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Why? How? And the results

The LHC and the related experiments is a wide subject... | had to make some
choices :
*  Why have we built the LHC ?

*  How all this complex experimental setup works ?
The LHC collider
The experiments
The computing

*  How physicists get their results ?
*  What are the main results from the ATLAS/CMS experiments

Apologize for a biased view:

* Working on the ATLAS experiment, | will mainly concentrate in ATLAS and CMS results
not that ALICE and LHCb results are less interesting !

This is not a formal presentation...

please ask/discuss and don't hesitate to interrupt




WHY ?




Particle physics before the LHC start

. N
Standard MOdel (" Standard model parameters consistency
«  Well established and comprehensive with LEP and TeVatron measurements
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However...

« A lot of questions related to the matter
*  How these particles get their mass ? Higgs mechanism ???
*  What explains their mass hierarchy ? Why 3 families ?
*  Neutrino masses ?
*  What is the dark matter 777
*  Why don't we see as much anti-matter as matter in the universe ?
*  What was the matter state at the beginning of the universe ? Quarks-gluons plasma ?

* A lot of questions related to the interactions

+  Gravity is not included in the standard model. Can gravity be quantized ? Is there a theory that could
include both the standard model and the gravity ?

* Why gravity is so weak compared to other interactions ?
* Isit possible to unify the interactions ?




Possible answers... and possible observations

« Mass =» Higgs mechanism, Brout Englert Higgs (BEH) boson (1964)
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Possible answers... and possible observations

* Supersymmetry A

* Extra-dimensions _

« Compositeness > ¥ New particles
* Higgs sector extensions

. J

LHC main goals:
« Find the Higgs or something else that should be below the TeV scale

* Search for new phenomena that can give hints on what is beyond the
Standard Mode|
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THE LHC AND THE EXPERIMENTS




Probing the heart of the matter

Principle:
1) Accelerate particles to give them a large amount of energy

2)  Collide the particles
3) Look at the result

wemmeens BIQ@XPEriments

2 important parameters:
* Energy: the higher the energy, the higher the mass produced particles can have

* Luminosity: high luminosity gives access to rare processes




Important variables
Production process

+ Cross section o: the area transverse to the relative motion of particles within which they must meet in order

to scatter from each other (! Not their transverse size) <» a measure of the process production
probability
¢ Unity = barn =102 m?

Important LHC variables

*  Energy: collision energy = 2 times beam energy

*  Luminosity £ = Number of produced particle N = 0 £ =» measures collider performance in term of collision
number

Particles B
*  Energy momentum four-vector : P = (E,p) (natural units used c=h=1)
* Mass:m? =E2-p? (m?=IPl?)

« Transverse variables: no transverse energy in beams = ¥ p; = 0 = using a lot transverse variables

*  Missing transverse energy is the transverse energy sum of all produced particles that are not detected either
because they didn't interact with the detector or because detection inefficiency




Collide particles or the use of E = mc?

Matter
Matter
II‘
Energy <> Matter Kinetic —
Energy Kinetic
Energy

EZ — m2c4 + p2c2

Gouches -
de détecteurs




The LHC : Large Hadron Collider

= 2 accelerators in a ring of 27 km length, at =100 m underground at the French-Swiss border
= that collide hadrons (protons or lead ions) in 4 points where experiments register the
collision products




The CERN history at the service of the new challenges
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The LHC

16 cavities for acceleration (8 per beam) il buMP

« 9600 magnets

+ 1200 dipoles to bend the beam
» Quadrupoles, sextupoles, octupoles, decapole to focus the beam
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The challenge: the dipoles

LHC beams have a circular trajectory

* It allows them to go several times through the same
acceleration cavities

* It allows to collide beams: available energy in the
collision = 2x beam energy

Nominal beam energy is 7 TeV (7.10'2 eV)

*  To bend this beam superconducting magnets are
needed

LHC dipoles

*  Niobium-titanium cables, superconducting at 10K,
operated at 1.9K with a current of 11 850 A

* Dipole field is 8.33 T




The machine of superlatives

Beams circulate in a
vacuum of 10-13 atm

*  Ultrahigh vacuum ~
atmosphere of the
moon

Vacuum also used for
insulation of
cryomagnets and
helium lines

9000 m? to pump down
(107 atm) for
cryomagnets,
5000 m? for helium lines
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The machine of superlatives

Protons travel around the LHC at 99,9999991% of ¢
= they do more than 11 000 LHC 27km turn/s and there is a collision every 25 ns




Collisions
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Collisions

CMS ALICE

Each hard proton collision produces hundreds of particles that we have to identify
and measure (position, energy)
This has to be fast: there are 40 million collisions per second (1 every 25 ns)




Each collisions in reality
. is a complex process...

« Partons (quarks, gluons in the proton)
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Measure particles with a giant: the ATLAS detector

25 m high
46 m long,
7000 tons,

~ 100 million channels
~ 3000 km of cables

Trackers

Hadronic Calorimeters
Muons chambers =




The tools : ATLAS detector

Muon

Tracking Electromagnetic Hadron
chamber calorimeter calorimeter detector
photons > 4
electron positron D) %
muons - |
pions proton - <<L<
neutron Y —<<
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The computing challenge

Data
e Collision rate: 40 MHz

— Impossible to register everything =» In line selection: trigger
— ~ 1000 collisions/s registered (1 Go/s)

=» 50 PB of data produced per year

Software:
* In line with the detector complexity

— Ex: ATLAS software is composed
of 4 million code lines

e Used for data reconstruction, MC
simulation and data analysis



The computing challenge

Computing grid:

« ~170 sites from 42 countries interconnected
through the network (10 to 100Gb links)

* Store data and execute programs in a
transparent way for the user

* Analysis: user program is sent automatically in
the site where the data he needs is lying

* Reconstruct LHC data and do MC simulation

* Size
« ~ 750000 jobs running in parallel
« 600 PB of storage




Big experiments, big collaborations

ATLAS collaboration is composed by 3 000 scientists (1 200 students)
from180 institutes and 38 countries




THE WAY TO THE RESULT




The way to physics results

From experiment design to detector building and assembly
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Global analysis scheme
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LHC running periods
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REVISITING THE STANDARD MODEL




Revisiting the Standard Model

Measurements of known standard model processes are important

Detector commissioning and calibration: first measurements of precisely known processes allows to
commission the detectors and are used to calibrate all parts of the experiments and of the
reconstruction techniques

Comparison with theory: is the Standard Model still valid at the TeV scale ?

Can we measure very seldom process that we could reach before ?

All standard model processes represent the backgrounds for new phenomena searches
*  We need to know them as precisely as possible
*  Some can't be simulated (complex non perturbative QCD processes for instance), we rely on data

Precise measurements of standard model processes, if not in agreement with calculation will give
insight on new phenomena




Standard Model Cross Sections

Standard Model Production Cross Section Measurements Status: March 2017
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Standard Model Cross Sections Evolution with Energy
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Standard Model cross sections

Standard Model Production Cross Section Measurements  staius: August 2016 /L dt
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A LONG AWAITED NEW PARTICLE




BEH (Higgs) boson search

Hypothesis (theory) : mass of particles linked to a Higgs mechanism
=» Higgs boson, mass not predictable

Production rate

=» Theory predicts production and decays as a function of Higgs mass proton-proton collisions
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BEH (Higgs) boson search

Hypothesis (theory) : mass of particles linked to a Higgs mechanism

=» Higgs boson, mass not predictable
=» Theory predicts production and decays as a function of Higgs mass

Production Higgs boson is not stable : it decays ...
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g i Decays probability = Branching Ratio
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Exemple
Signal and background:

Signal : Higgs
Background
q—> VAT

: Higgs in 2 photons

Invariant mass of the 2 photons
= Higgs mass
Mass? = 2E;E,(1-cos6;5)

Invariant mass of the 2 photons
= continuum



Nombre d' événements

Exemple : Higgs in 2 photons

Higgs (myu=125GeV) Background
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Exemple : Higgs in 2 photons
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Exemple : Higgs in 2 photons

~ 100 billions of collisions
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Background fluctuations !

Background evaluation can come from simulation or from data




Exemple : Higgs in 2 photons

~ 500 billions of collisions
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Exemple : Higgs in 2 photons

~ 2 000 billions collisions
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Day after day ... the real data
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Exemple nggs in 2 photons

ATLAS ¢ Data

Sig+Bkg Fit (m_=126.5 GeV)
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An other channel ZZ ...
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2 experiments : same result

T T T T T
Selected diphoton sample

. Data 2011+2012
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--------- Bkg (4th order polynomial)
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2 experiments : same result
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Higgs boson: measurements

New particle properties

Mass : 125.09 =+ 0.24

(+ 0.21 stat + 0.11 syst)

It's a Spin 0 particle

! ! ! ! I ! ! ! ! I ! ! ! ! I ! ! ! I ! ! ! ! ] ! ! ! ! I ! ! ! ! I ! ! .'Z\ O_3k T 1T T T ‘ L UL L 1 11 | UL ]
ATLAS and CMS —e—i Total Stat. =3 Syst. S | ATLAS —Data |
LHC Run 1 Total  Stat. Syst. 2025 H- 7Y —P=0"

ATLAS H—-yy —_— 126.02 £ 0.51 (£ 0.43 + 0.27) GeV § E Vs =8TeV _[Ldt -20.7 b’ "'JP = o E
CMS H—yy —e— 124.70 + 0.34 (+ 0.31+ 0.15) GeV g 0.2 (g =0%) -
ATLAS H—~ZZ 4] p——f———o| 12451+ 0.52 (£ 0.52 + 0.04) GeV 3 0 15i I E
T [ S ]

| A RS Imserosseeomes z Iy z
ATLAS+CMS yy I-—EI—l 125.07 +0.29 (+ 0.25 + 0.14) GeV 0.1 ' I %3 E
ATLAS+CMS 41 I—}E—| 125.15 + 0.40 (+ 0.37 + 0.15) GeV 0 Osi il Q§ B
------------------------------------------------------------------------------------ U9 , | NN ]
ATLAS+CMS yy+4l = 125.09 + 0.24 ( +0.21 + 0.11) GeV B : | \\ ]

1 1 1 1 I 1 1 1 1 I 1 1 1 1 I I 1 1 1 I 1 1 1 1 I 1 1 1 1 I 1 1 1 1 I 1 1 q ’A‘\\,gg\\\\\\\gh = J
123 124 125 126 127 128 129 -15 10 -5 0 5 10 1

my, [GeV] q

http://cdsweb.cern.ch/record/2052552




s this new particle the SM Higgs boson ?

Ratio of production rate with SM C : :
o ouplings are proportional to mass
predictions are close to 1 Uplings are proportional to ma

— > i T T T T TrTTTTT iRl
f;l&A:una:d CMS Preliminary ...éIALé.AS = |: 1— ATLAS and CMS
-+ ATLAS+CMS Y7 - LHC Run 1
— : —+ 10 - L
H 1 . —* 26 5
goF -
L : E""|> 107'F -
| &
HVBF H'*_i.
i oL i
L —— 10 y
" _ ¢ ATLAS+CMS
ZH ; .
—__._—i I SM Higgs boson |
m — [M, €] fit
tH [ 68% CL
H [ ]95% CL
u — 10‘4:” | o =
111 ‘ | | l | I | L1l | L1l | 1111 ‘ L1 I L1l 102

— 0 05 1 15 2 25 3 35 4 107 1 10
Parameter value Particle mass [GeV]




New standard Model consistency check

80 5 ﬂrd|201lz - - -
[CJLHC excluded

— an vatron 1 B T T T | T T T T T T T I T T T T | T T T T I T ]
Lt dsin. % 80 5 ATLAS — m, =80.370 £ 0.019 GeV__
= 6e% CL O, - B m=17284£0.70 GeV
© 804 E§ - - m, = 125.09 + 0.24 GeV
£ 80.45[— # 68/95% CL of m,, and m, —
80 3'm; ---------- f ] B |
: 80.4— —
155

80.35F .
w B |
80.3 w= 68/95% CL of Electroweak ]
- Fit w/o m,, and m, i
~ (Eur. Phys. J. C 74 (2014) 3046) -

8025 111 | 1 L1 L 1 1 L 1 L1 1 |- 1 1 P
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Search for new phenomena

Different strategies are followed in parallel
* Final state based search
=» No hypothesis done about physics model, choose a final state and compare to standard model
prediction

» Search for phenomena from a given physics model
=» Typically the case for supersymmetry

» Search for simplified model or effective field theory

=» More general hypothesis, can be reinterpreted; ex dark matter search

* Analysis based search: analysis as general as possible used for interpretation with different models
=» Typically the case of “exotic” searches that predict same kind of new particles ex: Z’ can be
interpreted in terms of extra-dimensions models (KK gluon, graviton) or technicolor or dark matter model

* Indirect search through precision measurements

= Typically SM measurements, LHCb for heavy flavors




2015: di-photon excess ?
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Confidence interval

10@68;% We wait for 5 0
34.1% 34.1% 20 < 95 A)o before claiming
30 < 99,7 % for a discovery !

50 < 99,9999 %

-30 -20 -lo M lo 20 30

Tossing a coin, when do you decide the coin is rigged when you
get several tails one after the other ?

« 30 8 tails one after the other

« 50 & 20 tails one after the other!!
The probability to be wrongis 1/ 1 000 000




Number of related theory paper !
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2016 results

CMS Preliminary 1297 (13 TeV)
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New phenomena search at LHC

A wide range of signatures and models probed

* No significant deviation from SM prediction found within theoretical and
experimental uncertainties

=» Exclusion limits are set on model parameters, new particle masses,
production cross-section...

Beware! In general, limits given for benchmark model points, or hypothesis are
used to simplify the presentation




Supersymmetry

Fermion-boson symmetry Spin 1/2 Spin 0
=? A lot of new parameters (on )
. . squarks
which particle mass and decays e |
depend) i %Qﬁ%ﬁ (
leptons 1§ sleptons 4

=¥ Very popular because it's the
model that answers several
questions at the same time: the
lightest susy particle is a very good
dark matter candidate, gauge
unification, hierarchy,...

Spin 1/2

uino
Neutralinos

hoa i
-

M-H Genest - Supersymmetry Searches at the LHC

rief reminder of SUSY

ADb
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e
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v, ©

nggs
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Supersymmetry

Example stop search Light Higgs — need new physics to stabilise mass

«  Stop is the top quark partner f =
. i . H 4 \
It plays an important role to stabilize Higgs mass H_ ) ( \
o . . — \ 7

= good probability for having a quite low mass H mechataaa

f
Limits given as the functions of the lightest

supersymmetric particle (partner of SM bosons and good o .

. t|t‘production,t|—>bff'i?/ﬂ—)ci?/f‘—)Wbi?/ﬂ—ni? tatus: May 2017

DM Candldate)andthestop mass ; illllllIIII‘IIAIIIIIllllIIIYIIIIIIIIIIIII]IIII]IE

8 700— ATLAS Preliminary 15=13 TeV -

-—a-_ o —E‘_nig/f‘_;wb?z ) . 0L 36.1 1b::[CONF-2017-020] 1

=» Note: Some regions with lower sensitivity where E ool i ek ez ]

supersymmetric particles have mass close to each other P e oo 92 et

fflf N b ),?11 N bW + %0 = 5005_ —— Observed limits ===+ Exp/ecteg[ir/nits All limits at 95% CL —g
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L~ X, ; :
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ATLAS SUSY Searches* - 95% CL Lower Limits ATLAS Preliminary

Status: August 2016 Vi=7,8,13TeV
Model @ity Jets BT fraan) Mass limit Vi=7.8Tev [WEiaTev Reference
03 ull-27 2-10je53 E Yes 203 mil=mlg) 1507 05525
o 2Gjets  Yes 133 i) <200 CaV, rr(1* gen. d=m|2™ per. §) ATLAS.CONF-2016.078
momodjet  1-3jets Yes 32 migerii})<5CaV 180407773
o 26jts  Yes 133 i3]0 CaV ATLAS.CONF-2016.078
o 2Gjets  Yes 133 miET) <400 GV, rrid =0 Sem iAo mi)) ATLAS-CONF-2016.078
e dpts - 132 i) <400 GaV ATLAS.CONF-2016.037
204059 03jets Yes 132 mi%) <500 Ga¥ ATLAS.CONF-2016.037
1274012 02jets Ve 32 1607 05079
GGM (bino NLSP) 2y - Yes 32 = |NLSP)<0.1 mm 1606 09150
GGM (higgsino-tino NLSP) ¥ 1k Yes 203 m|£7)<950 GaV, cr(NLEF) <0t mm <0 1507 05490
GGM (higgsino-tino NLSP) ¥ 2kt Yes 133 m}i71>680 GV, cr(NLEF) <01 mm ui>0 ATLAS-CONF-2016.-085
GGM (higgsino NLSP) 2epl?) 2Pt Yes 203 mINLSP)-430 GaV 1508 08290
Gravitino LSP o monojet  Yes 203 miC|>13 % 107" &V, rig]~m(g) = 1.5 TaV 1500 01518
35, FbbE) ] 3k Yes 148 mié})-0CaV ATLAS.CONF-2016.052
—oui‘i 0lep 3k Yes 148 mié7)-0CaV ATLAS.CONF-2016.052
33, §—kity 0lep 3k Yes 201 m}})<300GaV 1407 0600
Faky, By—bE] o 2k Yes 32 miE5)<100GaV 1606 06772
Fyby By—eky 20 (SS) 15 Yes 132 mET)<1 50 GaV, rrii } = mii 1)+ 100GaV ATLAS.CONF-2018.037
A i —bE 02w p 12k Yes 4.7133 miE}) = i) mjaT =55 GaV 12002102, ATLAS-CONF-2016-077
65 .1.-%&',‘ oe di] 02w O2jets1-24 Yes 47133 mil=1 GaV 15050351 6, ATLAS-CONF-2018-077
r r. S o monajet  Yes 32 iy mE5) -5 CaV 1604 07773
ot 2epl?) 1k Yes 203 miS1>150GeV 1403 5222
Jeplz) 1k Yes 133 miE})<300GaV ATLAS.CONF-2016.033
faiy, By & ley OGjetse2b Yes 203 mi5)-0 CaV 1506 08616
binbin, i85 eyt o Yes 203 mED0GaV 14035204
ik K —hiem 2o o Yes 133 mi¥71=0GaV, mil 1)=05(mi ] bamid 1) ATLAS-CONF-2016.005
h L = 27 - Yes 1448 mETI=0GaV, it =0 5(m} b 3 ATLAS-CONF-2016.093
?‘P—siuimm FELEOY) Jep o Yes 133 i Jerrd ) miE 10 mi, 120 Smd ) Jeendd Y1) ATLAS.CONF.2016.005
23wep  02jets Yes 203 mii} =miE?), mii =0, { decoupled 1400.5204, 1402 7029
1’3 iAu,. Rk WWirryy Y 026 Yes 203 miE} EmiS), mii =0, { deccupled 150107110
) (é B2y =t dep o Yes 203 25 Ge) miE2l=mdS), miA?1=0, mi?, $1=0 Sjréi Demidl) 14055085
GGM (wino NLSP) weak prod. Tepsy - Yes 203 <trmm 1507 06493
GGM (bino NLSP) weak pred. 2y - Yes 203 590 | zetrrm 1507 06493
Direct £, %, prod., bong-fved F;  Disspp.trk 1 jet Yes 203 miE} el - 160 M, 4} 1<0 2 ns. 13103675
Direct 1% pred., bong-ved £ dE/dk trk - Yes 184 miE] berdi)-160 Me¥, (8] <15 na 1506 05332
Stable, stopped § A-hadron o 15jets Yes 279 ml£71=100 GaV, 10 mer(£)<1000 = 13106584
Stable 7 R-hadron trk - - 32 160605129
Metastable 3 R-hadron dE/d trk - - 32 miET1=100 GaV, r>10ra 1604 04520
GMSB, stable 1, B2z aprte 0 124 - . 19.1 104250 14115705
GMSB, 7 —)€, long-lived 75 2y - Yes 203 1<x{471<3 s, SPSE mocel 14005542
28, B —wevfeviiger displ oe/eplpe - - 203 7 <c(Ay)< 740 men gl 3TaV 1504 05162
GGM 33, F1—7G disgl. vix + jets - - 203 B <cr(d])< 480 mem )=t 1 TaV 1504 06162
LFV pp—Pr + X Pp—sagufat 7 T - - 32 L0, A2z =007 1607 08079
Biinear APV GMSSM 20458 03k Yes 203 milemlg), et rmm 1404 2500
i,i;.f, —WE e aevpy e - Yes 133 mET1 4000V, Ay w0 [E = 1,2) ATLAS.CONF-2016.075
06w armeeny,  3eper - Yes 203 miET10 2xmiE} ) aeel 14055085
—a9 0 4%lgegjets - 148 ERI/=BR|6)=BR|d=0% ATLAS.CONF-2016.057
T R 0 4% lageRjets - 144 miA§)=800 GeV ATLAS.CONF-2016.057
5, = a9 legy 80jp=045 - 148 mASI=T00 GaV ATLAS.CONF-2016.004
—id, ke Veg 810 js04b - 148 625 GaVmij,|<B50 el ATLAS.CONF-2016.004
fi—hs o 2jets + 26 - 154 ATLAS-CONF-2016.02, ATLAS CONF-2016-084
A bt 2ep 2k - 203 ERY, —be/u]>20% ATLAS.CONF-2015.015
Other Scalar cham, ek ) 2e Yes 203 mi5)<200GeV 1501 01325

= “Only a selection of the available mass imits on new -1 i L " e
(- staloa or phenomena ia shown. 10 1 Mass scale [TeV] -




Dark Matter search

X
q X
Simple approach at LHC : mono-X and EFT \/<.<
* Add a single DM candidate to SM : x
* Look for mono-X event (mono-jet, mono-photon 9 X

)

* However, only valid if g% < m?,,q

9
Complementary (better) approach mediator
* Add a single DM candidate and a mediator
* Allow to use other signatures to probe mediator 9

and thus constrains the model

* Relax g?limit but more model dependent >edlato<
9

GGGGGG



Dark Matter search

5 DM Simplified Model Exclusions = ATLAS Preliminary March 2017
— 1 - T /7 g ™ 1T T

g

— Dijet
Vs=13TeV, 37.0 b
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Dark Matter search

5 DM Simplified Model Exclusions = ATLAS Preliminary March 2017
TR u b LI ! L L

DM Simplified Model Exclusions ~ ATLAS Preliminary March 2017 — = Dijet
= 1.2_ P / T /| T T ] == Dijet % L _ Y | ) ;
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s T / & o 1~ DietsTev = T / 1 s mwan
s L / Q}Q“ _ Ys=8TeV,2031" = - Q E ATLAS-CONF-2016-030
=) / ,\é‘/ Phys. Rev. D. 91052007 () L Q',\ |
r o / \sb ,Q(\Q‘ 7 . Q7 —_— Emiss X
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G, (DM-proton) [cm?]

Complementarity with direct searches

107 DM Simplified Model Exclusions ATLAS Preliminary March 2017
E T T T §
10k .
109 E .
10k g
10 E E?'Ssﬂl 3
10k ]
107 = V3
107 L 1
— ” 3
107 / Dijet -
104FE <
E Axial-vector mediator, Dirac DM E
10" E g,=025g=0g, =1 5
F ATLAS limits at 95% CL, direct detection limits at 90% CL 3
1 0746 1 1 1
1 10 10° 10°

DM Mass [GeV]

— Dijet TLA

fs=13TeV, 341"
ATLAS-CONF-2016-030

~ Dijet 8 TeV

5 =8TeV,2031b"
Phys. Rev. D. 91 052007 (2015)

— Dijet
¥s=13TeV,37.0 "
arXiv:1703.09127 [hep-ex]

=~ miss
T +Y
5 =13TeV, 36.41b"
CERN-EP-2017-044

PICO-60 C,F,

arXiv:1702.07666v1 [astro-ph.CO]

USI (DivI-tiucieurnt) |G|

107
107%®
107
107%
1074
107
107%
107
107%

107%

DM Simplified Model Exclusions ATLAS Preliminary March 2017
E T T T T T T L L |

miss
T Y

Dijet TLA

LU LU IR IR

1

Vector mediator, Dirac DM
9,=025,9=0,g =1

ATLAS limits at 95% CL, direct detection limits at 90% CL
1 1

10 10? 10°
DM Mass [GeV]

— Dijet TLA

5-13Tev, 341"
ATLAS-CONF-2016-030

“ Dijet 8 TeV

f5=8TeV, 203"
Phys. Rev. D. 91 052007 (2015)

= Dijet
fs=13Tev,37.01"
arXiv:1703.09127 [hep-ex]
— miss
ET™+y

¥5=13TeV,36.4 1"
CERN-EP-2017-044

= PandaX

arXiv:1607.07400

— LUX

arXiv:1608.07648; arXiv:1602.03489




Exotics

_ A lot of different signatures
These analyses allow to search for particles :
= Many extensions of the SM have been » Tjet=MET

predicted by a wide range of models: doveicied e i pael Hacade e
= = 1lepton +
= Supersymmetry =
)\\‘\\-;: « Odepton resonance
X S,
= Technicolor(s) - \\‘,/»'0’ = G
/ « Multieptons
N Higgs =« Leplon-jet resonance
GUT ; : X . Gammadet resonance
Hidden Valley \,__ ’Q\,. O ¥ Oiboson resonance
0 “\\
Leptoquarks e \'Q & = WiZ+Gamma resonance
. ~ = Top-antilop resonance
4" generation (t, b') « Long-ived particies
= LRSM, heavy neutrino

\\V « Same-sign di-lepton
= Extra-Dimensions
N N s« Oiphoton = MET
= Little Higgs Q\\‘\\V
"“\: ‘\‘\ " S « Leplon-photon resonance
\‘
N XN
s Z*MET
Compositeness et

= SIOW- ing s

= efc..

e Extra-dimensions:

*  Solve the hierachy problem: gravity is diluted in extra
dimensions

«  Compactified dimensions: signature can be Kaluza
Klein excitation of particles (gluon, graviton)

* New symmetry group = New gauge bosons

*  Heavy quarks, excited leptons

« Top-antitop preduction
& = Lepton-Jets

« Microscopic biackholes
« Dijet resonance

. lc...

*  Leptoquarks (particles with both baryon and lepton
numbers)

H Bachacou




A wide range of searches
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JES Uncertainty

... sometimes with very exotics signatures

*  Ex:long lived particles = complicated signature searches just starting
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High Mass Di-Jet Search

ATLAS

EXPERIMENT
Run: 305777

Event: 4144227629 )
2016-08-08 08:51:15 CEST arxiv:1703.09127

Highest-mass djjet event: m; = 8.12 TeV, [y*[=0.38 P



ATLAS Exotics Searches* - 95% CL Exclusion ATLAS Preliminary

Status: August 2016 f[ dt = (3.2-20.3) fb! Vs =8,13TeV
Model £y Jetst ET® [ram] Limit Reference
T T T T T T —T
ADD Gyk +g/q - >1j Yes 32 Mp 6.58 TeV n=2 1604.07773
ADD non-resonant (£ 2epu - - 20.3 n=3HLZ 1407.2410
2  ADDQBH - (q 1epn 1j - 20.3 n=6 1311.2006
70' ADD QBH - 2j - 157 | My 87TeV  n=6 ATLAS-CONF-2016-069
S ADDBH high ¥ pr >leyu >2]j - 32 | M 8.2 TeV n=6, Mp =3TeV, rot BH 1606.02265
g ADD BH multijet - >3] - 36 | M 9.55TeV n=6, Mp =3TeV,rot BH 1512.02586
S RSt G (€ 2ep - - 203 |CKOTESSE e TeV] K/Wps = 01 14054123
o RS1 Gkk — yy 2y - - 3.2 Gkk mass, 3.2TeV k/Mp =0.1 1606.03833
£ Bulk RS Gkx — WW — qgqlv 1epu 1J Yes 132 | Gkk mass 1.24 TeV k/Mp; = 1.0 ATLAS-CONF-2016-062
W Buk RS Gxx — HH — bbbb - 4b - 13.3 | Gkk mass 360-860 GeV' k/Mp = 1.0 ATLAS-CONF-2016-049
Bulk RS gxx — tt leu 21b>1J2) Yes 203 — BR=0.925 1505.07018
2UED/ RPP leu 22b,24j Yes 32 KK mass 1.46 TeV Tier (1,1), BR(AMY — tt) = 1 ATLAS-CONF-2016-013
SSM Z' — (L 2ep - - 133 | Z'mass 4.05 TeV ATLAS-CONF-2016-045
2 SSMZ >t 27 - - 19.5 1502.07177
% Leptophobic Z* — bb - 2b - 3.2 Z’ mass 1.5 TeV 1603.08791
8 SSM W’ — (v Tenu - Yes 13.3 W’ mass 4.74 TeV ATLAS-CONF-2016-061
Py HVT W' —» WZ — qqvvmodel A Oe,pu 1J Yes 13.2 W’ mass 2.4TeV 8v = ATLAS-CONF-2016-082
g’ HVT W’ - WZ — gqqq model B - 2J - 15.5 W’ mass 3.0TeV gy = ATLAS-CONF-2016-055
) HVT V' - WH/ZH model B multi-channel 32 V' mass 2.31 TeV 8v = 1607.05621
O LRSM W} - th Ten 2b01] Yes 203 14104103
_ Clqggqq - 2j - 157 | A 19.9TeV n=-1 ATLAS-CONF-2016-069
(&) Clllqq 2epn - - 3.2 A 252TeV nu=-1 1607.03669
Cl uutt 2(SS)/28eu21b,21] Yes 203 |Crel =1 1504.04605
s Axial-vector mediator (Dirac DM) Oe,u 21j Yes 3.2 ma 1.0 TeV 84=0.25, g, =1.0, m(x) < 250 GeV 1604.07773
a8 Axial-vector mediator (Dirac DM) 0O e,u, 1y 1j Yes 32 ma 710 GeV 84=0.25, g,=1.0, m(x) < 150 GeV 1604.01306
ZZyy EFT (Dirac DM) Oe,u 14,<1]  Yes 3.2 M, 550 GeV m(y) < 150 GeV ATLAS-CONF-2015-080
o Scalar LQ 1%t gen 2e 22] - 3.2 LQ mass 1.1 TeV p=1 1605.06035
3 Scalar LQ 2™ gen 2pu >2]j - 3.2 | LQmass 1.05 TeV p=1 1605.06035
Scalar LQ 3" gen Tep 21b23] Yes 203 |ICiassinea0Gevi p=0 1508.04735
VLQ TT — Ht + X lepu 22b,23] Yes 203 Tin (T;B) doublet 1505.04306
=9 VLQ YY — Wb+ X le,u =21b>3j Yes 203 Y in (B.Y) doublet 1505.04306
= VLABB - Hb+X lepu =2b>3] Yes 203 isospin singlet 1505.04306
L] g VL BB — Zb+ X 2/>3e,u  >2/>1b - 20.3 Bin (B,Y) doublet 1409.5500
L& via Q- Weweg Teu 24 Yes 203 1509.04261
VLQ Ts/3Ts3 —» WiWE 2(SS)/>8 eu>1b,>1] Yes 3.2 Ts/3 mass 990 GeV ATLAS-CONF-2016-032
Excited quark ¢* — qy 1y 1j - 3.2 q* mass 4.4 TeV only u* and d*, A = m(q") 1512.05910
T @ Excitedquark g — qg - 2j - 15.7 | q* mass 5.6 TeV only u* and d*, A = m(q") ATLAS-CONF-2016-069
2 S Excited quark b* — bg - 1b,1j - 88 | b*mass ATLAS-CONF-2016-060
S E  Excited quark b - Wt for2e,u 1b,20j Yes 203 fo=fi=fr=1 1510.02664
W9 Excited lepton * Bepu - - 203 A=3.0TeV 1411.2921
Excited lepton v* 3eut - - 203 A=16TeV 1411.2921
LSTCar —» Wy Tepu 1y - Yes 203 1407.8150
LRSM Majorana v 2eu 2j - 20.3 m(Wg) = 2.4 TeV, no mixing 1506.06020
~ Higgs triplet H** — ee 2e(SS) - - 13.9 570 GeV DY production, BR(H;* — ee)=1 ATLAS-CONF-2016-051
g Higgs triplet H** — (r Beu 1 - - 20.3 DY production, BR(H}™ — (7)=1 1411.2921
5 Monotop (non-res prod) leu 1b Yes 20.3 Anon-res = 0.2 1410.5404
Multi-charged particles - - - 20.3 DY production, |g| = 5e 1504.04188
Magnetic monopoles - - - 7.0 DY production, |g| = 1gp, spin 1/2 1509.08059
Ll " L PR R R | 1 L PR R R | L 1 PR

*Only a selection of the available mass limits on new states or phenomena is shown. Lower bounds are specified only when explicitly not excluded.
+Small-radius (larae-radius) jets are denoted bv the letter i (J).
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High
Luminosity

LHC / HL-LHC Plan
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Program:
* Higgs measurements, in particular Higgs potential: Higgs self coupling

* Search for new phenomena




CONCLUSION




Conclusion

LHC collider and experiments
* Are fantastic, complex and challenging research tools
* Are operated by big international collaborations
* Are functioning extremely well

Results

* Huge amount of results produced since the start in 2011:
* Standard Model parameters and processes measurements
* Discovery of a spin O particle that has all the properties of a BEH boson

* Wide program of search for new phenomena
* No hint for new physics for the moment... but still unexplored territories to probe !







TO GO FURTHER...




I The Standard Model of particle physics — Lseptons | Theorised/explained
' posons

Years from concept to discovery Quark | Discovered
arks
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Source: The Economist




Complementarity with direct and indirect detection

Direct Indirect
LHC Detection : Detection

low xsec, )
scalar |
soft spectra

pseudo| low xsec, ( )
(velocity .

-scalar | soft spectra suppressed)

vector | large xsec )

(spin independent)

axial-

large xsec
vector d

(spin-dependent:
experimental issue)
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LHC Cryodipole

Heat Exchanger Pipe
Beam Pipe
Superconducting Coils

Helium-Il Vessel

Spool Piece 3 i 7 /
Bus Bars N = Z Superconducting Bus-Bar

Iron Yoke

Non-Magnetic Collars

Vacuum Vessel
Quadrupole

Bus Bars Radiation Screen

, !\? | 7 /3 Thermal Shield
L) 4 The

15-m long
LHC cryodipole

SN

Auxiliary
Bus Bar Tube

. Instrumentation
ProteDcit(;(ér; Feed Throughs




Un puzzle géant |




