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Linking the mass scales Lancaster €23

Avogadro number - link between the world of particles and your
“normal” everyday world:

Any 1 gram of any matter contains 6 * 1023 nucleons (protons or neutrons)

That’s a very large number -- 600’000 billion billion

Vato Kartvelishvili — Introduction to High Energy Physics :: FGTSP Kutaisi :: 1 November 2024 :



Interactions and scales FAncasier &2
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Well-established models and theories at present exclude gravitational interactions:

1. quantum theory of gravity has not been built yet;

2. may (should!) be tied to properties of space-time at tiny scales;

3. too weak to matter for particles under ‘usual’ circumstances.

However, weak, electromagnetic and strong interactions are understood and
described reasonably well.
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Particle physics — What is it about? BRas &

‘Elementary’ Particles — e, p,n,v, u, 7,v, W, Z ... and their interactions.
You should already know a few things about them.
Is Particle Physics a difficult subject?

Compared to other areas of physics (nuclear, solid state, bio-...) and other sciences
(botany, chemistry, zoology, medicine) PP is actually very simple:

4 Particles have (relatively) few properties (‘quantum numbers').
4+ These properties usually have few discrete values.
4+ Particles obey very simple, relatively few, well-defined laws.

4+ All elementary particles of the same type are absolutely identical.
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Constituents of the Standard Model Galversty &a
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What do particle physicists do? BRas &

THEORISTS:

« come up with mathematical models which describe experimental observations
better and better, starting from more and more general principles and following
the maths

 calculate various measurable quantities with better and better uncertainty to
confront with experimental data

EXPERIMENTALISTS:

« measure those measurable quantities with better and better precision

o look for phenomena which the theory is unable to describe

If and when there is a mismatch -- we need a bigger theory!
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Main properties of particles: mass m, charge ¢, spin s.

For an electron in S| system:

me = 9.109 x 1073 kg
e = —1.602x1071C
s, = +h/2 = £+(1/2) x1.055 x 1073 J -5

Particle physicists do not use SI system. Instead, a particle physicist would write:

m. = 0.51 MeV/c?
e = —1 proton charge
s, = =+1/2

The last equation suggests: in particle physics
h=1055x10"%J.s=1

which, for one thing, states that in particle physics the product of units of [energy| and
[time] is dimensionless.
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Can we make things even simpler? Lancaster 73

So, it's natural to choose units such that i = 1. This means that
lenergy| x [time] =1  and also  [momentum| x [distance] =1

Now, remember the relativistic relation between Energy E', momentum p and mass m:
E?=p*c* +m*c!

Relativistic particles move with speeds close to speed of light. Carrying all these huge
factors like (300000000 m/s)? around will be avoided in a system of units where ¢ = 1,
which simply means that [new unit of time| is [old unit of time|/c.

The choice h =1 and ¢ = 1 would mean that
4 Energy, momentum and mass are measured in the same units
4 Angular momentum is dimensionless
4 Time and distance are measured in the same units
4 Energy is inverse of time
4 One needs just one dimesional unit, which is usually chosen as the unit of energy

4 In Particle Physics this is 1 GeV
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Natural system of units Lancaster 73

The system of units with h = 1 and ¢ = 1 is called the Natural system:

1 unit of length = 1 GeV ™'~ 0.1978 fm
1 unit of time = 1 GeV '~ 0.6588-10 **s
1 unit of energy = 1 GeV
I unit of momentum = 1 GeV  sometimes GeV/c
1 unit of mass = 1 GeV  sometimes GeV/c?

Note: 1 GeV = 1000 MeV and (1 GeV)™' = (1000 MeV) ™', but 1000 GeV "' = 1 MeV ™"

One more unit: barn b for cross section: 1 b = 10™2* cm?.

One barn is far too big a unit for particle physics:
1 b=10° mb=10° ub = 10° nb = 10" pb = 10"° fb

The cross sections of most interesting processes in particle physics are usually measured in
femtobarns fb.

Rare processes have smaller cross sections, and vice-versa.
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Collisions — the way to go! Uiy =0

One way to study particle properties is to collide them

Even in bird-watching, there are collisions involved:

o Photons (particles of light) from the Sun collide with the bird and get scattered,
some of those scattered photons get into your eyes

o After all, a photon is just another type of an elementary particle!

We collide particles and observe what happens, trying to make sense of
the results

Naked eyes are not fast or sensitive or versatile enough — we need
sophisticated detectors
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Geneva airport

LHC ring shown as

the red line
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LHC is the flagship

of CERN research
programme, colliding
two proton beams with

energy of up to 14 TeV

One of the largest and
most complicated
engineering constructions

in human history

Two multi-purpose experiments: ATLAS and CMS
Others — such as LHCb and ALICE — are more specialised
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A very long chain of accelerators, culminating
in the Large Hadron Collider (LHC)

Producing beams of protons, ions,

antiprotons. . . even neutrinos!

Lots of experiments, all very interesting

and important

| will only touch the one | know better. ..
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Are proton-proton collisions weird? Uiy =0

Collide two oranges at low energy — you get two oranges

At higher energies they will get squashed, some pulp, some juice...
You will never get any cherries, apricots, apples, or water-melons
Collide two protons at low energy — you get two scattered protons

At higher energies, you will still always get two pristine protons — and

often a lot of other stuff: pions, kaons, Z and W bosons, top-antitop
quark pairs, and an occasional Higgs boson...
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ATLAS event display: x. — J/@(pu*u™) Y candidate Lancaster EZ
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Protons are composite — consist of
quarks gluons and even some
antiquarks

, Virtual

Here a quark and an antiquark | Eion
collide to create a muon-antimuon ‘
pair

Drell-Yan
process

High energy of constituents is s

needed to produce something new

and interesting

A proton is a bunch of quarks and gluons, each carrying a fraction of energy

14 TeV of pp collision energy barely enough to produce a 2 TeV object. ..
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/ boson production candidate
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There are 204 collisions

In one bunch crossing,

CATLAS
2 EXPERIMENT

Run Mumber: 201289, Event Number: 24151616

Date: 2012-04-15 16:52:58 CEST

with a Z — pTp~ candidate

produced in one of them.
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CERN overview video Lancaster €23
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at Lancaster g N CATLAS
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Media reaction back in 2011 GAncasier &3

MWatilOnline

Home News U.S. Sport TV&Showbiz Femail Health F-1-01L 8 Money RightMi

Mews Sport | Weatl

NEWS scIENCE & ENVIRONMENT

Science Home | Pictures | Gadgets Glifts and Toys Store

Large Hadron Collider has first
confirmed sighting of new
particle (but it's not the Higgs)

Home World UK England N.Ireland Scotiand Wales Business Politics Health E

22 December 2011 Last updated at 10:59

LHC reports discovery of its first new
particle

By Jonathan Amos
Science correspondent, BBC News

s Search Wired.co.uk

The Large Hadron Collider (LHC) on the
Franco-Swiss border has made its first clear
observation of a new particle since opening

in 2008. - REVEWS PHOTOS VIDEOS MAGAZINE PODCAST  TOPICS
It is called Chi_b (3P) and will help scientists [t '

understand better the forces that hold matter I Technology Culture Science Business Gaming Autopia Geek Dad The Gre:
together. |

Home News Science LHCs first new particle

Large Hadron Collider discovers a new
particle: the Chi-b(3P)

By Mark Brown | 22 December 11

Phys.Rev.Lett. 108 (2012) 152001
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Top quark mass measurement progress Lancasier €723

ATLAS Preliminary = m,,, summary - Oct. 2013, L =35pb™-4.7 fb”
2010, lepton+jets® . . .
CONF-2011.033, 1 = 35" > . + 169.3 + 4.0 + 4.9
2011, lepton+jets 1 N 1745 + 06 + 0.4 +23
Eur. Phys. J. C72 (2012) 2046, L = 1.04 f
2011, all jets* 1749 + 21 + 38
CONF-2012-030, L, =2.05 fo”" T -
2011, dilepton*® —s : 1752 + 16 4 31
CONF-2012.082,L,, =47 " S = - 28
2011, lepton+jets™ R 172.314 0.23+ 0.27+ 0.67 + 1.35
COMNF-2013-0458, Lrn =47
2011, dilepton*®
, — it 173.09+ 0.64 +1.50

CONF-2013077,L_ =47 for (stat) (JSF) (bJSF) (syst)
ATLAS Comb. Sept. 2013 (conF-2013-102)
172.65+0.31_,_, + 1.40 jcron jcpmenet - stat. uncertainty

e s stat. @ JSF ® bJSF uncertainty

total uncertainty
| | | | | *Preliminary, lE]In;;:uut comb. |
| | |
155 160 165 170 175 180 185 190 195

m,,, [GeV]
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Generations and masses Lancaster£z

Electron Muon Tau
0.000511 GeV 0.1057 GeV 1.777 GeV

Each is much heavier than the =

. // \\
previous .
[ \ ~
!

Three “generations of fermions

. : \ /

The top quark is especially - S

heavy Up Quark Charm Quark Top Quark
0.0025 GeV 1.27 GeV 172 GeV

Nobody really knows why...

Down Quark Strange Quark Bottom Quark
0.005 GeV 0.101 GeV 4.2 GeV

Vato Kartvelishvili — Introduction to High Energy Physics :: FGTSP Kutaisi :: 1 November 2024 : Page 30



Physical theories: how things work Lancaster 73

The development cycle of physical theories:

1. Find (or create!) a mathematical concept/model /theory which has the appropriate structure and
properties relevant to your area of physics.

2. Formulate your problem in terms of this mathematical theory.
3. Solve the mathematical problem (nothing to do with physics whatsoever!)
4. Try to understand and interpret the solution.

5. If /when this solution becomes unsatisfactory (new data, higher precision), go to 1.

History of physics knows many examples illustrating this cycle (Newton, Shrodinger, Bohr, Heisenberg,
Einstein, Dirac, Feynman. . .)

With the Standard Model of elementary particles, we are somewhere at point 4, in search for 5. ..

A big chunk of step 1 in many areas of physics is the Group Theory (sometimes well-hidden!)

Lesson to learn: Do the math first, think later!
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SM predictions versus experiment
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§ pp — X

7 TeV, 20 gb ', Nat Commun. 2, 463 (2011)

8 TaV,500ub ', Phys.Lott, B761 158 (2016)
13 TeV. 60 ub ', Phys. Rev. Lett 117 182002 |
L po-WSpp2ly

7TeV, 4.6 ', arXn:1612.03018 (for ZW) 8
TeV, 202 b7, JHEP 02, 117 (2017) (lor 2)

13 TeV, 81 pb’, PLB 759 (2016) 801 (for W)
13 TeVv, 321" JHEP 02, 117 (2017) (for Z)
Z po— it

7TeV, 461", Eur. Phys. J. C 74:3109 (2014)
8TeV.20.31 ", Eur. Phys. J. C 74:3109 (2014
13 TeV, 3.2 ", arXiv:1606.02699
Zr—0

7TeV, 481", PRD 90, 112006 (2014)
8TeV,20.3M0 ", arXiv:1702.02859

13 TeV, 3.2, arXiv:1609.03920

§ pp -+ H

7TeV, 450", Eur. Phys. J. C76 (2016) 6
8TaV,203f ", Eur. Phys.J. C75 (2016) 6

13 TeV, 36.1 o', ATLAS.CONF-2017-047

§ pp — WW

7TeV, 46", PRD 87, 112001 (2013)
8TeV,20.31m ", JHEP 09 029 (2016)

13 TeV, 321", arXivi1702.04519

I pp — WZ

7TeV, 461", Eur. Phys. J. C (2012) 722173
8TeV,20.3% ", PRD 93, 092004 (2016)

13 TeV, 321", Phys, Lelt. B 762 (2016)

& PP Z

7TeV, 461", JHEP 03, 128 (2013)

8TeV, 203", JHEP 01, 099 (2017)

13 TeV, 36.1 b ', ATLAS-CONF-2017-031
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Properties of the Higgs boson BRas &

Introduced by theorists well before you were born — to make the Standard
Model much more appealing mathematically

Rock-solid predictions for all its properties — except the mass...

It took almost 50 years — and

v 1] £

@ o
construction of the LHC and £ :
its two general-purpose g
detectors, ATLAS and CMS, +10°
to discover... '

.:IE:”

... in the most interesting place! 10°

1000

- 3 | 1 1 1 1 1 1 1
107 300 200 300 400 500
M, [GeV]
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Selected diphoton sample

=ssse==s Blg (4th order polynomial)

=7 TeV, IL:II =48
=8TeV, deI =207 fb" -

* Data 2011+2012
Sig+Bkg Fit (m_=126.8 GeV)

ATLAS Preliminary
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Higgs boson mass measurements
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e ettt
ATLAS ~-Total | Stat. only
Run 1 Vs = 7-8 TeV, 25 fo", Run 2: fs = 13 TeV, 36.1 fo”' Total  (Stat. only)
Run 1 H—4/ @ . = 124.51+ 0.52 ( + 0.52) GeV
Run1H—yy . 126.02 £ 0.51 ( £ 0.43) GeV
Run 2 H—4/ — 124.79 £ 0.37 ( £ 0.36) GeV
Run2 H—-yy — -l { 12493 £+ 040 ( £ 0.21) GeV
. Runi+2H—41 —— 124714030 (£0.30)GeV
Run 142 H—yy 125.32 £ 0.35 ( £ 0.19) GeV
. Run1Combined ~  $—e——m 12538 £0.41 (£037)GeV
Run 2 Combined - 124.86 £+ 0.27 ( £ 0.18) GeV
Runis2Combined  m—em 12497 £0.24 (£0.16)GeV
. ATLAS+CMSRun1 +— """""""""" 125.00£0.24 (£021)GeV
T NN TN S TN T AN TN SN TN SO N TN SN N SN TN SN TN NN TN TN SN SN NN T B
123 124 125 126 127 128
m,, [GeV]
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Once the Higgs mass
has been measured, the
Standard Model has
very specific — and fairly
precise — predictions
for the couplings of the
Higgs field with various
types of fermions and
bosons

So far (sadly) no
significant deviations
have been found, but
uncertainties are still
quite lagre...
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JEL I B L B B LN B BB B LN
ATLAS e Total Stat. == Syst. | | SM
{s=13TeV,24.5-79.8fb"
m,, =125.09 GeV, Iy | < 2.5
Pgy = 93% Total Stat. Syst.
022 113 +013 (7012, +0.06)
Oyge! Ogqr 1.24 tgﬁgg {igﬁgg ; tg:ﬂ )
Swr Ogqr I—_I_d_l 124 *0% ("0% + 039 )
Ol Oggr == 101 o3 (1039 + ‘039 )
S ii. 1t/ SagF = 120 1037 (105 . Lom)
By Bzz- 087 013 (1511 006 )
Byw-/ Bzz- 084 ‘018 (Tga7 s Tomi )
B/ Bzz- 086 0% (1017 T01%)
B/ Bzz 093 0% (Fo3 . To%s)
005 IR Ry S—

Parameter normalized to SM value
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Questions to the Standard Model Lancaster €23

The (gauge) symmetry group of the Standard Model is SU(2) x U(1) x SU(3)

Hence three types of interactions, and the variety of gauge bosons, the interaction
carriers: v, W=, 20 ¢

4 Why are these three types so different — and the fourth, gravity, even more so?
4 Why three generations?

4 Why fractional electric charges of quarks?

4 Why are the fermion masses so different?

4 What determines the mixing of various generations?

These and many more questions cannot be answered within SM.

We need a bigger theory. ..
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Beyond the Standard Model Lancaster 73

4 |s there a bigger symmetry group, which will become visible at higher energies?

= Grand Unification

4 Or maybe the Poincaré-Lorentz invariance group can be extended to include
anticummutation relations?
= Supersymmetry

4 Or maybe our space-time has more than 3+1 dimensions, some of which are

“compactified” 7
= Large extra dimensions

These, and many other, theories exist — and predict some observable effects.

Physicists are searching for them, in a hope to answer some of the questions. . .
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Supersymmetry searches Lancaster£z

AS SUSY Searches* - 95% CL Lower Limits ATLAS Preliminary

ATL

July 2024 ﬁ =13 TeV
Model Signature  [Ldi[m™) Mass limit Reference
o ; - N
33, §—rgk 0ep 2-Gjets  E™S 140 1.85 mif 2010.14283
b T maono-jet  1-3 jets E,’f"“ 140 | § [8x Degen]| 0.9 mig)-mi¥) =5 Gev 2102 10874
i, §—qat] Oea  26js Ef 140 | & L M =0 Gev 2010.14253
F Forhidden 1.15-1.95 m(i})=1000 Gev 201014283
@0 ik 3ggWh Tep 2-6 jets 140 | & 22 miP)) <600 Gev 2101.01629
LT S ey Zjets  EPS 140 | F T mii)<700 Gev 2204.13072
B i a—qqWEE Oep  T-ljets % 140 |& 187 i) <600 GeV 2008.06032
5 S5 e & jets 140 F 1.15 i)l =200 G 230701084
=T A 0-1ep 3p  EME 140 | 2.45 i) <500 Gev 2211.08028
S5eu G jets 140 E 1.25 mi{E}-mit )=300 GeV 180908457
byl Oep 26 EP 140 | B 1.255 mii})-400 Gev 2101.12527
L o.68 10 GeV=am(bs 1 )<20 GeV 2101.12527
Byby, By —kS — bhE] Dep &b g 140 | Farbidden 0.23-1.35 f Fh=130GeV, m(i})=100GeV 1808.03122
2r 2b e 140 | B 0.12-0.85 Am(Es, K )=130GeN, m(i; =0 GeV 2103.08163
fify, k) O-lep =zljet EM a0 |F 1.25 miE)=1 Gev 2004.14060, 2012.03799
i\fy, —WhE] lep  3jetsb Ens g4 | Forbidden 1.05 i} =500 GV 201203799, 2401.13430
E fify, fi—t by, B—rG 1-2r Zjewib EP 140 | Forbiddean 1.4 miF, =800 GeV 2108.07665
= g iy, f—ck] § 82, E—sck) Oep 2o Emso3gy |2 0.85 1B05.01643
] Oep mano-jet  ERE 140 0 0.55 210210874
i, i —sebY, E—sZjni) 1-2ep 146 E™ 40 |F 0.067-1.18 200605880
afy, iy + Z Jep 1b Ems 40 | & Farbiddsn 0.88 mif})=360 GV, mif, }-mi{f|)= 40 GeV 2008 05880
D viawz Multiple ¢ fjets ) EEE“ 140 0.96 miE0)=0, wino-bino 210601676, 2108.07588
e, = ljet  EX™ 140 0.205 mi? -eniiT)=5 GeV, wino-bing 1911.12606
FTET via Ww 2ep Eps 140 0.42 miT1)=0, wine-bing 1908.08215
=l i Wh Mulfiple ¢ fjets ik 140 %' Forbidden 1.06 mi1 =70 GeV, wino-bina 2004.10834, 2108.07588
147 via W T 3 i |
FTET via v Zep Emis q40 | 1.0 mif,#)=0.5(miE} jem(T) ) 1908.08215
= E #, torl] 2r £pe a0 | ENFRSRIesEs] 05 mii})=0 240200803
WS bl i—ek] 2ep 0 jets EEf“ 140 | F 0.7 miil)= 1908.08215
e,y =ljet  EMs q40 |2 0.26 mif}-m{f])=10 Gev 1911.12608
HH, A—hGzd Oep =ih  EM™S 140 | @ 0.94 BRIF| — hii}=1 240114922
dep Djets  EZ 140 | & 0.55 BA(T), — Z6G]=1 2103.11684
Dep =zllargejets ™ 140 | B 0.45-0.93 BR(T, — Z6)=1 2108.07586
2ep =2jets EMY 140 | @ 077 BR{TE — ZG1=BRIE] — h3)=05 2304 13072
Diract k1, prod., long-lived &7 Disapp. k. 1jet  Ems q40 | 0.66 Pure Wina 220102472
n 0.21 Pure higgsing 2301 02472
E % Stable § R-hadron pixal dE/dx EF= 140 E 2,05 220506013
ST Metastable § R-hadron, Fsqabl pixel dEidx E&= 140 |& [rigi=10ns] 22 miF)=100 Gev 2205.06013
S 8 i Displ. lap Emss q4p | &@ 0.74 P ATLAS-COMF-2024-011
— ) 7 0.35 i ATLAS-COMF-2024-011
pizal dEidx EMs a0 | F 0.35 (f) = 10 ng 230508013
BRTIE) BT —ze—ete Jep ) 140 Pure Wing 2011.10543
FTET RS = WW/ZELEbvy dep Ojets  EPS 140 m(P)=200 Gev 2103.11664
B, ot K] = ggq =8 jets 140 234 Large 47, 2401.16333
~ i, i s s Multiple 361 ) -200 GeV, bina-ike ATLAS-CONF-2018-003
& i, b7, &7 — bbs = 4b 140 M} =500 Gev 2010.01015
fyfy, fy—bs 2jels +2 b 36.7 171007171
Ry, =gt 2ep 25 140 BR{T—be /u)>20% 2406.18367
T ov 136 BRI —qu)=100%, cosd=1 2003.11958
FEEE ¥ —ibs, By —bbs 1-2ep =6 jets 140 Puife: haggaing 2106.09609
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Status: May 2020

ATLAS Exotics Searches* - 95% CL Upper Exclusion Limits

ATLAS Preliminary-
VE=8,13TeV my

[£dt=(3.2-139) fo™?

Model f,y Jetst ET™ [Latm'] Limit Reference
T T T T T T T T — T T T
ADD Gikw +g/q Oe,pu 1-4j Yes 381 Mg 7.7 TeV n=2 171103301
ADD non-resonant yy 2y - - 6.7 Ms 8.6 TeV n=3HLZNLD 1707.04147
ADD OBH - 2j - 3r.o My B8Te¥ n=5 170309127
ADD BH high ¥ pr =lep =2j - a2 M, B.2 TeV n =6, My =3 TeV, mt BH 160602265
ADD BH multijat - =13j - 35 Mg, 8.55 TeW n =06, My=3TeV, rot BH 151202586
RE1 Gy — ¥y 2y - - 36.7 | Gk mass 4.1 TeV k(Wpy = 0.1 1707.04147
z Bulk RS Gy — WW /22 multi-channel 351 | Gex mass 2.3 TeV kM =10 1B08.02380
Iﬁ Bulk RS Gy — WV — fvgyg 1e,u 2ji14 Yas 139 Gy mass 2.0 TeV k(Mg =1.0 2004.14638
Bulk RS gicw — tr Teg =1b 2102 Yas 361 | Swe mass 2.8 TeV Flm=15% 180410823
2UED / RPP lepg =2b=3j Yas 361 KK mass 1.8 TeV Tier (1,1), #ALY — ) =1 1B03.09678
S8SM Z' - It 2ep - - 139 2’ mass 5.1 TeV 1903.06248
SSM 7 - orr 2r - - 38.1 Z' mass 2.42 TeV 1709.07242
Leptophobic Z* — bb - 2b - 36.1 ' mass 2.1 TeV 1B05.09299
Leptophobic Z* — ¢t Depu =1b=2J Yes 139 Z' mass 4.1 TeV rim=12% 2005.05138
SSM W' = v Teu - Yas 139 | W' mass 6.0 TeV 190605509
SSM W' — v 1r - Yes 36.1 W' mass 3.7 TeV 160106892
§ HYT W' = WZ — fvggmodal B 1e.u 2ji14d Yas 139 W' mass 4.3 TeV Ev=3 200414636
HYT V' — WV — gqggmodel B Oe,pu 24 - 139 WV mass 3.8 TeV Bv=3 1906.08589
a HVT V" — WH/ZH model B multi-channel 36.1 V' mass 2.93 TeV =3 171206518
HVT W* — WH model B Depg =1lb=2J 139 W mass 3.2 TeV Ev=3 CERN-EP-2020-073
LRSM Wg — th multi-channal 361 W, mass 3.25 TeV 1B07 10473
LRSM W5 — ulNg 2u 14 - 80 W mass 5.0 TeV m{MNr) =05 TeV, oL = gr 180412679
—  Clggaq - 2j - 370 A 2.8 TeV 1, 170309127
S Clifgg Zeu - - 138 | A IS8TV o CERN-EP-2020-065
Cl rrer zlep =1b=1] Yas 36.1 A 257 TeV 1G] = dx 161102305
Axial-vector mediator (Dirac DM) Qe u 1-4j Yas 36.1 Mimed 1.55 TeV Eq=0.25, g,=1.0, m(y) = 1 GV 1711.03301
E Calored scalar mediator (Dirac DM) 0 e, 1-4j Yas 8.1 [, - 1.87 TeV =10, m{y) = 1 GaV 171103304
WV yy EFT (Dirac DM) Oe.p 1d=1j  Yas 32 M, 700 GeV m(y) = 150 GeV 160802372
Scalar reson. ¢ — ty (Dirac DM} 0-1 e, p 1b 01  ¥as 36.1 iy 3.4 TeV y=04,1=02 my) = 10 Ga¥ 1B12.08743
Scalar LO 1 gan i2e =2j Yas 6.1 LG mass 1.4 TeV g=1 1802.00377
[n} Scalar LQ 2™ gen 12u =2j Yas a1 LE) mass 1.56 TeV g=1 1802 00377
= scalar LO 3 gen 2r 2h - 36.1 LQy mess 1.03 TeV BLQ — br]=1 180208103
Scalar L0 3" gan 0-1ep 2b Yes 361 | LOjmass 870 GeV B(LQY —tr) =0 1802.08103
VLA TT — Ht/Zt/Wb+ X multi-channal 38.1 T mass 1.37 TeV 5U0¢2) doullet 160802343
VLA BE — Wit/Zb+ X multi-channel a1 B mazs 1.34 TeV 5Ui2) doullet 1608.02343
VLD Tsia TealTspa — We+ X 2{SS5)z3epn=1b21] Yas 36.1 Ty Mass 1.64 TeV B Toa — W)= 1, o TssWe)=1 1B07.11883
VIO Y — Wb+ X lep =zlbzli Yes 361 ¥ mass 1.85 TeV B(Y — Wh)= 1, cr(Wh)=1 1B12.07343
VLA B — Hb+ X Dep 2y z1b 2zl Yes 79.8 B mass 1.21 TeV xg=05 ATLAS-CONF-2018-024
VLA QQ — Waklg 1e.p =4j Yas 203 150904261
Excited quark g§° — qg - 2j - 139 q° mass 6.7 TeV only v and &, A = m{g") 1910.08447
_s Excited quark g* — qy 1y 1j - BT q* mass 5.3 TeW only v and d*. A = m{g*}) 1709.10440
Excited quark b* — bg - 1b1j - 361 b* mass 2.6 TeV 1B05.09299
E Excited lepton £ Jep - - 20.3 A =30 TeV 1411.2621
Crctediopon S ——————a ATt e
Type Il Seesaw 1eu =2j Yas 79.8 * mass 560 GeV ATLAS-CONF-2018-020
LRSM Majorana v 2y 2j - 38.1 Mp mass 3.2 TeV m{We) =41 TeV. g = gp 1604911105
Higgs triplat H** — £f 234eu(55 - - 36.1 H*™ mass 870 GeV DY productan 1710.08748
g Higags triplet H** — fr JepurT - - 203 DY production. B{H* — Ir) =1 1411.2821
Multi-charged particles - - — 35.1 multi-charged particle mass 1.22 TeV DY producton, |g] = Se 1B12.03673
Magnetic monopales - - - 344 menopale mass 2.37 TeV O productien, |5 = lgp, spin 1/2 1805.10130
‘\G:'IETQ\I' ﬁ=1=m MR | - M " L s ool " " 1 MR | " M PR
partial data full data 10 1 10 Mass scale [TeV]

*Only a selection of the available mass

tSmall-radius (large-radius) jets are denoted by the letter j (J).
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Summary and outlook Lancaster 73

4 Huge amount of work has been done by CERN experiments

4 Antimatter has been created and studied in some detail

4 The Higgs boson discovered in 2012 so far looks like the Standard Model Higgs

4 The Standard Model is standing strong — no SUSY, no sign of any exotics either. . .
4 Some data still to be analysed, and much more data is still to come

4 Hoping for many fascinating discoveries in the near future!
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University

THANKS FOR LISTENING!

ANY QUESTIONS?
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Hadronic production of charmonium ARty =8

Run Number: 160736, Event Number: 3446804
Date: 2010-08-04 05:18:18 CEST

Jhy—ee candidate in 7 TeV collisions
M =3.17 GeV

1A EXPERIMENT
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CERN overview video Lancaster €23

Vato Kartvelishvili — Introduction to High Energy Physics :: FGTSP Kutaisi :: 1 November 2024 : Page 45



