 10 31
mA’[GeV]

100



PS (Proton Synchrontron): 26635\9/, 6238m S“‘MAR“THEF‘;‘
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26 GeV/c Protons |
coming from PS

Target Horn
Trolley Trolley
Degrader foil
I @
100 keV

<10 keV

SMARTHEP
he Antiproton Decelerator (AD) experiments

* Unlike other CERN accelerators, the AD decelerates anti-protons to reduce their
kinetic energy so they can be used for anti-matter studies and to make anti-atoms

* Anti-protons produced by colliding protons on a target:

Antiproton _
Target Magnetic Horn

p + nucleus — Excited nucleus + p + p + other particles
Antiprotons produced at ~3.6 GeV

Using a combination of stochastic cooling and electron cooling the
beam energy is reduced to 100 MeV in the AD, and then to 100 kev

in the (new) ELENA ring. Final energy reduced to <10kev by passing
beam through degrader foil.

Electron cooling

Momentum energy |n ~85-112 )
8s.

plGeVic]
/D eclaration
Stochastic coolin;
6.6s.
‘ Rebunching

A
357+
Electron cooling |\ Fast Extraction
16s.

pbar injection

201 Bunch rotation

0.3 -
0.1+

35 54 n o 85  time [s] 33
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ALICE

LHC
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@v Taken from: https://indico.cern.ch/event/1132623/attachments/2469990/4259769/Antimatter%20Slides.pdf

What's the cost of a gram of antimatter?

In 2018
Electricity used cost 67 million Swiss Franc, and uses 1.25 TWh per year when running

10% spent on Proton Synchrotron, AD takes ~2.4 s/112 s= 2% of cycles
Costs ~130,000 CHF in electricity per year to produce antiprotons

~10 trillion antiprotons produced per year ~12 picograms

LHC

Cost per gram ~8000 trillion Swiss Franc (100x world GDP/y)

SPS

- Notincluding people to operate the machine! N

General services and
Administration Facilities - LHC

General services and
Administration Facilities - Prévessin

Not a cheap way to make lots of antimatter

General services and
Administration Facilities - Meyrin

Or looking at it another way — cost per particle
12 nano Swiss Francs or 40 cents per shot

CERN Financial Budget 2018
https://hse.cern/environment-report-2017-2018/energy



https://indico.cern.ch/event/1132623/attachments/2469990/4259769/Antimatter%20Slides.pdf

D SMARTHEP~
2 he Antiproton Decelerator (AD) experiments

 Scientific goal to look for evidence of violation of CPT symmetry
 Comparing fundamental properties of anti-matter and matter

* Several experiments using different techniques AEglS, ALPHA, ASACUSA,
BASE and GBAR >

* Very experimentally challenging!
e Different techniques across experiments:
* Positron source
* Anti-hydrogen creation
* Trapping method
* Measurement methods

Cryogenic UV buildup cavity, Lasers + Penning traps- hard!!!

* New efforts to transport trapped cold anti-protons / anti-hydrogen

* Transport anti-hydrogen to quieter location for measurement since fluctuating
magnetic background in experimental area limits precision for spectroscopy (BASE-
STEP experiment)

* Transport to anti-protons to ISOLDE to study neutron rich nuclei via antiproton
annihilation (PUMA experiment)

36
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@N @ Antihydrogen spectroscopy

HYDROGEN N3oOAAYH

1S-2S: two photon
transition

4 x 10713 (~10 Hz)
in a cold (~6K) 2 T Py
atomic beam \ ’S
G. Parthey et al.

Phys. Rev. Lett. 107| =— ,— = 112
(2011) 121nm

hyperfine splitting
measurement in maser F=0
~ 10712 (~1 mHz)

Ramsey, N. F. Rev. Mod.
Phys. 62, 541-552 Bohr Dirac Lamb HFS dmsl >61id

(1990).

37



2 ©

Antihydrogen

1S-2S: two photon
transition

4% 1071 (~10Hz)
in a cold (~6K) 2
atomic beam

G. Parthey et al.
Phys. Rev. Lett. 107
(2011)

hyperfine splitting
measurement in maser
~ 10712 (~1 mHz)

Ramsey, N. F. Rev. Mod.

Phys. 62, 541-552
(1990).

HYDROGEN
]
A 2P3/2
\ S —
A
A_ - 2P1/2
121nm
F=1
1S1/2 “_
21cm
F=0
Bohr Dirac Lamb HFS

Impressive precision on spectral

SMARTHEP
spectroscopy |

NIoOAAYH

Characterization of the 1S-2S transitionin
antihydrogen
~2x 10712

M. Ahmadi, B. X. R. Alves, [...] J. S. Wurtele

Nature 557,71-75(2018) | Cite this article

Observation of the hyperfine spectrum of
antihydrogen

_ ~5x%x10™*
M. Ahmadi, B. X. R. Alves, [...] J. S. Wurtele
Nature 548, 66-69(2017) | Cite this article
ALPHA
Collaboration
2iH dmesl o61id
lines measurements! 38
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@N Planned gravity measurements with antihydrogen atoms SMARTHEP -

\\\\\\\\\\\\\\\\\\\\

Plurality of approaches

VERTICAL TRAP H BEAM
- increase up/down sensitivity - Sensitivity to ~10 um deflection

(up to 1.3m trapping range) needed
- much improved field control - cold antiproton translates in cold
H thanks to CE mechanism
Sign measurement planned soon
1% targeted H cooling to ~20 mK Sign measurement targeted
and advanced magnetometry & } detector

Laser (t,)

€
E
&
L
=
7]
g
Y

0 02 04 06 08 1

- o e* laser ions
—— — eV H*ions ~,
rBlased linear RF Paul trap Output end-caps
X position (mm) 1000 o
S. Aghion et al. Nature Communications 5 (2014) 4538

EN
&

Remember even if fundamental anti-particles interact differentally with gravity, most of the mass of the
atoms/anti-atoms comes from QCD confinement effects. Anti-atoms will not fall “up”. >




N —TO F SMARTH EP}

* Neutron time-of-flight (N-TOF) facility for high accuracy neutron-induced
cross-section measurements

* Focused on neutron astrophysics, nuclear technology, medical

20 GeV/c proton beam from the Proton Synchrotron (PS) strikes an actively
cooled pure-lead neutron spallation target

* Produced neutrons are water-moderated to produce a spectrum that
covers 11 orders of magnitude in energy from GeV down to meV

 Measured nuclear reaction rates very important for:
* Big-bang nucleosynthesis (relevant for Li anomaly) and stellar evolution

* The development of nuclear-energy technology, including possible future beam
driven reactors

EARI1 (2000)

Vertical | §
beamline |
~20 m

— — — — v—

samline:
Hori’/onta\ npeutron bHeam

o |

T 40

o
Proton beamline

Neutron spallation target and NEAR station (2021)



PSB (The Booster) o o

157m (4 rings)

1.4 GeV
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i ‘ ISOLDE at CERN |

LHC North Area

SPS

T2

HiRadMat
I

ELENA AD
(2016 (31 m) | ISOLDE

BOOSITER 1992 |
e m REX/HIE
S

1972 (157 m

East Area

n-l1ok I
| 2001 "w— — PS

e . .
LINAC 2 [ _j _ <CTF§

LEIR

LINAC 3

1.4 GeV protons (~92% speed of light)

e 50% of CERN'’s protons
20
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&l ISOLDE: Radioactive lon Beams (RIB)

* [sotope Separator On-line Device (ISOLDE) Facility at CERN
* Produces rare radioactive isotopes

yieid (at/uC)

10

100
1E3
1E4
1E5
1E6
1E7
1E8
neutrons 1E9

1300 isotope of more than 70 chemical elements producec

NNNNNNNNNNNNNNNNNNN

—> [ [
Thick & hot target
separator

=
......

Nl

SMARTHEP

REAL-TIME ANALYSIS FOR

-
~
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2 Experiments at ISOLDE

* ISOLDE beams used by many experiments

* Covering:
 Fundamental nuclear physics
 Solid state physics

* Bio-physics
* MEDICIS facility produces non-conventional radioisotope for medical
research 0 8
* Nuclear physics measurements include: _ ojmg

100

ounts

* Mass measurements of isotopes 2 1o00
* Laser spectroscopy of nuclear energy levels £ ™

g 1500—_1za'sn '
* Measurement of nuclear charge radii C ey T
150 Sn
300 #gn &
150 r,‘...f’\s.
-2;.50 ' 6 ' 2é0 ' 5(I)0 ' 760 ' 10I00 ' 12I50 ' 15l00

Relative frequency (MHz)



Example of physics highlight: towards a nuclear clock at ISOLDE

Over past 60 years, unit of time (second) defined using atomic clocks, i.e. transition (~ 9 GHz) between two hyperfine

levels of ground state of cold '33Cs atoms. Precision: 10-'6 (1s in 300 million years). Tirolf, Seiferle, von der Wense
Nuclear clocks are potentially more precise than atomic clocks, due higher transition frequency (optical region) and
less sensitivity to external perturbations. They are also excellent quantum sensors.

229Th is currently best candidate for a nuclear clock: first excited state (?2°Th) is at only ~ 8 eV from ground state and has long half time
(= narrow spectral line)

Experiment at ISOLDE in 2022: 22°"Th produced using B-decay of a 22°Fr - 22°Ra beam implanted into CaF, and MgF, crystals.

Radiative decays of 22°Th observed for the first time - allowed precise measurement of transition energy (essential for laser excitation of
the clock) and confirmed “long” lifetime of 22°Th state

8.8
lure B+ a %\ g
neee ~N
] > ;
h{ #Th | *Th | ®Th 3861 = o
oy\ a B- () - g f e
C (] o o |
o —_Q . = L
.C ZZBAC 229AC 230A 231Ac 8 84 _ g © .2 3
B A N B- = 2 @ o g
2 .g >~ L €
22 22 22 23 E __% g
‘Ra “Ra | “Ra | “Ra ~ 82 - £ o
8- B B- B 5
— .U_)
zz7|:r 2zaFr 229Fr 0 T T ! T T ™= T
o i 5 8.0 - 142 144 146 148 150 152 154
- - vacuum wavelength (nm)
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. CERN has a strong R&D programme covering experimental and accelerator
physics

* AWAKE is a proof-of-principle experiment that uses plasma to accelerate
particles to high energies over short distances

* In principle plasma wakefields can generate acceleration gradients hundreds of times
higher than those achieved in current radiofrequency cavities

 AWAKE uses protons from the SPS to create plasma wakeflelds in a 10m long plasma
cell. This is then used to accelerate an electron “witness” beam up to a few GeV

 19MeV -> 2 GeV acceleration achieved in 2018
* Could be used to make future high energy e+e- colllders much smaller and
affordable! —

CMS

W Y—
North Area
m)
0 _~
e TT40
1976 (7 m)
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2 rap

 CERN has a strong R&D programme covering experimental and accelerator physics

* Proto-Dune is an R&D effort to build the first very large scale LAr TPC detectors for
neutrino physics
* LAr TPC technology first proposed in 1977 by C.Rubbia for neutrino physics,

* LAr used as both the target for neutrino interaction, and the active detection medium
(scintillation and ionisation)

* Proto-Dune is O(1ktonne) but is actually a small scale protype of the final DUNE experiment
detectors (which will be 4x10ktonne detectors)

Protodune performance studies
with particle beams from the SPS

DUNE:ProtoDUNE-SP Run 5387 Event 90017

)00 10.0 —

o
U

300

Ao
=)

)00

00

'7 )'/ \ 00

)00

N
w

o
=)

Charge/tick/channel (ke

B
L

£ 800 ton of Liquid Argon
B The largest LAr-TPC ever built

|
N
(5]

0 100 200 300 400 500
Wire Number
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X Longterm future projects

* CERN is currently studying the possibilities of a new larger accelerator,
the Future Circular Collider (FCC)

* Plan 100km ring with up to 100 TeV collision energy (~7x LHC)

Idea is an initial phase of e+e-
collisions at an energy to study
Higgs production.

Followed by a proton-proton o e
collider at the highest energy. TR caiinag se itkote
Requires new superconducting ' s
magnet technology to reach
this energy, CERN is leading a
large R&D effort into such
magnets.

Many challenges (both
financial and technical).

mage Land
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Conclusions

* CERN has an extremely broad scientific research programme covering high-
energy and nuclear fundamental physics research as well as applied science, and
R&D

The CERN experiments are carrying out cutting edge research in many areas with
results relevant across a broad range of physics (cosmology, astronomy etc...)

The programme is driven by the unique and flexible CERN accelerator complex

* Many interleaved machines providing an incredibly diverse set of beam species and energies

* Crucial parts of the chain were built more than 60 (PS) and 40 (SPS) years ago but still providing worlds
best beam for many experiments

* Operated by an extremely competent and creative group of accelerator physicists and engineers

CERN is currently looking at future medium and large-scale projects

Enjoy you research!
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