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Outline

[ 2 x 1h30 lectures ]

Today:
e Basicintroduction

» Overview of the LHC experimental programme and methods

* Areview of Run-1 physics highlights

Tomorrow
« The LHC Run-2, results obtained so far
 The LHC Run-2 and beyond, expectations

» Qutlook to future projects

Disclaimer: | sincerely apologise to show more results from ATLAS than the other LHC experiments, which is a
choice solely driven by convenience. In those cases, the CMS results are almostalways similar (and vice versa).

| also apologise for not covering heavy-ion physicsin my lecture.



Everyday life, and particle physics, are described by the Standard Model (SM)
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The SM is the legacy of 20t
century particle physics

It unifies quantum mechanics, special
relativity and field theory

It unifies electromagnetic and weak
interactions

It describes ~ all laboratory data

Is the SM the theory of everything?
Or rather of almost everything? No!



Everyday life, and particle physics, are described by the Standard Model (SM)
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- It unifies electromagnetic and weak
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Scales in particle physics
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Scales in particle physics

Year
when L gravitation ~ 10" GeV —L Planck scale (Mp))
energy 1016 GeV ——— GUT? ¢ requlredtforcharg1e/3)
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The Standard Model

Elementary particle physics is successfully described by local gauge theories

A problem: local gauge symmetry requires massless spin-1 “gauge” (=force) boson
This has been well verified for QED, with a massless photon (= infinite range)

However, the W, Zbosons are massive (— finite range ~10-5 cm of weak interaction)

Only way to break gauge symmetry consistently is to spontaneously break the symmetry of
the vacuum in the ground state:

MZ W 0 < <0 | ¢ | O> =v = (0 [non-zerovacuumexpectation value ]

¢ is a complex doublet field with non-zero vacuum expectation value.
three d.o.fs become Z, W=* masses, fourth d.o.f is massive scalar Higgs boson

This is known asthe “Brout-Englert-Higgs (BEH) mechanism”



The Standard Model

BEH mechanism

The early universe, at temperature T > Tgy, wasin a symmetric phase (|¢min| = 0)

t T>TEW
V(g|)




The Standard Model

BEH mechanism

The early universe, at temperature T > Tgy, wasin a symmetric phase (|¢min| = 0)
A phase transition at ~ Tgyy (~several 10-'" s after big bang, causal domain of few cm) led tO |¢nn| > O

Phase transition

| T>T,
V(g|)
Potential barrier — T = TEW
BEH bubble expansion I Picture describes a 1st order phase

transition that would require light Higgs,
or new physics — currently disfavoured
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The Standard Model

BEH mechanism

The early universe, at temperature T > Tgy, wasin a symmetric phase (|¢min| = 0)
A phase transition at ~ Tgyy (~several 10-'" s after big bang, causal domain of few cm) led tO |¢nn| > O

Phase transition

t T>T,
V(g|)
Potential barrier — T = TEW
Higgs bubble expansion —{ /T <T
0 :
Condensation of Higgs field > , ‘qb]
— Y _/
v

“spontaneous” phase transition

5 2 4 . Simplestscalar potential thatbreaks
Higgs potential: V(¢) = u . ’qb’ + )\,‘q)‘ + YJwLwégb ground state symmetry. Does what we
= need, but bears fundamental problems.
(4, 2 determined once Higgs mass known ) Carriesthe seeds of new physics...
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The Standard Model

BEH mechanism

‘Mexican hat’ BEH potential at 7~ 0: V(g)=2|g +Alg[ , u?<0

with vacuum expectation value: v, = —ﬁ _ﬁ =246 GeV  (0|¢|0). = o /N2

At T < Tgw, the massless fermion fields interact with the non-vanishing BEH “condensate™:

(gf T/()
> = > + : + —————— +
propagator: 1/g 1/97/ 1/97/ Vg ilgilg
X X X

Geometric series yields massive propagator creating effective mass for fermion:

1+1 9:Vr 1+1 9:Vr 1 9:Vr 1+ 1 9:Vr 1 ”= 1 And similar for
q 9 \/E q q \/5 q \/5 q q = \/5 q q-m, gauge bosons

L&



The Standard Model

BEH mechanism

Early universe: symmetric phase, Symmetric phase — early universe
fundamental particles are massless

— gauge symmetry is respected
Gravity \N\N\N\N\\NN\NNVN

Photon \ N\ N\ N\ N\ '\

Weak boson /VVW\/\/\/\/\/\N\

Neutrinos >
Electrons >
Top quark >

H. Murayama

T2



The Standard Model

BEH mechanism

Early universe: symmetric phase, Higgs quantum liquid in broken phase
fundamental particles are massless

— gauge symmetry is respected

Gravity VAVAVAVAVAVAVAVAVAVAVAVAN
A Higgs field displaces ground state ANANANANANNNANANANAN
breaking gauge symmetry Photon
It fills all space time (but without Weak boson %
orientation as it has no spin)
Particles interact with Higgs field and _ SOK— —
effectively reduce their velocity. Neutrinos — VL A1 VL

Acquired mass proportional to

interaction strength Electrons — e M

. . . Interaction with Higgs
— Action of the Higgs field Top quark field alters chirality of
creates “vacuum viscosity” t¥1 L massive birac fermion

H. Murayama

TO



The Higgs boson —
last of the particles* 7

The SM predicts all its properties,
except for its mass

*No!

Full references for mechanism:

F.Englertand R. Brout, PRL 13 (1964)321.
P.W. Higgs, PRL 13 (1964)508.
G. Guralnik, C. Hagen, and T.W.B. Kibble, PRL 13 (1964) 585.

It should be noted that Landauand Ginzburg had proposed a
field giving the photon a mass in a superconductor, the
mathematics of which is identical to the “Higgs mechanism”

and predates it by several years. http://wwwasshardcore. org/shardpress

14



Particle physics at the dawn of the LHC

LEP (& SLC) had ended their programmes, with among their main results:

« Three light active neutrino flavours

« Direct Higgs searches excluded my< 114 GeV

15



Particle physics at the dawn of the LHC

LEP (& SLC) had ended their programmes, with among their main results:

« Three light active neutrino flavours

« Direct Higgs searches excluded my< 114 GeV

« SMtests to unprecedented precision, no direct/indirect hint of BSM physics

Asymptotic freedom of strong interaction has

been verified at the percentlevel

as(p) extracted from R,, R,(Z) measurements
using NNNLO (=3NLO) perturbative QCD
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Particle physics at the dawn of the LHC

LEP (& SLC) had ended their programmes, with among their main results:

« Three light active neutrino flavours
« Direct Higgs searches excluded my< 114 GeV
« SMteststo unprecedented precision, no direct/indirect hint of BSM physics

* Precision measurements excluded my> 153 GeV (95% CL)
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Particle physics at the dawn of the LHC

LEP (& SLC) had ended their programmes, with among their main results:

Three light active neutrino flavours

Direct Higgs searches excluded my< 114 GeV

SM tests to unprecedented precision, no direct/indirect hint of BSM physics
Precision measurements excluded m,< 153 GeV (95% CL)

There also were theoretical arguments in favour of a light Higgs moderating W, W, scattering

AISO perturbatl\”ty and %l 350 B TN T | — (I — T T [ T T T [ T T T [ T T T ]
(meta)stability bounds S B —— Perturbativity bound i
ver A M -off T o [ ] Stability bound —
ersus the SM cut-o = 300 — 2\ =95 [ Finite-T metastability bound
scale A - _ I Zero-T metastability bound -
I~ A=m Shown are 1o error bands, w/o theoretical errors :
The SM Higgs must steer 250 - .
a narrow course between N i
two disastrous situations 200 |— ]
if the SM is to survive up " ]
to the Planck scale Mp ~ C ]
2x1018 GeV 150 — 7 ) iy
N % = \ ’
1004 6 8 10 12 14 16 18

Iogw(A/ GeV)
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Particle physics at the dawn of the LHC

LEP (& SLC) had ended their programmes, with among their main results:

« Three light active neutrino flavours
« Direct Higgs searches excluded my< 114 GeV
« SMteststo unprecedented precision, no direct/indirect hint of BSM physics

» Precision measurements excluded my< 153 GeV (95% CL)

Tevatron was still continuing Run-2

« Discovery of top-quark and < 1% mass measurement
* B, mixing precisely measured, agreeing with SM

« Higgs beyond sensitivity except for m, ~ 165 GeV

* No hint of BSM physics
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Particle physics at the dawn of the LHC

LEP (& SLC) had ended their programmes, with among their main results:

« Three light active neutrino flavours

« Direct Higgs searches excluded my< 114 GeV

« SMteststo unprecedented precision, no direct/indirect hint of BSM physics

» Precision measurements excluded my< 153 GeV (95% CL)

Tevatron was still continuing Run-2

« Discovery of top-quark and < 1% mass measurement
* B, mixing precisely measured, agreeing with SM

« Higgs beyond sensitivity except for m, ~ 165 GeV

* No hint of BSM physics

B-factories experiments BABAR & Belle about to end

« CP violation measurements in B system confirm CKM

» Despite ambiguous initial results, no hint of BSM
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Particle physics at the dawn of the LHC

LEP (& SLC) had ended their programmes, with among their main results:

« Three light active neutrino flavours
« Direct Higgs searches excluded my< 114 GeV 7

« SMteststo unprecedented precision, no direct/indirect hint of BSM physics

» Precision measurements excluded my< 153 GeV (95% CL) ?
I I

Tevatron was still continuing Run-2 e e A A =
« Discovery of top-quark and < 1% mass measurement ER e
* B, mixing precisely measured, agreeing with SM :Ei%‘:;i)d) —
 Higgs beyond sensitivity except for m, ~ 165 GeV ::;::ﬂ . —
* No hint of BSM physics

BL-E621 (word avrage) =t
B-factories experiments BABAR & Belle about to end TV SUIIT  1

-700 -600 -500 -400 -300 -200 -100 0

. . . . exi x107"
« (CPviolation measurements in Bsystem confirm CKM a, - ax

» Despite ambiguous initial results, no hint of BSM

Low-energy experiments: no signs of charged LFV, EDM, only muon g-2 showed anomaly
Neutrino revolution: massive neutrinos established, unknown matter nature and hierarchy
No signal for dark matter particles (only gravitational effects), no axions, no proton decay



Producmg the H|ggs Boson and Searchmg for New PhyS|CS
at the TeV Scale Requires a Huge Machine

de Broglie
Particles accelerators: L

> ook deeper into matter (size ~ 1/E)
(“powerful microscopes”)

> Discover new heavier particles (E= mc?)

Einstein

> Probe conditions of the early universe (E = kT)

Lawrence Boltzmann
(First cyclotron provided 80 keV proton acceleration)

22



CERN'’s Accelerator Complex
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~20 minutes are requwed to accelerate the protons inthe LHC from 450 GeV to 7 TeV







The search for new physics exploits
smallest distances — largest energies

- Proton energy is limited by magnets that guide
the circular beams
Eooton ~ 0.3-B-r: since radius is fixed (4.3 km),
use as strong fields as possible (> 8 T)

Length scale (am) ~ 200 GeV am / E (GeV)

(am = atto-metre = 10-18 m)

The LHC collides protons at Eqyy = 14 TeV
— probing a distance of 1029 m ?

Not quite, since protons are composites:
the energy is distributed among its partons

Bunch = 25
L8222 . “’63;.‘. p per bunch
: 6.‘”.“: / ?

Proton

Parton
(quark, gluon)




7K

| Most challenging component of LHC:
€ < 1232 superconducting dipoles
o, 14.3 m length, 1.9 K cold
Sy 8.3 Tesla— Eyeqm=7 TeV
& 2 11850 A total current

7 2 Also: 392 focusing quadrupoles and
il 3700 multipole corrector magnets
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~—— Charged Hadron (e.g.Pion)
Neutral Hadron (e.9. Neutron)

ATLAS: emphasis on excellent jet CMS: emphasis on excellent
and missing-Erresolution, particle electron/photon energy & track
identification, flavour tagging, and (muon) momentum resolution,
standalone muon measurement and flavour tagging

Both: excellent hermeticity — very few “cracks”




LHCb: forward spectrometer
dedicated to pp flavour physics
featuring hadronic trigger, excellent
low-momentum track resolution,
particle identification (x/K separation)

ALICE: dedicated to study of heavy-
ion collisions and soft pp physics;
ALICE features highly efficient track
reconstruction in busy heavy-ion
environment and particle identification




Muon
Spectrometer

Hadronic
Calorimeter

Electromagnetic
Calorimeter

Solenoid magnet

Tracking

Proton
Neutron ? The dashed tracks
are invisible to
the detector
3T El ro
7 APhoton \
Transition TN 53
REGIEN]
Tracker
Pixel/SCT
detector

Ensemble of measured
interactions in a given
proton—proton bunch
crossing makes up an
“‘event”

&
;




LHC experiments started more than a : .
decade ago with large scale computing B:;'}T%Sesriem;”
— now big data is everywhere Sooale seaiEn e 2986 PB

98 PB
Note: LHC has a public science budget,
database

unlike Google or Facebook 6 PB

Contentuploaded to

Video adto Facebook each year
YouTube/yedr: 15 PB 182 PB

} ATLAS managed
data volume
130PB

ATLAS annual

Largest data volume from simulated data volume

events, not from real collision data !




A few (basic) experimental =~

concepts at the LHC : fl
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Luminosity — single

most Important
A\ quantity

W

._\

« Luminosity is a function of the LHC beam parameters

2 2 1 Liax ~ 1.6 x 1034 s-"cm-2
n N n N =
L ~ frev bunch'Yp _ frev bunch'Yp [L] — 5 10 nb-Ts-1 = 10% s-Tom-2
A 47T0'x0'y S+ cm ~ 1 GHz interaction rate
Sl = 11245.5 Hz is the bunch revolution frequency

Neunen = 1...2808 is the number of bunches in the machine

- Np

- GX/

= 1.1 x 10" is the number of protons per bunch (“bunch intensity”)

, =12..50umis the transverse beam width characterising beam optics, 02, = &, %,

« Luminosity drives our ability to detect low cross-section processes

“Cross section” given by Nature

“Efficiency” of detection optimised by

events experimentalist

NODS = cross section X efficiency x f L-dt

Integrated luminosity delivered by LHC
34



Luminosity — single

most Important
quantity

Maximising luminosity

Compensate reduction factor b 4 crossing angle

Crossingangle (0.3 mrad) and
“hourglass effect” (o, ~ 4-6 cm\K hour glass

froumiy hN ) 1 N V\A
L = re\; unca p R(@C,S,,B ) O'Z) - frev nbuncth £ rre (90’8 B 0 )
T0,0,, 4t & P
/

Maximise total beam current

Cryo-limiton maximum beam current
anticorrelates N,t0 Nyynch-

Collimation, cryogenics vacuum, protection
improvements, ... allow to increase limit.

Maximise brightness & energy, minimise g*

Beam size: a(s) = /B(s)¢,/y, 0* = a(0) ~ 17 um at collision point

Emittance: exm = areain phase space occupied by beam
(e, ~ 3.8 umis normalised emittance, taken out gamma factor)

To reduce (“squeeze”) B (distance from focus point where beam
is twice as wide, 60 cm) need to respect quadrupole aperture limit

Beam “brightness”: N, /¢, limited by beam-beam interactions
(quadrupole defocusing effect), space charge tune shift (tune
spread limited by resonances)

35



Luminosity — single

most Important
\ quantity

\.«

Compensate reduction factor b 4 crossing angle

«  Maximising luminosity Phrgjféngsirmegffgc(Sfomiaf)glggq\ # hour glass

Great LHC tool to compute luminosity and other relevant beam
parameters as a function of LHC settings:

http://lpc.web.cern.ch/lpc/lumi2.html

spread limited by resonances)

36



Luminosity — single

most important
\ quantity

\

« The luminosity detectors of the experiments are calibrated with beam-separation scans
(the so-called “van-der-Meer method”)

— 025717 T 7 7
P _ Specific visible ATLA ’
Oxy = Zx/y/ \/2 = " interaction rate Pt S ]
2 02F-versusnominal % =
P - beam ’ It .
. o L separation 3
- X, = horizontal and transverse convolved beam = 0151 ; ‘ 7]
widths directly determined from the scan = - * 1
3_8 O'1j o “". n
B L] i
- The knowledge of L from the measured beam ¥ ; ]
- 0.05- > -
currents and beam widths allows to extract the - ; '\ :
visible cross section of a given luminosity detector ol ete T S
E|ls s =
. . . ® E ° E
- During normal data taking the counts measured in - 5 22t
that detector, together with the known visible cross 0*'5! ----- R N R
. . . e mngr e e e s S [ Bununngunnnnnnnn -
section, allows to extract the luminosity _2;..: ............. e L, I
3 =
02 0 -

0 0. 0.2
Horizontal Beam Separation [mm]
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Total Integrated Luminosity [fb™]

w
o

- ATLAS
25— Preliminary

[[]LHC Delivered

20 |:| ATLAS Recorded
15

2011,\s =7 TeV
10 Delivered: 5.46 fb™'

Recorded: 5.08 fb!

(6}

2012, \'s =8 TeV

Delivered: 22.8 fb™
Recorded: 21.3 fb™

MS very similar

3t pet 3 oct gan ppt Wb oct
Month in Year

Luminosity — single

most important
\ quantity

\

Run-1 luminosity profile

* Lint,recorded =21fbTat8 TeV
* Loeak = 7.7 x10% cm-2s~"

+ Max colliding bunches: 1380 with 50 ns
bunch distance

* Max L;, / day: 286 pb~'

* At Loeq €very 45 min. 1 H— yy, need
~2 typical 160 pb~"fills to produced
one H— 4l
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H|gh luminosity comes

at price of pileup
Interactions

SSATLAS Pileup interactions

A EXPERIMENT

* Average of 21 (peak: 40) interactions per
crossing in 2012. Similar in 2016.
LHC design value (14 TeV):

_ Oiper L 80mb-10nb~ts™t )
= frev * Mbunch ~ 11245s71.2808

* Most analyses quite insensitive to pileup at
this rate, several mitigation methods used

* However: higher trigger thresholds
— low-p;physics suffers

CMS very similar

39



Proton—Proton

Collisions

» For proton—proton collisions, cross section is convolution of Parton Density
Functions (PDF) with parton scattering Matrix Element

Parton distribution functions
Representing structure of proton,
extracted using experimental
data and QCD properties

40



Proton—Proton

Collisions

» For proton—proton collisions, cross section is convolution of Parton Density
Functions (PDF) with parton scattering Matrix Element

Parton distribution functions Hard scatter parton cross section
Representingstructure of proton, ™ & e Higherorder pQCD correction;
extracted using experimental D —le—= accompanyingradiation, jets, ...

data and QCD properties

X = jets, W, Z, top, Higgs, SUSY, ...

Underlying event

o _ . . A _ 2 _ . .
CM energy-squared of parton collision: s = M, = X, - X, -5,

« The parton density functions rise dramatically towards low x:

— Higher cross section at higher proton—proton collision energy
— More luminosity also achieves higher achievable energy

— Low-xregime (eg, Higgs production) dominated by gluon—gluon collisions: “gluon collider”
41



Proton—Proton
Collisions

proton - (anti)proton cross sections

109 3 T T T T rrrrg T T T 1 T : L | } T E 109
10° F o, 310
10 ¢ Tevatron éLHCi 510’
10° | : L 410° . :
5 : == 5 « Cross-section fully dominated by
10 = : ' = 10 v . . . .
5 ; 12 inelastic strong interaction
10 / '§1° £ “minimum bias” events
10° | ; 5 4 10° 80
2 / ] 2 T
~ 10 1T 31 « Detectors cannot record 40 MHz
Q 1 [ ' X 1,01 S *
£ w0 : : 510 - event rate™ (eachevent~2 MB size — 80 TB
© 10’ £ o (EF 5100 GeV) 310 G / second)
[ jet\ T ()
107 £ 110" @
0k 1102 & * Online custom hardware and
C 11 H t
0 o 2 software “triggers” reduce rate to
i © filter out events with a million & more
10" | 4 10* . .
i times smaller cross-sections than
10'5 :_MH=125 GeV . 10'5 . .
: , . minimum bias events
10° : : © o J0°
[ wusz2012 : ' : i
107 el s 107
0.1 1 10

\/S (TeV) *LHCb phase-1upgrade is preparing for exactly that! 42



The data path in a nutshell

(example ATLAS)

Large Hadron Collider LHC Detector Trigger & Online monitoring

Rl o DAQ Run-2:  Trigger
e ot
OH MY
DEAR!
o0

geek & pote
25/50 ns bunch distance L1 (HW, upto 100 kHz) + HLT (SW, 1 kHz)
Loax ~ 1 x10% cm=2s~! Low-threshold single lepton triggers,
single MET and jet triggers, and low-
threshold di-object & topological triggers
Calibration & Reconstruction Distributed computing Analysis

_
PR g s P

[ -e-Data Zsutw -
500f- SIMC Stat. @ Syst. Une.X< - ATLAS Preliminary

< Performance groups
wl o e’ 1 provide standard
P 1 physics objects with
3 calibrationsand
1 uncertainties, unified

Entries / GeV

Qra ! ' in analysisrelease
2 = — : §g;§f st ;0‘ A . mfg Analysis groups build
48h calibration & data quality Production of standardised m eV physics analyses upon
processing, then prompt derived datasets for physics this ground work
reconstruction of data in Tier-0 and performance analysis

Also: MC production— O(4 billion) 13 TeV
events produced per experiment 43



Trigger

First selection filter: reduce initial event rate by factor of one million for recording.

For each event the Trigger is a function of the event data, the apparatus,
physics channel and parameters

Accept

Reject

Look at (almost) all bunch crossings, select most interesting one, collect all detector
information and store it for offline analysis (do this with a reasonable amount of resources)
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Schematic view of the ATLAS trigger / data

acquisition system in Run-2

Calorimeter detectors ~30 MHz
Tile/TGC| Muon detectors
Detector
Level-1 Calo l {1 Level-1 Muon ] Read-Out
Preprocessor Endcap Barrel
sector logic | | sector logic
1 . 100 kHz
Electron/Tau| | Jet/Energy v v
MUCTPI 5
Q
Q
> f DataFlow
» L1Topo é v
R
CTP E eadOut System
§ CTPCORE
CTPOUT |

— ,,
Level-1 < Data Collection Network

Region Of Interest

ROI
Requests

High Level Trigger

(HLT)
Fast TracKer
(FTK) u Processors O(20k) T‘

v

Event

Data Data Storage (SFO) 1 kHz
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MC event simulation

IS key for analysis

A

Event generation e Detector simulation mmm$Y Digitisation My Reconstruction

Hard scattering event Geant4 or parameterised Mimics detector readout Same as for real data
“‘Mix-in" pileup events

Physics modelling with event generators gives largest systematic uncertainty in many analyses

* Hard scattering convolved with parton densities

« Decays of the hard subprocesses, initial- and
final-state radiation (ISR/FSR), multiple parton
interactions (and their ISR/FSR)

« Use matrix elements as much as possible, but
cannot fully avoid phenomenological parton
showers, hadronisation, and underlying event

« State-of-the-art: NLO ME up to 2 partons, LO ME
up to 5 partons, PS matching, non-perturbtive
and electroweak corrections sometimes applied Rough sketch of proton—protonscattering in LHC

proton

» Fixed-order calculations known to higher order
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Theoretical cross-

sections and
uncertainties

Beyond event simulation, theory needed for cross-section and acceptance calculations

Inclusive jet production is known to NLO QCD (2—2 parton level) + nonperturbative corrections
(particle to parton level cross-section ratio) + NLO electroweak corrections (up to 12% at large py)

Inclusive W, Z production is known to full NNLO in QCD + NLO electroweak corrections

W/Z + jets production known at particle level to NLO up to 2 jets (up to 5 jets for parton level), LO
matrix elements for additional partons. Also approximate NNLO calculation for W/Z+1 jet.

Diboson production, eg, WW: NNLO for quark annihilation, NLO for non-resonantgg — WW

Higgs production is known to N3LO in QCD + NLO EW (gluon fusion), VHin NNLO QCD and NLO
EW, VBF in approx. NNLO QCD and NLO EW, ggZH, tt/bb H, tH in NLO QCD

Inclusive top-antitop production is known to full NNLO QCD + NNLL soft-gluon + EW corrections
Most other relevant processes known to NLO in QCD, some like single top in approximate NNLO

Theoretical uncertainties usually estimated by adding in quadrature:

Symmetrised renormalisation and factorisation scale variations (x2, /2), strong coupling and PDF
variations (often maximum of uncertainty from main PDF used and comparison with alternative sets)

In some cases (such as for parton shower and hadronisation) comparison between alternative generators



Theoretical cross-

sections and
uncertainties

Progress in theoretical calculations— NNLO revolution

W/Z total, H total, Harlander, Kilgore

H total, Anastasiou, Melnikov VBF total, Bolzoni, Maltoni, Moch, Zaro

H total, Ravindran, Smith, van Neerven WH diff., Ferrera, Grazzini, Tramontano

WH total, Brein, Djouadi, Harlander Y-y, Catani et al.
H diff., Anastasiou, Melnikov, Petriello Hij (partial), Boughezal et al.
H diff., Anastasiou, Melnikov, Petriello ttbar total, Czakon, Fiedler, Mitov
W diff., Melnikov, Petriello Z-y, Grazzini, Kallweit, Rathlev, Torre
Wz diff., Melnikov, Petriello ji (partial), Currie, Gehrmann-De Ridder, Glover, Pires
H diff., Catani, Grazzini
. . ZZ, Cascioli it et al.
(oS} W/Z diff,¢”Catani et af.
(S oq / ZH diff., Ferrera, Grazzini, Tramontano
%o [¢] o WW , Gehrmann et al.
o o)
(0]

eXplOSi.On Of Ca lCUlation Z-y, W=y, Grazzini, Kallweit, Rathlev
In past 18 months

Hj, Boughezal et al.
2002 2004 2006 2008 2010 2012 2014 2016

Wij, Boughezal, Focke, Liu, Petriello
Hj, Boughezal et al.

VBEF diff., Cacciari et al.

Zj, Gehrmann-De Ridder et al.
ZZ, Grazzini, Kallweit, Rathlev

Hj, Caola, Melnikov, Schulze

Zj, Boughezal et al.
WH diff., ZH diff., Campbell, Ellis, Williams
Y-y, Campbell, Ellis, Li, Williams

Figure by Gavin Salam at LHCP 2016

WZ, Grazzini, Kallweit, Rathlev, Wiesemann
WW , Grazzini et al.
MCFM at NNLO, Boughezal et al.

Also experimental knowledge of PDFs Pz, Gehrmann-De Ridder et al.

limits precisioninmany LHC analyses! 48



Theoretical cross-
sections and

uncertainties

10% [
5% [
2% |
-2°/o B
5%
-10% [ Also experimental
knowledge of
A5% b PDFs s limiting
precision in many
LHC analyses'!
20% & y




Testing theory

via unfolded

N\ measurements
\

Unfold measured distributions from detector effects (resolution, reconstruction and
identification efficiencies) to particle level fiducial cross section (least theory bias)

Implement analysis in “Rivet” which allows to consistently apply cuts to HepMC formatted events

Main experimental
measurement

tot fid Nobs _ Nbackground
Opp-x = 7 |Opp-x|=
pp Ay Ay L-Cy

Ay : acceptance factor=" N figucial / Ngen

CX: correction factor = Nreco,selected /Ngen,fiducial

Acceptance factors are computed entirely from theory (use best available fixed order calculation)

Correction factor depends on experiment, usually needs MC generator

Differential cross section corresponds to binned fiducial cross section; requires unfolding due to bin-
to-bin correlations. Mathematically unstable procedure needing regularisation
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Background

determination

Example SUSY search: analyses look for tails in distributions of observables sensitive to high

produced event mass: Mg

A trigger threshold
M (background)

“si,gtr\od. req Lon”

Megs = E prt D prtEFT

Jets Lepl:ohs
HT

J

Requires reliable estimate of SM
backgrounds in signal region

Main background sources:

tt— WM—L(1)v)b+ W(—=qq) b
W(—2v) + jets

Z(—=vv)+ jets

WW, Wz, ZZ, tt+W | Z (+ jets)
QCD multijets, fake objects, ...

Several estimation methods:

MC simulation
Data control regions + MC transfer

Fully data-driven (sidebands,
ABCD method, etc.)
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All LHC physics analyses use basic “physics objects” :

Object Reconstructed how? Calibrated how?

Tracks & vertices
Electron/ photon
Muon

Tau (hadronic decay)
Jet

Missing E;

b-jets (c-jets)

Inner tracking systems

EM calorimeter cluster, track(s)

Inner tracker and muon system combined
Inner tracker and EM & had calorimeters®
Inner tracker and EM & had calorimeters®
Reconstructed objects + “soft” objects”

Inner tracker (+ jet reconstruction)

Basic physics

objects

Hit residuals (alignment), hadrons, MC
Z, P — ee(y), W — ev, 0, MCy)

Z,Y, Y —pu

Z — T, Egyo/P

Di-/multijet balance, y + jet, Z + jet

Z — Uy (alsoee) for soft term

Top pairs, muons, ..., MC(high p;)
*CMS uses event-wise particle flow
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Reconstructing

boosted particles

A

LHC can produce highly boosted W/ Z/ Hbosons or top quarks so that their decays into
jets can be merged

£ - P i 4 AR~2m/ p;
b A Hence, for X — WW and
W ,
W un-boosted boosted my = 800 GeV (my = 80 Ge &
bjet jet pr=400GeV): AR ~ 0.4
jet “fat” jet

« Reconstruction as "fat jets” (R ~ 1.2, compared to standard R = 0.4 anti-k; jets)

«  Strategiesto reconstruct substructure in fat jet (eg, jet mass), and to correct for pileup effects
«  Boosted signatures (BS) occur in high-mass new physics searches

« BS can have better signal to background (multijet) ratio (eg, in H— bb/ 17)

« BSvia ISR jet can be used to render invisible modes accessible (eg, WIMPs, compressed spectra)
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The evil in every measurement

Systematic

uncertainties

|4

Well designed experiments minimise as much as possible
systematic uncertainties (full coverage, measurement precision,
homogeneity and linearity, A depth, longevity of components, etc)

Understanding, estimating and reducing remaining systematic
uncertainties is often the main analysis challenge

A high quality analysis stands out by its thoroughness on all relevant sources of systematic uncertainty
It is important to distinguish relevant from irrelevant sources; in doubt — relevant

For many uncertainty sources, in particular theoretical ones, estimating a “one-sigma” error is very
difficult, or simply impossible — be conservative !

(Reasonably) conservative uncertainty estimates are a must! It is of no use
for science to make over-aggressive statements that one cannot fully trust
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The LHC Run-1:7 & 8 TeV pp, 5 & 20 fb

A brief history of selected highlights
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Inclusive and differential jet cross section vs. jet pr and rapidity

Jet production |cusras-swp-14-001]

" CMS Preliminary 19.7 fb’ (8TeV)
—~ 102
Qo % 10" = _
O = anti-k, (R =0.7)
— 10
ol —CT10 NLO ® NP ® EWK
ol 71
o
10°
10° —
10—
Fillne 0.0<lyl<0.5(x10°
107 - 05<lyl<1.0(x10%
100 —— 1.0<lyl<1.5(x10°)
_ —— 1.5<lyl<2.0(x 109
10°F —— 2.0<lyl<2.5(x 10
_7:I—4I—I2.5<Iyl<3.0§x100) | o |
107 "80 100 200 300 400 500 1000 2000
Jet P, (GeV)

Precision measurements & theory developments (includes nonperturbative and
electroweak corrections) — new quality of QCD tests at hadron colliders
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Harvest of Run-1 results (> 500 papers /exp) confirming predictive power of SM

Standard Model cross-section measurements
Status: August 2016

A-Ototal (x2)

'8_ 10" Eoao ineasic ATLAS Preliminary Theory
b

Run1,2 +s=7,8,13 TeV LHC pp ¥5 =7 TeV

i>1
105 F  01<pr<2Tev
2 n'j'z BBl Data 45-49f"
C >
5 0.3<mj;<5TeV
10 E A LHC pp 5 =8 TeV
- pr >25 GeV .
- A Data 20.3fb~
10* £ 0-n; >0
F o Note !
C LHC pp Vs =13 TeV
3 anO
10 E o o g BE  Data 008- 148!
N I ww
pr>100GeV n;j>2n;>1 -O~ .
10° On +O n tczan_o_ e Al ww otal
= nj>2 - =O= . )
: N e s2 N W A Run-1is not over yet:
10! 25O BT e high-quality, ext |
ol gt el A T igh-quality, extremely
= j = iZ 7Z 7z A Y
. = 47%0m v echen e well understood data
n;>
1 F o ngsng‘ 28 HHT; “ > i g sample for precision
E ni>6 pm n
- N5 n>7 VBF " measurements
101k n>6 fon o] H—Ww
F I:.n->6 n/-an A o] A\
- I"IjZ7 i n
C o
10—2 |- o n>7 [
E n>7 H—-ZZ—-4¢ A " A
L A\ WﬁAWﬁ
-3
10 e
A
PP Jets Y w y4 tt t \"AY} YY H Vy ttWtEZ tty Zjj ww Zyy Wyy \E/x£
R=0.4 EWK Excl.
fid. fid. fid. fid. tot. tot. fid. fid. fid. tot. tot. fid. fid. tot. fid. fid. fid.
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Run-1 allowed critical first electroweak studies

Higgs boson acts as “moderator” to unitarise high-
energy longitudinal vector boson scattering

If only Z and W are exchanged, the amplitude of

(longitudinal) W, W, scattering violates unitarity
+ - + - 1
A, (WW =WW)x—(s+t)

(%
Higgs boson restores unitarity of total amplitude: W,
g9 y P fjf' W my must not be
9 ¢ H |[—[ too large (which
_ ) m S | is fulfiled)
AWW -WW )x-—H + ) ; ] ]
H( ) UZ (S—mfl t—mﬁ) W; 174 WMW
q q q W
w+ /
q . .
Look for VBS scattering in
. J high dijet invariant mass
" distributions
q q' q w+
EW VBS production Non-VBS production Strong production
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Run-1 allowed critical first electroweak studies

Higgs boson acts as “moderator” to unitarise high- > TaHAs T T
. . , & I > * Data 2012
energy longitudinal vector boson scattering o 10°# 20310 Vs=8TeV KX Syst. Uncertainty =
2 . W=W3jj Electroweak 3
% W*W=jj Strong 1
If only Z and W are exchanged, the amplitude of o 10 " Prompt —
. . ; . . . " Conversions E
(longitudinal) W, W, scattering violates unitarity & %3; B Other non-prompt
XXX X I
1 1 E
A, (WW =WW)x—(s+t) soooooctionnong
Y U2 ]
10
Higgs boson restores unitarity of total amplitude:
2 2 i e Data/Bkg
m S t > - :E .
A (W+W— - W+W—) P | " ) : Bkg Uncertainty
H P \s-m2 t-m 2 o SesatC i UL N B -
3 : : .
8 0 200 400 600 800 1000 1200 1400 1600 1800 2000
m, [GeV]
q q q wt
w+ ’
q . .
Look for VBS scattering in
X J high dijet invariant mass
v distributions
q q' q w+
EW VBS production Non-VBS production Strong production
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Top quark production has been studies with unprecedented experimental precision

tt cross-section measurement
[ ATLAS, EPJ C 74, 3109 (2014) ]

Precision test of NNLO QCD,
used to derive the top mass
and new physics limits

Many top properties measured

Luminosity and centre-of-mass
energy open phase space to
observe rare tt + vector-boson
production

tt+W/Z: 7.10 combined significance
[ ATLAS 1500.05276 ]

g Z

|

Inclusive tt cross section [pb]

W
o
o

250/— @ tidilepton L =20.3 fb™

T T | T T T T T T T T
"ATLAS Preliminary
Mt dilepton L = 4.6 fb"
_ M tt lepton+jets* L =0.7 fb™
@ tt lepton+jets L = 20.3 fb™

* Preliminary

| T T
May 2015

200—
150~
B NNLO+NNLL (pp)
| Czakon, Fiedler, Mitov, PRL 110 (2013) 252004
- m,,= 172.5 GeV, PDF ® ag uncertainties according to PDF4LHC
1 00 1 1 | 1 1 1 1 | 1 1 1 1 1 1
7 7.5 8
(s [TeV]
2 FATLAS 320
% 10°E{s =8 TeV, 203 10" CR 2LSS 3L 4L_
% @ Data  Total unc. 118
<10° [Top  [Charge misiD
2] v [l Fake leptons
L% 104 =ZRareSM 25
10°
10?

10

1

Z noZ noZ y4 ee ew np z y4 z noZ
Ob 12b 1-2b 2b 2b+ 2b+ 2b+ 1b  2b+ 2b+ 2b+
3 4 5+ 5+ 4+ 3 4+ 2-5

0 DF DF DF SF  SF
Ob 1b  2b+

b 2b+
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Single-top production and property measurements

Electoweak single top production ATLAS fs=8Tev, 2030

Measured fiducial Wt+tt cross-section
[ Total uncertainty
Stat. uncertainty

Top cross-sections o e _

. . Predicted fiducial cross-sections:
significantly enhanced POWHEG BOX4PYTHA DR CT10
at LHC wrt Tevatron: POWHEG-BOK4PYTHA DR CT10
at 8 TeV, factors of 42
(t-channel), 31 (ft), but

PVSWIJE‘GI-‘BSE(JPYTHIA DS CT10
only 5 for s-channel
(ie, worse S/B at LHC)

POWHEG-BOX+HERWIG DR CT10 =%
o"and o' at NLO

MC@NLO+HeRwIG DR CT10

o™ and ot at NLO

MC@NLO+HERWIG DR MSTW2008

o"and o' at NLO

MC@NLO+HERWIG DR NNPDF 2.3
o™ and o' at NLO
Lo v v Lo by vy

t-channel already measured 03 08 09
. . Cross-section [pb]
differentially g "
59 T T T
[ ATLAS, 1406.7844, CMS 1511.02138 ] g ATLAS Iil E::t:annel
o \s=8TeV,20.3f" g t-channel

Signal region - Wt

Wt channel observed with 7.70 w- 1.
[ Z+jets, diboson
[ ATLAS, 1510.03752, CMS 1401.2942 ] B Multi-jet

777} Post-fit uncertainty

s-channel process first observed at b
Tevatron with 6.30 in agreement with W
SM prediction q ¢
[ CDF& DO, 14025126 ] w 0

3 1 ‘ ‘ 3
ATLAS reported 3.20(3.9cexp.) , . L 10%4%/%%%%%%%%%%%/%
evidence in agreement with SM 1 b g osf ‘ ‘ ‘ R

0.0002 0.0018 0.058 0.102 0.187 1

[ ATLAS, 1511.05980 ] P(SIX)
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W mass

No LHC resulit yet

World average value dominated by Tevatron measurements : 80.387 + 0.016 GeV
[ CDF & DO, 1204.0042 ]

; [ T T T T | T T T T | T T T T | T T T T T T T T L_/
) - 68% and 95% CL contours m, world comb. = 1o 7
(O] - - m, =173.34 GeV _
— 805 — B fitw/o M,, and m, measurements -- 5=0.76 GeV P —
E; L fit w/o M, m, and M, measurements —0=076® 0-5‘{.be6 GeV
B0 direct M, and m, measurements ’
80.45 —
80.4 |-
No W mass St i -« |7/ A A,
measurement " My, world comb. = 10
from LHC yet 80.35 :— M,, = 80.385 = 0.015 GeV 5 -
80.3 |- g i
80.25 - ‘JQO?Q”" l 2 : £
25 e fitter|s/% 7
C |’/| L1 - '/l I RS ST B
140 150 160 170 180 190
/‘ m, [GeV]

Global electroweak fit



The Higgs boson had been
vainly searchedfor at many
accelerators

Best non-LHC 95% CL limits
from LEP (CERN, 1989—2000)
and Tevatron (Fermilab,
1990—2011):

my > 114 GeV

147 GeV < my > 179 GeV

EW fit: my < 153 GeV




Higgs boson production at the LHC

At the LHC, the Higgs boson is dominantly produced via R or bosor MSion:
gluon fusion Oy io1a ~22 pb at 8 TeV for my = 125 GeV

Cross section steephfalling with Higgs mass St T i B S TN W/ el H

Sxo.n.ns&_n.’ E .
* g S
3 «wanebl ¢

Total production of ~470 thousand SM Higgs bosons of
125 GeVin 2012 in each ATLAS and CMS




Higgs boson decay

Because of the coupling to the
mass of the decay particles:

... the Higgs will decay with
preference to the heaviest
particles allowed

... the Higgs does not
couple directly to photons
and gluons, but only via
“loops” involving
preferentially heavy
particles (e.g., top, W)

vy zy H(125 GeV)
99  0.23% 0.16% branching
fractions:

8.52%
7* Y

2.76%\\
bb
/ 2050

2.87% Uncertainties 3~12%




Higgs boson production at the LHC

H(125 GeV)

L LI | LI

FWW-

For medium to heavy Higgs:
 Lepton final states via WW™), ZZ(*)

T IIIIII|
T
o

1
%

For light Higgs:

» Lepton final states via WW*, ZZ*
« Di-photon final state
« Di-tau final state

Branching fraction

The dominant H — bb mode is only
S | exploitable in association with W/Z or t,
FTR Tk SN R— : also with strong Higgs boost

H . H H
4 | o] |
1 1 1 [ 1 1 1 1 1

140 160 180 200 220 240 Associated leptons provide trigger signal as they help
to reduce huge QCD background, o(bb) ~ O(100 pb)

Higgs mass (GeV)
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No doubt on Hy,5 discovery in the bosonic channels

H — yy H—ZZ(" — 4¢ H— WW® — 22y

E ‘wi T ‘fL‘d(‘:A.‘S 'L—w ‘ﬁ:‘_l‘l‘-ev‘ T A‘TL‘A‘S T ‘E % 35 i \A\;L\\A; ‘ TTTT ‘ TTTT ‘ T \;\ ‘ I\D\a‘\a T ‘ TTTT ‘ TTTT]TT \E C I T T 7T I T T 7T I IAITILIAIé L I T T >l|< ]
% |soi {/I:u‘v:i:::d“;urnﬁ:STev (;";?:d fit: é ch E H e ZZ* — 41 I:I Signal (mH:125 GeV p=1.51) E % 800 __ H% 1 __
P~ 140; Mass measurement categories ::f;z::ﬁgground é S 30 } tov [iateas s - Background 22* { O] B B:BTeV, 203f_|:1) |
120:— — Signal = _‘cg C P vadt 05" - Background Z+jets, tt ] 9 ~ \/§=7TeV, 45fb T
= E S 251 e - % matic uncertaint - -~ i i
woz— E q>) 5 F T systematic uncertainty ] @ 600 | (a) ni= 1, eu+ee/uu _
- = w ot ] o B ¢ Obs=stat 1
: ] 20 E 3 i % Bk t ]
oo = F ] I | 7 g=+Sys n
‘0; = 15 ; { 400 — . HIggS ]
o= E r ] i B ww ]
o SF : 10 g L O Misid i
; ] 200 [~ 8w —
2 51 B 0 Top .
: E . B DY ]
A
0
80 90 100 110120 130 140 150 160 170 0 50 100 150 200 250
my, [GeV] m; [GeV]
. 19.7 b (8 TeV) + 5.1 fb™' (7 TeV) cMs (s=7TeV,L=51t";V{s=8TeV,L=19.7 0" cMS 4.9 b7 (7 TeV) + 19.4 5" (8 TeV)
> X E > C T ‘ T T T ‘ T T T ‘ T T T .‘ T T T ‘ T T T .E r ‘ T T T T ‘ T T T T ‘ T T T T ‘ T T T T ‘ T T ]
3 ok HC‘I\”I‘ISY S/(S+8) weighted sum & 35¢ Data B Qo | - data B WZeZZWW o125 Gev |
~ E ¢ Data C ]
»  ah ™ r .Z+X ] i} — H—=ww top e 0/1-jet
P=1 E S4B fits (weighted sum) L ] 1 I . . wOt-jet |
§ esf ™S\ B compornt E %0 [z 2z ] § 000 oW I DY-ets
° A S F ' ] ) [ Wijets Ww
o 2 > 251 | |m,=126Gev 9 -
c £ L - B 9
o 15¢ [ ] <
S 20F E 3
o Foio=114%5 C ] =
0.5 i, =124.70+ 0.34 GeV r B g |
2 oo m . 15E E = 500
o O [ ] J')
200 r { M\\\ B component subtracted ] } { CTV)
100 4 L
O’I % l 1. 7+T%TI%LITI Il x+ % = ll
l—%JTm“ ESS I UL EE 20644 BT i L l
-100 - 4 7
Ll b b e b L . H 0 — . ——s
110 115 120 125 130 135 :':;) ege\;)so 180 50 100 150 200 250
Yy m (GeV)
4 m; [GeV]

Very different experimental challenges in each of these discovery channels.

All analyses significantly improved since July 2012 67



Combined Higgs analysis and a flurry of property measurements

ATLAS & CMS
Combinations of Higgs
mass and coupling
measurements

[ 1503.07589, 1606.02266 |

My =125.09 % 0.21 4, £ 0.1, GeV

Higgs production processes

ATLAS and CMS -8- ATLAS+CMS
LHC Run 1 -+ ATLAS
-+ CMS
B ' —=z+10
———— — =2
oo S—— ‘
'
uw ——o——
VBF —
MWH < —
Moy —
' ®
MttH > <
-
uw e
IIIIIIIIIIIIIIIIIII|IIIIIIIIIIIIIIIIIIIIIIIIIIIII

-1-050 05 1 15 2 25 3 35 4
Parameter value

. Higgs Boson

Quarks Also:
» Differential cross-section measurements
« Limiton 'y from off-shellto on-shell coupling ratio

+ Limit oninvisible Higgs branching ratio of < 25%
[1509.00672, 1404.1344 ]

+ Constraints on anomalous off-shell coupling or
spin/CP, forbidden decays (FCNC) and other
scalar particles (BSM Higgs)

Higgs decay processes

ATLAS and CMS - ATLAS+CMS
LHC Run 1 - ATLAS
-+ CMS
B : — +10
ne —— — +20
=
- : Agreement amongexperiments
s — Combined observation of H —
S —— ombined observation of -
L : Tt channeland VBF production
uWww —— ttH channel a bit large: 4.4c
L g significance (2oexp), Y = 2.3
w —t—— Note that the least model-
T dependent observables at the
B : LHC are ratios of couplings
bb —————
u ——
111 I 111 I 111 I 111 i 111 I 111 I 111 I 111 I 111 I 111

-1 -05 0 05 1 15 2 25 3 35 4
Parameter value
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Combined Higgs analysis and a flurry of property measurements

ATLAS & CMS ! (500000Y
Combinations of Higgs
mass andcoupling = @ 47 & ¥ & 0| Nl "
measurements
[ 1503.07589, 1606.02266 ]
4 \200000
,
Mm — 1 1 T T T
1 6LATLAS and CMS [CJATLAS+CMS ] PR
| LHC Run 1 DATLAS
14F i :
1.21 - R
17 — NW\/V\/’Y
0.8 - Couplings to massless particles mediated
I | by loops involving heavy particles
0.6 | "“”"""--u..............n"““““ n .
| 68%CL .95%CL + Bestfit % SMexpected | Povvgrful test for newphysms (eg,.excludes
e e S SRS SM-like heavy 4t fermion generation)
0.6 0.8 1 1.2 1.4 1.6
K
Y
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The Higgs boson as a portal to beyond the SM physics

Higgs as BSM portal

Higgsis narrow: 4.1 MeV

For comparison:

My =2.1GeV
r, =25GeV
Mop = 1.3 GeV

Even small couplings
to new light states can
measurably distort
branching fractions

My =4.1 MeV

10°
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100

; En T T 1 T T T 1 T T T 1 T T 171 T T T 1 T T T 1 T T T 71 T T T 1 T T T 71
S - .
£ 1 E_, .................................................................................................................................................. —
S =8 3
S - ]
E 10 g_e. .................................................................................................................................................... _§
(" = =
o - -
2 ~ 7
T 1 E_i. .................................................................................................................................................... —
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Flurry of results from LHCb |
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Beautiful flavour and low-pt physics measurements

CMS and LHCb (LHC run )

~300 papersto date ]

I T T T I T T T I
—¢— Data

— Signal and background
[ B—

P Ty

- - = Combinatorial bkg.
----- Semileptonic bkg.

— — Peaking bkg.

I|IIII|IIIL|

CMS & LHCb: observation of By — pu

[ Nat. 522 (2015) 68 ]

ATLAS Run-1 result ~20 below SM

[1604.04263 ]

=l

B, — puis loop process (no tree-level FCNC)
thatis in addition CKM & helicity suppressed

Does the Higgs boson has brothers and sisters?

SM: 3.7 + 0.2 x 10-°

0.8

0.6

0.4

B(B® — u* u)[107°]

0.2

)

LA I S L L B B B

ATLAS
s=7TeV, 491"
Is=8TeV, 20 fb™

0 PR L L
ﬁ AN :
i ATLAS Contours for -2 Aln(L) = 2.3, i
—0.2 6.2, 11.8 from maximum of L _|
...|.l..|....|...|....|....T\....—
0 6 7

B(BS — ut w)[107°]



Beautiful flavour and low-pt physics measurements

Flurry of results from LHCb [ -300 papersto date]

Precision measurement of ¢ DO 6 b
0.14} HFAG @
[ PRL 114, 041801 (2015): ¢pg =—0.010 £ 0.039 ]
— 0.12 Czhg?b . 68% CL contours
. I (Alog £ = 1.15)
Observation of new states 3, 010
. . S ) L =1
consistent with pentaquarks " CDF 9.6 1b
[ PRL 115, 072001 (2015) ] ~
<1 008
g o " 0.06
= : ATLAS 19.2 fb™
1L(_) 700 (b) r LHCb , , , , ,
= Y Data ~0.4 -0.2 0.0 0.2 0.4
..g 600 * + Fit result (ZS;:ES [I‘&d]
2
LLl 500

400

C (b) S
b —P@é } " ‘M E}K
Ab u S . AOb {E E} PC
A — d

d

Y
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1.5 L L | T T T T T T T 1 T T 1
: excluded area has CL>0.95 | %} :
- Y % i
1.0 — \]% —
- 5 Amg& Amg
0.5 — _
1S 0.0 — —
-0.5 — —
L e _
1.0 — Y K _|
B % sol. w/cos 28 <0 -
~ EPS 15 . (excl.'at CL > 0.95) —
1.5 B R B | NI R A R A R A A R A AT A i

-1.0 -0.5 0.0 0.5 1.0 1.5

Beautiful flavour and low-pt physics measurements

p

2.0

Long-term effort to overconstrain
CKM matrix continues (phase value
itself “accident” of nature?).

Huge contributions from LHCb:

« Measurements of y, sin(2p),
|V, Amg,qfrom LHCb

 World’s best constraints on CP
violation in B%g) mixing (a.¢, a
in agreement with SM (DO sees
3.60 deviation)

Is the CKM phase an “accident of
nature”?

‘)

73



Flavour anomalies ?

B-factories and LHCb measure ratios of semileptonic B decays. Robust SM predictions

0.45

R(D*)

04

0.35

0.3

0.25

Latest measurement by Belle using semileptonic tagging of recoil B (Moriond EW):

BR(B® —» D™ v)
BR(B® —» D™ ¢v)

— BaBar, PRL109,101802(2012) )

— Belle, PRD92,072014(2015) Ay*=1.0
LHCb, PRL115,111803(2015)

== Belle, arXiv:1603.06711

= HFAG Average, P(?) = 67%

= SM prediction

S

R(D), PRD92,054510(2015)

R(D*), PRD85,094025(2012)
N B R |

i\)llllllII|IIII|IIII|IIII|IIII

oIIII|I||||||||||II|IIII|IIII

0.3 04 0.5 I
R(D)

Ro = 0.302 % 0.030,;,, = 0.011,,; [SM: 0.252  0.003, 1.60]

6

_ BR(BT - K" up)

Ry =
K™ BR(B* - Ktee)

--LHCb -m-BaBar —a—Belle

2_ LI B B B B S B A L AL L
- LHCDb
1.5 ~ - ]
! + SMo
05F .
0_ ] N N N B

0 5 10 15 20

q* [GeV?/c4]

World average by HFAG: Ry = 0.316 £ 0.016 + 0.010 (3.30 from SM, combined Ry & Ry is 4.00)

http://www slac.stanford.edu/x org/hfag/semi/winter 16/winter16 dtaunu. html
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Striking phenomena observed,
e.g. in lead-lead collisions and "= |
soft pp physics \\

Run 168795, Event 7578342
Time 2010-11-09 08:55:48 CET

SUSUMARTEEE
OO

T

e
ﬂ“W“QMV -
(057

e %%

=z
N

i

\ N

“"\““‘“ \,¢",,‘/ S
XS 2R

% m&“o’

[ ATLAS, PRL 105, 252303 (2010) ]
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Since the LHC Run-1 the Standard Model is complete

It is a triumph for the It is a triumph for the
imagination and rigour of greatest experimental
the scientific endeavour undertaking ever:

e Frontier of accelerator &
detector technologies

* Global data sharing, analysis
& collaboration
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It seems, however, that

ths SM isn’t all there is

LHC may address
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It seems, however, that

the SM isn’t all there is

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

Status: July 2015 Vs=7,8TeV
Model & uTY Jets Ep™ [dam™) Mass limit [\5=7TeV| 5=8Tev Reference
T
MSUGRACMSSM 03127 210j0t53b Yes 203 |@E TETRIn-n) 1507.05525
4. 3-4%, 0 26jels  Yes 203 850 GeV. GV, m(1* gen. §)=m(2" gen.3) 1405.7875
@ 2,947 (compressed) monojet  13jets  Yes 203 100440 GeV. @ miE<10Gey 150705525
V t t f B S M h 5 .,ﬂ,uw/wﬁ‘; 2epu(off-Z) 2jets  Yes 203 780 GeV GeV 1503.03290
Foaat 0 26jels  Yes 203 1.33 TeV 14057875
ast amount O sSearcnes | M= ol S w % o
38, 3—qq(LL] /vy 2eu 03jets - 20 1.32TeV. miid)= 1501.03565
2 GusB (I NLSP) 120401¢ 02jets  Yes 203 QEREE] v 1407.0603
S GGM (bino NLSP) 2y - Yes 203 1.20TeV Cr(NLSP)<0.1 mm 150705493
. . ‘g (GGM (higgsino-bino NLSP) v 1h Yes 203 1.3TeV m(F})<900 GeV, cr(NLSP)<0.1 mm, u<0 1507.05493
I h eorv-aano St ic. sign at ure b ase d S GOM (higesino tino NLSP) Yz v 20 125Tev (E) a8, cr(LSP)<. g0 160705495
) GGM (higgsino NLSP) 2e,u(2) 2jets. Yes 203 850 GeV' m(NLSP)>430 GeV 1503.03290
Gravitino LSP 0 monojet  Yes  20.3 12 scale 865 GeV m(G)>1.8x 10 eV, m(z)=m(7)=1.5 TeV 1502.01518
H S 8 gl 0 3b  Yes 204 1.25TeV. m(})<400 GeV 14070800
S e a r C e S a S We a S I g y a r g e e 33 ¥ 0 710jets  Yes  20.3 1.1TeV. miFy) <350Gev 1308.1841
) < E 0len 3b Yes 201 1.34 TeV. m(E})<400 GeV 1407.0600
it Olep 3b  Yes 201 1.3TeV. mm’)«m Gev 1407.0600
model-dependent ones £ P —
5% 2eu(88)  03b s 275-440 GeV. )2 mi) 404,250
33 12eu  12h  Yes4 7/20 s v 230-460 GeV' (i) = 2miE}), m(i)=55 Gev 12092102, 14070583
o8 02e.p 02jets/2b Yeos 90-191 GeV 210700 Gev m(E)-1 Gov 1506.08616
s [ 0" monojetianves 03 i 90240 GeV. (7 m(E}) <85 GeV 1407.0608
5% natural GMSB) 2e.u(2) 1bh Yes 203 |7 150-580 GeV m(F)>150 GeV 1403.5222
Ben@ b Yes 203 @ 290-600 GeV m(i})<200 GeV 14035222
2ep 0 Yes 203 |7 90-325 GeV 14035294
LQ1(e)) x2 stopped gluino (cloud) 2ep 0 Yes 203 ¥ 140-465 GeV 7.7)=0.5(m(¥7 () 14035294
LQ1(ej}+LQ1(v]) sg:)peg stop :clcu d: 27 - Yes 203 fF 100-350 GeV' =0.5(m(¥)+smif1) 1407.0350
A ) Bepu 0 Yes 203 |A.K 700 GeV S(m(ET)+m(E) 1402702
LQ2(yj) x2 HSCP gluino (cloud) Longa-Lived 23eu  O02jels Yes 203 |End 420 Gev. 0, slptons decoupled | 1403.5294, 1402.7029
LQ2(uj}+LQ2(v) 4
Il.lIQ3(vb) x'2 LepTO qua rks HSCP stop (cloud) Particl Wy Y026 Yes 203 A 250 Gev. sleptons decoupled 150107110
g=2/3e HSCP e 0 Yes 203 |Ay, 620 GeV S(mE)em(et) 1405508
LQ3(th) x2 =3¢ HSCP artcies ) weak prod. e ury - Yes 203 |w 124-361 GeV cr<tmm 1507.05493
::83(“) xg chargino, ctau>100ns, AMSB Disapp. ik 1jet  Yes 203 |[Ff 270 GeV ml/h )-m(F)~160 MeV, r(F; 1310.3675
. (V) X neutralino, ctau=25¢cm, ECAL time dE/dx trk - Yes 184 |F 482 GeV (8 ()~ 150605332
gmgle Lg; A=1) 3 4 Tev R 0 15jets  Yes 279 |& 832 GeV mw 100 GeV, 10 us<7(3)<1000 13106584
ingle LQ2 (A=1) ) uk - BTN 127TeV 14116795
. 0_,; 124 - - 191 | & 537 GeV 10<tang<50 14116795
0 1 2 3 4 TeV j+MET, vector DM=100 GeV, A ong- E‘LS ivme o y - Yes 208 |t 435 GeV 2<r(E%)<3 ns, SPSB model 14085542
. - . y displ. ee/ep/pp - - 203 |, 1.0 TeV 7 <ct(F})< 740 mm, m()=1.3TeV 1504.05162
RS Gravitons J+MET, axial-vector DM=100 Ge\, A " displ vix +jets - - 203 |@ 1.0TeV 6 <erfy 450 . 11 Tov 150405162
RS1(yy), k=0.1 J+MET, scalar DM=100 GeV, A Dark Matter Seuferiur eerpr B 203 TTT 011,000 150304430
RS1(ee,pp), k=0.1 y+MET, vector DM=100 GeV, A SSM 2e4(S8)  03b  Yes 203 |dk 1.35TeV 14042500
i) K= ) | —seew,, euv, dep - Yes 203 |#; 750 GeV 1405.5086
RS1 U!)' k=0.1 y+MET, axial-vector DM=100 GeV, A iy eriy  Bep+T - Yes 203 | 450 GeV/ . 1405.5086
RS1(WW-4), k=0.1 LAMET, £=.+1, SUSD DM=100 GSVA o 67 23 |2 917 Gev BR)-BR (- BR( 0% 15020508
0 1 2 3 4 Tev . N N 949 0 67jets - 203 |& 870 GeV m(E})=600 Gev 1502.05686
. . I+MET, §=-1, SI/SD DM=100 GeV, A 2e4(SS)  03h  Yes 203 |& 850 GeV 1404.250
0 2ts+2b - 203 |@ 100-308 GeV. ATLAS-CONF-2015-026
C Ms P re II minga ry 1+MET, €0, SI/SD DM=100 GeV, A 2en 25 - 208 @ 04-1.0TeV BR( —be/)>20% ATLAS-CONF-2015-015
3 4 TeV W 0 2c Yes 203 |& 490 GeV m(E})<200 GeV. 1501.01325
SSM Z'(t7) y L
SSM Z'(j) ADD (y+MET), nED=4, [_O rge Extra 107! 1 Mass scale [TeV]
y — ADD (+MET), nED: . - e available mass limits on new states or phenomena is shown. All limits quoted are observed minus 1o theoretical signal cross section uncertaint
D) e — ADD (ee . nE Dimensions ’ ’
SSM Z'(ee)+Z'(up) ADD (), n
SSM W'(j) ADD (). nE
SSM W'(lv) ) S2H, NED=4, M
. n
SSMw Wzl |l I QBH (i) NED=4, MD=4 To
SSMW/(WZ—4)) | ot Extiction Scale

0 1 2 3 4 Tev String Scale (j)
N 0 1 2 3 4 5 6 7 8 Tev
& (M=A) EXCIT'ed Compositeness
'y (M;/\) Fermions dijets, A+ LL/RR
" ijets, A- LL/ . i
@ amions 7 L No significant anomaly seen so far
b* dimuons, A- LLIM

dielectrons, A+ LLIM
dielectrons, A- LLIM
coloron(j) x2 " single e, A HCM
coloron(4)) x2 Multijet single p, A HNGM

gluino(3)) x2 inclusive jets, A+
gluino(jb) x2 Resonances inclusive jets, A-

0 1 2

012345678 910111213141516171819 TeV
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Tomorrow: the LHC Run-2 at 13 TeV and beyond
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The Standard Model is the legacy of 20th century particle physics

Standard Model (36+1 particles, 3 forces)

Wiczek — Gross , Saiam Glashow Weinberg  Veliman

‘t Hooft

Politzer

Friedman

Rubbia van der

Meer

Englert & Higgs

Hofstadter

Cronin  Kendall

Steinberger

Selected
Nobel Prizes
since 1957
(incomplete!)

Schwin\ger Richter Gell-Mann

Alvarez  Taylor

Feynman

Gauge group = SU(3)cx SU(2 Lx U(1
SU(3)x ) EWSB

Courtesy: Pascal Pralavorio
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Broad search coverage — not only the standard signatures

Run-1 “tour de force” analysis of pMSSM

[ ATLAS, 1508.06608, CMS 1606.03577 ]

Combined use of 22
separate ATLAS SUSY
searches in addition

to external constraints
(my, EWPO, flavour, LEP
searches, dark matter)
to probe 19 parameter
PMSSM

Distinction of LSP types:
bino, wino, higgsino

Analysis overall reproduces
simplified models picture

Higgsino/wino scenarios
biggest challenge

Analysis All LSPs | Bino-like | Wino-like | Higgsino-like
0-lepton + 2-6 jets + E'%ﬁss 32.1% 35.8% 29.7% 33.5%
0-lepton + 7-10 jets + Exiss 7.8% 5.5% 7.6% 8.0%
0/1-lepton + 3b-jets + Fxiss 8.8% 5.4% 7.1% 10.1%
1-lepton + jets + B 8.0% 5.4% 7.5% 8.4%
Monojet 9.9% 16.7% 9.1% 10.1%
SS/3-leptons + jets + EMIss 2.4% 1.6% 2.4% 2.5%
7(7/0) + jets + Exiss 3.0% 1.3% 2.9% 3.1%
0-lepton stop 9.4% 7.8% 8.2% 10.2%
1-lepton stop 6.2% 2.9% 5.4% 6.8%
2b-jets + Emiss 3.1% 3.3% 2.3% 3.6%
2-leptons stop 0.8% 1.1% 0.8% 0.7%
Monojet stop 3.5% 11.3% 2.8% 3.6%
Stop with Z boson 0.4% 1.0% 0.4% 0.5%
tb—l—E%liss, stop 4.2% 1.9% 3.1% 5.0%
Lh, electroweak 0 0 0 0
2-leptons, electroweak 1.3% 2.2% 0.7% 1.6%
2-7, electroweak 0.2% 0.3% 0.2% 0.2%
3-leptons, electroweak 0.8% 3.8% 1.1% 0.6%
4-leptons 0.5% 1.1% 0.6% 0.5%
Disappearing Track 11.4% 0.4% 29.9% 0.1%
Long-lived particle 0.1% 0.1% 0.0% 0.1%
HJA 5 7= 1.8% 2.2% 0.9% 2.4%
Total 40.9% 40.2% 45.4% 38.1%




Broad search coverage — not only the standard signatures

All experiments looked for various types of long-lived massive particles

g R-hadron — g/qq 7(? ;mz° =100 GeV
1

Status: June 2015

< 2000 - -

> C Dlsplacgd vertices arXiv:1504.05162 - O - Expected limits

G, | —@— Jets+ET"*®  arXiv:1405.7875,ATLAS-CONF-2014-037 -

1800 — Pixel dE/dx arXiv:1506.05332 5 o Ots);srveq limits
£ ” @ Stablecharged  arXiv:1411.6795 95% CL I'm':s 'Phew not included

S = Stopped gluino  arXiv:1310.6584 18.4-2031b | {s=8 TeV

~ 1600 — ATLAS Preliminary

£ I

& 1400 [® |
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1000 [—

800 = e
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TN = 7 7 W] Status: July 2015
< 1000 —
8 . Pixel dE/dx arXiv:1506.05332 - O - Expected limits
o 900 - —— Disappearing track arXiv:1310.3675 ®— Observed limits
c r 95% CL limits.
= 800 = ® SMP (Full Detector) arXiv:1411.6795 o3USY ot included
= = = X = 1 1 1 :
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SM predictions in

Monte Carlo
simulations

Parton level examples (often require “hadronisation” and soft “parton shower” corrections):

MCFM: fixed-order NLO — vector bosons etc.

« BLACKHAT+SHERPA: NLO fixed order pQCD (up to 4p) — vector bosons etc.
« Jetphox: fixed-order NLO QCD — photons

* PeTeR: resummed NNLO ( NNNLL accuracy) — photons, etc.

* NLOjets++: fixed-order NLO QCD — jets

« FEWZ, DYNNLO, Njetti etc. — NNLO calculations for vector bosons

Event generators at hadron/particle level, examples:

PYTHIA8, HERWIG++: LO ME with parton showers (PS) —
general-purpose generator, hadronisation and PS tools

 ALPGEN: LO matrix element (ME) multipartons (up to 5p) B

*  SHERPA: LO/NLO multipartons (up to 5/2p) + PS (internal) . Hadron level: NLO + PS,

MadGraph/MG5_aMC@NLO: LO/NLO MEmultiparton (5/2p) LO multiparton + PS

« POWHEG, MC@NLO: NLO

State of the art is:
 Parton level: NNLO with



Particle physics at the

dawn of the LHC Run-2
N

Confirmation of mass generation through spontaneous symmetry breaking "
in BEH potential. Scalar sector SM-like so far (but lacking precision)

QED tested to parts per million accuracy (slight anomaly in muon g-2) ?
@ It
Asymptotic freedom in strong interactions verified at % level A
JN 09 (e*e"-based)
-301+65 o
Electroweak unification tested to high precision DHMZ 10 (cbased) L
. . . . DHMZ 10 (e*e)
Quark sector: CKM picture for quark mixing & CP violation oo e
confirmed HLUNT 11 (e'e) e
Lepton sector: massive neutrinos, unknown masses, nature, dnes e ——
CP violation, sterile v's ? No flavour violation in charged 200 00 so0 400 so0 "z o o
lepton sector. Lepton universality tested to per-mil level a, - ao® x 107"

No compelling sign of new physics found at high mass scales, or anywhere else, eQ:
no electric dipole moments (EDM), no dark matter particles (only gravitational hints),
no axions (strong CP problem), no proton decay (GUT)
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