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...but patterns, symmetry emerged.¢ =

Baryons =




Particles Discover 1964 - present

The Quark Idea
(up, down, strange) (chat ll(1l)>ottom)
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...but patterns, symmetry emerged.¢ =

Baryons =




Three Generations
of Matter (Fermions)
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Standard Model Comparisons
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What is a “bump”? S
COEPP
Relativity
4-vectors: Pu — (Ea E)
Lorentz Invariant: Pu pH = E? — D.D = m?

(= (rest mass)? ... frame invariant.)

eg. I — 717

Energy/momentum Hy2 (p EH)

conservation:



) weights / GeV

Y weights - fitted bkg
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Collisions at LHC

Proton-Proton 2835 bunch/beam
Protons/bunch 10"

Beam energy 7 TeV (7x10? eV)
Luminosity 10* cm? s’

Crossing rate 40 MHz

Proton Collisions = 107 - 10°Hz

Parton
(quark, gluon)

Selection of 1 in
10,000,000,000,000

Particle




Proton-proton collisions
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proton - (anti)proton cross sections
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> 25—Preliminary 2012, N's = 8 TeV
4 B . LHC Delivered Delivered: 22.8 fb”
= 20 — Recorded: 21.3 fb™
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ATLAS Prelim. |—o(stat) Total uncertainty

my =125.36 GeV | o(§¥sinc- tic onpu
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Mass and Couplings

A or (g/2v)'2
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COEPP

* Proton accelerators — particle explosion
— Quark model

* Electron scattering — proton structure
— Quarks as real objects
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CERN Accelerator Complex
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- —— Y -
"""""""" i \ North Area
ALICE LHC T LHC-b
L —
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254
LHC Magnets €% =

Magnetic Field for Dipoles COEPP
p (TeV) = 0.3 B(T) R(km)

Forp=7TeVand R=4.3 km
>B=84T
= Current 12 kA

LHC magnets are cooled with pressurized
superfluid helium

i 15-m long
" LHC cryodipole

21 Jan 2016 Physics at the LHC and Beyond 2494
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ATLAS i)

Muon Detectors Tile Calorimeter Liquid Argon Calorimeter

/

Length = 55 m
Width =32 m
Height =35 m

\
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I/ | “'| \
! I \ \ N
Toroid Magnets Solenoid Magnet SCT Tracker Pixel Detector TRT Tracker




ATLAS Slice

Muon
Spectrometer

Hadronic
Calorimeter

—

Neutron The dashed tracks
are invisible to
the detector
Electromagnetic
Calorimeter ~Ele
\Photonl: N
Solenoid magnet z 337,335
Transition ii‘ $
Radiation MY a2ciiiid
Tracking € Tracker "3 i % ATI_AS
S'e’:gz;:‘? _EXPERIMENT
" http://atlas.ch
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Calorimetry Priniciples s
¢ Electro-magnetic Calorimeter COEPP
— Principally electrons and gamma rays

— Above ~1MeV, shower formation with characteristic
length ~ “ radiation length” X,

— X, decreases with material Z ( ~6mm of Pb)
— interleave Pb and active layers.

— Electromagnetic showers develop in Pb, tracks
ive element.
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Electromagnetic Showers, ctd j

Fractional energy loss per radiation length in lead 4 v

as a function (I)f ellectqunlqu_rl)ositronlen(?rg\r/ SRS SR

e
g\‘.'b
N

Lead ( Z =82)

Bremsstrahlung

Ionization

s o —10.05
Positron > \—,—,_,J i
0 anmlhllaltlolnI i e L 01 1
1 10 100 1000

E (MeV)

From PDG-LBL



Electromagnetic Showers

e Radiation Length:

— The mean distance
over which the
electron energy has
decreased to 1/e of
its energy by
bremsstrahlung
radiation

The scale of
electromagnetic




’:\vr 3

&2

Hadroni EM Calorimet *USs
dAaronic vs alorimeter C IS

Material Z A plelm’] Xolgom] ilglem] ‘7

Hydrogen (gas) 1 1.01  0.0899 (a/) 63 508

Helium (gas) 2 400 0.1786 (gN) 94 65.1

Beryllium 4 901 1848  65.19 752

Carbon 6 1201 2265 43 86.3

Nitrogen(gas) 7 1401 1.25 (gN) 38 87.8

Oxygen (gas) 8 16.00 1.428 (g/) 34 91.0

Aluminium 13 2698 27 24 106.4 :

Silicon 14 2809 233 » 106.0 ForZ>6: A, > X,

Tron 26 5585 787 139 1319

Copper 29 6355 8.96 12.9 1349 409

Tungsten 74 18385 193 6.8 185.0 :

Lead 82 207.19 1135 6.4 194.0 1 N

Uranium 92 238.03 18.95 6.0 199.0 1 g, \

¢

Hadron Calorimeter characteristic length

EM Calorimeter characteristic length T2 and X, in cm

01

CERN Academic Training Programme 2004/2005
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Multiple Interactions per Beam crossing

ATLAS Online Luminosity 2015, Ys=13 TeV

B 50ns: <u> =20
O 25ns: <u>=17

Delivered Luminosity [pb/0.!

0 5 10 15 20 25 30 35 40 45 50




Total Integrated Luminosity [fb

2015 — Higher Energy

ATLAS Online Luminosity  /s=13TeV
- LHC Delivered
ATLAS Recorded
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Total Delivered: 4.2 fb™
Total Recorded: 3.9 fb™
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This event is consistent with VBF production of a
Higgs boson decaying to four leptons.

ATLAS

EXPERIMENT

o

Run Number: 280862, Event Number: 53564866

Date: 2015-10-02 16:24:44 CEST




Events / 40 GeV

Data - fitted background
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Widening the horizon

1. SM contains too many apparently arbitrary features - presumably these
should become clearer as we make progress towards a unified theory.

2. Clarify the e-w symmetry breaking sector
« Use the Higgs boson as a new tool for discovery
Answer will be found at LHC energies

3. SM gives nonsense at LHC energies
Probability of some processes becomes greater than 1 !! Nature’s slap on the wrist!

Higgs mechanism provides a possible solution
4. ldentify particles that make up Dark Matter

+ Identify the new physics of dark matter
a new symmelry (Supersymmetry) Is the answer, it must show up at O(11eV

5. Search for new physics at the TeV scale

o Explore the unknown: new particles, interactions,

and physical principles.




European Strategy for HEP

®* c) The discovery of the Higgs boson is the start of §°EPP
major programme of

« work to measure this particle’ s properties with the highest
possible precision for testing the validity of the Standard
Model and to search for further new physics at the
energy frontier. The LHC is in a unique position to pursue
this programme.

« Europe’s top priority should be the exploitation of the

fuII potentlal of the LHC, including the hlgh-lummOSIty
ade of the machme and detectors with a view to

a than in the initial

* This upgrade programme will also provide further
exciting opportunities for the study of flavour physics

and the quark-gluon plasma.



SUSY Dark Matter??

Missing
Transverse
Energy

10

*
10

Events/50 GeV/10 fb

10
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0 500 1000 1500 2000 2500
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Why Luminosity Upgrade? 293

COEPP

* Low cross section processes (eg. Higgs

Production) need high integrated luminosity for
statistical power.
* As (LHC) machine operation matures, difficult
task of increasing luminosity becomes possible.
* Expensive dipole magnets don’t need replacing.
' ial of LHC without changing
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HL-LHC COEPP

ATLAS Slmulatlon Prellmlnary
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Higgs Self-Coupling

Critical that the SM Higgs self-interacts — but very
hard experimentally.

Need to ttH coupling — different processes
interfere.



Di-Higgs Production

* One of the exciting prospects of HL-LHC
* Cross section at Vs=14 TeV is 40.2 fb [NNLO]

* Challenging measurement

* Destructive interference

* Final states shown today
* bbyy [320 expected events at HL-LHC, 3000fb™]
* But relatively clean signature

* bbWW [30000 expected events at HL-LHC, 3000fb]
* But large backgrounds

* bbbb and bbtt final states under consideration

»
¥
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Higgs portal to Dark Matter

* BR of Higgs decays to invisible final states
* ATLAS: BR; < 0.13 (0.09 w/out theory uncertainties) at 3000fb!
* CMS: BR; < 0.11 (0.07 in Scenario 2) at 3000fb

* The coupling of WIMP to SM Higgs taken as the free parameter

* Translate limit on BR to the coupling of Higgs to WIMP

‘g 10%F

bi 10
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ATLAS Simulation
Preliminary

...................
—————————————————————————

g o0
LG e P

- ol
{5=14TeV, fLdt=30001"
heyy. heZZ"—4], h—WW*—hiv,
h—Zy, h—tt, h—bb, h—pu

T TTT T T

H Lol el bbbl ol ol ol

101 = DAMALIBRA® 72 L) ATLAS (95% CL)in
10% | — coms cL) “gg;";,‘:’,"“‘:;’,‘;
- I oo (b L 422 Majorana WIMP
10 | —— XENON10D (0=, cc[')J 5% Vector WIMP ATL-PHYS-PUB-2014-017
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The LHC timeline v

LHC/ High-Luminosity LHC timeline

LHC - High-Luminosity LHC

13-14 TeV
- e

2nd long shutdown 14 TeV 3rd long shutdown 14 TeV
energy

Civil engineering for High-Luminosity _
High-Luminosity LHC LHC Installation 5to 10 times the
nominal luminosity

Injector Upgrade

_ . 2 times the nominal luminosity
hominal Idminesiy —  Experiment Upgrade ¥ ' Experiment Upgrade

L=1.6x10% L=2-3x103 L=Bx10%
Pile-up~30-45 Pile-up~50-80 Pile-up~ 130-200




The HL-LHC Project

1C PROJECT

UNDERGROUND

New IR-quads Nb;Sn
(inner triplets)

New 11 T Nb;Sn
(short) dipoles

v

Major intervention on more than 1.2 km of the LHC
Project leadership: L. Rossi and O. Bruning



Luminosity Levelling, a key to success

L [10°* em™s™]

20

15

10

54

\ no leveling w peak 2x10°° cms™!

leveling at 5x10%* cms’!

- nominal

2

4

2x10%ems! I\ l
\ 1\ \ \
\ \ \ |\
I l \
\Ievselilnnglt l_2 1\\ I I
— 2 Sxl0em’s |

...............................

e High peak luminosity

* Minimize pile-up in
experiments and provide
“constant” luminosity

average no level
average level
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The detectors challenge TS

In order to exploit the LHC potential, experimerEIEQOEPP

have to maintain full sensitivity for discovery, while
keeping their capabilities to perform precision
measurements at low p, in the presence of:
* Pileup

— <PU> = 50 events per crossing by LS2

— <PU> = 60 events per crossing by LS3

— <PU> = 140 events per crossing by HL-LHC

damage
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80-100 km tunnel infrastructure in Geneva area —
design driven by pp-collider requirements
with possibility of e+-e- (TLEP) and p-e (V_VLHeC)

Conceptual Design Report and
cost review for the next ESU (2201s)

&
f!,.
£o o

FCC Design Study
Kick-off Meeting:
12-14. February 2014
in Geneva

Establishing international
collaborations

« Set-up study groups and
committees '

21 Jan 2016



Higgs physics in e

2 F Hww
O :_ _: * Precision Higgs measurements
< 10° S He'e = ,
I - 1 ¢ Model-independent
T 10 ;— // —; e Higgs couplings
;‘D - ttH HZ . * Higgs mass
o — . .
o1 1k - pan of linear colliders
- HHv.V, =
107 ¢ / HHz 3
10‘2 _| H| 1 1 1 | 1 1 1 1 | ] 1 1 ] | |
0 1000 2000 3000
/s [GeV




ILC (International Linear Collider)
— Will it start soon in Japan?




Site specific studies d

Establish a site-specific Civil Engineering Design - map the (site independent) TDR baseline onto
the preferred site - assummg ”Kltakaml as a prlmary candldate

R7000

/

& WAVEGUIDE

g /‘ TR -i* Proposed by JHEP commumty
}’ \e {‘ :u', Endorsed by LCC

e Y

7S A 4 Not yet decided by ]apanese Government

) LA

i Kesen—numa *r ‘-

eed to fmahze
IP / Linac orientation and length
Access points and IR infrastructure

Conventional Facilities and Siting (CFS)
61
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FEL and advanced linacs with TN
& 7/4\\

SCRF (SuperCOndUCUng RF) mOdU|e5 Largest deployment of “
e —— : this technology to dats COEPP

4A\

[

- 100 cryomodules

- 800 cavities
- 17.5 GeV (pulsed)
_ C Kitakami
TRIUMF FNAL/ANL :
SLAC ® proposed site
Cornell AR IHEP *
JLab LAL DESY
. PKU KEK@
C E R[;lre" 40 _' ' iILé TDR a}cceptar;cei '
resu i | |
. publ XFEL usable
USrinfrastructure for gradient (FE limited)
- 35 cryomodules 30r 1
- 280 cavities
apable 0 = — Maximum field
: 3 20t
5006 , oduction
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CLIC module layout
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CEPC-SppC

CEPC is an 240 GeV Circular Electron Positron Collider, proposed to carry out h igh

precision study on Higgs bosons, which can be upgraded to a 70 TeV or higher pp
collider SppC, to study the new physics beyond the Standard Model.

SppC LE Booster



CEPC - Site Investigation
A good example is R £ 5:

300 km from Beijing
3 hours by car; 1 hours by high speed traiC OEPP
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COEPP

* Higgs as Tool — detailed measurements to look
for deviations from SM expectations

* Searches for Dark Matter production

* |Increased Luminosity Underway — HL-HLC
' recision — ILC?, FCC?, CepC?




