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1V
1eV = 1.6x10% J |
/ \
eV (zLoraoRILR) J (a—L) IRLFE—DEM e
RZDICH T IV OBTEONEBET 5L TRINESBMTRILE— s
e REBM

e=16x10"C (7/—ur )
(BBFDERILe BEFDEMIL —€)

lcal=4.2)
(1cc MKZE1° CEFADICHEBLHIRAILE—IEE4.2))

1kg DEYE ImFbEFLIDIZETHIRILTE—IE$ 9.8

Py 2 2
BEOHI [eV/c E=mc

¢ =2.99792458x10% m/s =3.00x10°ms™

1J=1Nm=1m?-kg s m=E/c’

_160x10°)  1.6x10kg(ms™?)?
(3.00x10° ms™)? 9x10"(ms™)*

leV/c® =1.78x10"*°kg
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« VIKOEOEREEZMIL VT TTeV FTHDE
- 7 TeV ORBFE T TeV OBF2 ERBREIES

Large Hadron Collider
LHC (ABNROS-EREEN0ESR)
450 GeV -7 TeV

(R—Ik— PS)
26 - 450 GeV

Linac

(@EEES) Pbp
(BBFS>H0r0)
PSB 1.4 GeV — 26 GeV
(PS 2—RA2—)

50 MeV - 1.4 GeV
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B field SPS top energy, A
SPS prepare for :Beam transfer
transfer ... .

ramp :
SPS waits at
injection to be
filled by PS SPS
4 4 S

" L 4
B field : : : : : time
y : : : : :

B field : :

,» PSB determines the basic period time

J. Wenninger

time
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1PAEEUANILE/ T+
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LHC pp Vs =14 TeV  Lgegign = 1034 cm? st

InEZER

UNDERGROUND WORKS

CMS

Point 5

E-L707

Poimt &

Point 3.2 27 km r‘ing
1232 superconduncting
dipoles B=8.3 T

Point 7

Exisling Structures
e LHC Project Structures
LHG Excavated Strucluras

o -, " izl
s L HC Complated Structures (CE) ATT A )
ALICE LHC cz'mn;:mu SJEZ.U:::[CV. EL. HM, MA; ATLAS \ LHCb
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Cold—mass
1.9K

A—‘J,a‘so

thermal shield
50K ‘

——

B=8.3T

— /& ——— ALIGNMENT TARGET

__—— MAIN QUADRIPOLE BUS-BARS
.

= ——|HEAT EXCHANGER PIPE

SUPERINSULATION

05)0

~__—SUPERCONDUCTING COILS

v i \___ | BEAMPIPE

VACUUM VESSEL

,,,,,,,,, | BEAM SCREEN
AUXILIARY BUS-BARS

——— SHRINKINC

THERMALS - @

NON-MAGN - - =

— IRON YOKE -

1)

— ; DIPOLE BU

T SUPPORTI

[ ]

P

194 mm

magnetic flux

Main Dipole BfAEA : 220421 HR—ILEIREE—OLIRA2B—202A—NENFHGAARZ v
OpicAND 2-in-1 8, Cold-massERRHFEBIREINIT7L%E-T 1.9 K TSN,



Dipole magnets
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The LHC arcs

ooO=

0O0= o

MCS: Sextupole corrector (b3)

1232 main dipoles + 3700
multipole corrector magnets

392 main quadrupoles + 2500
corrector magnets

MCDO: Assembly of spool correctors consists of an octupole insert MCO (b4) and a decapole magnet MCD (b5)

MQT: Trim quarupole corrector
MS: arc sextupole corrector

MQS: skew quad lattice corrector
MCBH: Horizontal dipole corrector
MCBYV: Vertical dipole corrector

MO: Lattice octupole

= oQoO=

ooQ




Radio frequency (1P4)

Cavity Fquator hagmetic Field

8 RF superconducting cavities per ring
at 400.790 MHz:

2 modules per beam, 4 cavities per module

16 MV/beam at 7 TeV

1 MV /cavity at injection

2 MV/cavity during physics

SUPERCONDUCTING CAVITY WITH ITS CRYOSTAT
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Beam dump (IP6)

Dump block
TDE \ Dilution kickers
5 \ MKBH MKBV
Beam 1

\( :I A (4x) (6%)

<
RS @

Extraction septum

MSDA MSDC /
kicker

Extraction




LHCIEREOVERRFGA—2—OrFEY)

FULTRAE 26658.883 m
BEFE—LAIRILF—(AHIRILT—) 7.0 TeV (450 GeV)
BREI/LsS/T4- (IP1,1P5) 1.0 X 1034 cm2s™
N F R 25 nsec. 40 MHz
INOTFH 2808 /ring
NOFHRYDBGFH 1.15 x 10"
E—LISYAV (T TeV) 3.75 %X 1075 . mrad
—OEDBERA 12328&
MIBRHA . #iF 14.3 m, 8.33 Tesla
Hh (T3 2% 2803.95 m

[B] 55 & i 3 11.245 kHz
RMSE —.LH 1 X(IP1, IP5) 16.7 pm

RMS/\>F K E(IP1, IP5) 7.55 cm
E—LEZEAE(PL, IP5) +142.5 prad

3 = L H (ATLAS, CMS) FEH (ATLAS),7K FE(CMS)
NOFERUYDEFEHRHY 19

SIS/ T1-F 14.9 hour

rooarayBE LRI RILE— 3.6 kW / ring, 6.71 keV/turn




TR1(ATLAS) and IR5 (CMS)

CERN-LHCHZE A RBzE MfREsA
KEK-Fermilab Collaboration

WS AEe= 215 T/m, (E—9H;1584 T)

£&=6.37m
Od%F =70 mm

WG EEEDFEEIED) : 1074 (1075
E#: 16 5 (KEK) + 164 (Fermilab)

LHC-MQXA

BERE—LINEREA : BARDLHCER T B
H (KEK). K (Fermilab)fE D E 13 71
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IP
D2 DI — el T D1 D2
Triplet = = =—[Triplet

>_I-“ ; = el -
= e \
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Felative bearm sizes araund 1P (Atlas) in callision

With > 150 bunches per beam, need a crossing angle to avoid parasitic collisions




Delivered Luminosity [fb 1]
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ATLAS Online Luminosity

2010 pp Vs = 7 TeV
m— 2011 pp Vs =7 TeV
m— 2012 pp Vs = 8 TeV

S
>

Month in Year




R CIFEDLROALIRILYX—T 14 TeV QIFFGOIC
ot 7 TeV X? 8 TeV iRl OM ?

2008F9A 198
REONIO - ARILICENSEL\SBRNE IS

- 12KA OBERIF 1 O%GICRBOBHIETONRIN-E
- FENEERREEZDFTIEF BLIE-OLIRILFX—TiEEKd 2 EICRE
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1ZkA OBRTF1 > ORGRICRBROKDTONRIN-E

BInRE

Solder ~ No solder




Electrical arc between C24 and Q24 Collateral damage: secondary arcs

M3 line V lines

Collateral damage: magnet displacements

QQBI.27R3



LHC K5Oy AIERS

ATLAS, CMS
(RELRAAIERS)
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- A FREEARORIK
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> EENLERHBDV AT LINBE

EERHIREREE
(Magnet spectrometer)

traget tracking muon filter

_\ ________

)

-

het :
beam ?c\i?g olee) calorimeter

BIANT—ARENEDTRIADH S/ \—

ERIAARBREE

e
iy

barrel
endcap endcap

FEXEILFBETHN—
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. Simulation of 30 minimum bias events + H ->2Z - 4
NS . u
1R > F O CMS tracking
detector

&2 & (Z: ~1000 charged particles

produced over |n|<2.5 (10°<6 < 1709)

However: < p;>~500 MeV

— applying p; cut allows extraction
of interesting events

ke

n = -In( tan(6/2))

o ' B
n=12-g éj j()i reconstructed tracks with p, > 2.0 GeV
n-=41.

AERRNDEK:
-- fast response : ~ 50 ns
-- granularity : > 108 channels
-- radiation resistance (up to 10! n/cm2/year in forward calorimeters)
-- event reconstruction much more challenging than at previous colliders
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Muon
Spectrometer

Hadronic
Calorimeter

Proton

Electromagnetic
Calorimeter ‘
\Photon
Solenoid magnet ¢ \. .
Transition Nesss
Radiation
Tracker 7
Pixel/SCT

Tracking
detector

-
'
’
.
.
.

1
»
L}

'
.
¥
']
N

.
v
v
i,

lectrons

The dashed tracks
are invisible to
the detector







density 0.31g/cm3

ATLAS (A Toroidal LHC ApparatuS)

Hadron Calorimeter

Fe/Scintillator (central),
Barrel Toroid EM Calorimeter Cu/W-LAr (fwd) (In|<5)

(length=26 m) (Pb-LAr) Muon Spectrometer
(MDT, CSC, RPC, TGC)
. (Inl«2.7)

bV T = o
NI\ \ = 4, i
4 AT\ L g\ — 3 L
INR - I Y
\ \ \ g
3 . \, '. NN ~. \ A Y
YRR '\ e 3 . g <3
i LN IR Y o J = . J
. " - W)  —
i » A LM b 4 \
] p e/ &) S S .
I o ey % Ll W
~ N W ! g
— b % i
| y [ A 1 W
— \
\ L { s m— 4 |
W ——— Ny ; - Al |
g\ { y A A d ‘ - s v
WAyl > d L) Rt ﬂ g
b M) - 47 2% = | AT
) \ 1. - R = Ut
A \ | ; o = A >
1 a\; \ . k" <
I \4 =
\J
\J (
{
|
|

(Weight = 7000 ton)

EndcapToroid Inner Detector
(air-core) (pixel, SCT, TRT)

. Solenoid Magnet (2T)
Tracking (|n[<2.5, B=2T)



OIS

20 m diam. x 25 m length
8200 m3 volume

170 t superconductor
700 t cold mass

®1320 t total weight

® 90 km superconductor
"205kAat4.1T

= 1.55 GJ stored Energy
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CMS

SUPERCONDUCTING

CALORIMETERS

Scintilat HCAL
cintillatin
COIL PbWO4 cr)?stals Plastic scintillator/brass
CMS Coil @D sandwich
EZ:$6m,
f£I:13m
IRON YOKE
TRACKER
Silicon Microstrips
Pixels

Total weight : 12,500 t MUON

Overall diameter : 15 m A ENDCAPS
Overall length : 21.6 m MUON BARREL
Magnetic field : 4 Tesla Drift Tube Resistive Plate Cathode Strip Chambers

3 g/cm? Chambers Chambers Resistive Plate Chambers
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CMS OFAAL AN

HF lowering: Started in Fall 2006

AREGLI=« FTHIL, #HTFAFEST

. - : ,_.".,._A ,,“N\\\

/(7

=
Zx

——

=) S
— e e —
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ATLAS CMS
(A Toroidal LHC Apparatus) (Compact Muon Solenoid)

CMS-PARA-DD1-11J07/87

Length : ~44 m Length : ~22 m
Diameter : ~25 m Diameter : ~15m
Weight : ~ 7,000 tons Weight : ~ 12,500 tons
Solenoid: 2 T Solenoid: 4 T
Air-core toroids Fe yoke

Density: 0.32g/cm3 Compact and modular

Density: 3 g/cm3 51



ATLAS
(A Toroidal LHC ApparatuS)

CMS
(Compact Muon Solenoid)

Silicon pixels+ strips

Silicon pixels + strips

INNER TRT - particle ID (e/n) No particle identification
o/pt ~ 3.6x104 p+ 0.01 o/pt ~ 1.5-6 x104 p+ 0.005
Pb-liquid argon PbWO, crystals (26 X, @n=0
FMEAL 1 o/ ~ 10%/NE +<07% e~ S Bt
longitudinal segmentation no longitudinal segm.
HAD CAL. Fe-scint. + Cu-lig. Ar (~ 71 @n=0) Cu-scint. (5.5~ 111)
G/E ~ 500/0/\/E + 3% G/E ~ 900/0/\/E "'30/0
Air-core toroids (Bl~ 2.5-5 Tm) Return flux of solenoid
MUON

c/pr~8 % atlTeV
~ 2 % <100 GeV
(Iml<1, standalone system)

G/p-r ~ 15°/o at 1 TeV
~8 % <100 GeV
(@ 1n=0, with vertex constraint)

52




ATLAS flERsE:2 (BFORM)

MuonF x> /\—F
TDC ASIC

W77
2

ATLAS EEREEE

EF 25m
Endcap Mu?n NLLAOLRE  26m
LVL1K)A—% 25 44'm
TEE 7000 Tons

35 Countries
158 Institutions
1650 Scientific Authors total
(1300 with a PhD,
for M&O share)

YU/ AREMA
53
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Endcap: TGC

3 Big Wheaels :
1 Triplet + 2 Doublets
(7 layers in total)

[ 7
/.

EI, FI:
1 Doublet TGC at ATLAS detector
(2 layers in total) Total 3,588 chambers

318,000 read-out channels Emall Wheel &

2" coordinate (¢)

Total area (unit) ~2,570 m? (B #9 9 m)
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ATLAS RIFERSER
20035 2008

FARCTON—FEEIZmE
18mA220 3«7 SHRA

-—FEBL\VEQIF 2801




The ATLAS detector is seen during assembly from the cavern wall. A calorimeter, a muon wheel and the toroid magnets are moved into place.
Photograph: Claudia Marcelloni Date: 30 May 2007
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The first ATLAS Inner Detector End-Cap after complete insertion within the Liquid Argon Cryostat.
Photograph: Claudia Marcelloni; Max Brice  Date: 30 May 2007




, Event Number: 19¢

19119¢

Number

~

11-10-16 16:11:14 CEST




CATLAS
| A EXPERIMENT

ant Number: 24151616

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

A candidate Z boson event in the dimuon decay with 25 reconstructed vertices.
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BROKEN SYMMETRIES AND THE MASSES OF GAUGE BOSONS

Peter W. Higgs
Tait Institute of Mathematical Physics, University of Edinburgh, Edinburgh, Scotland
(Received 31 August 1964)

In a recent note' it was shown that the Gold-
stone theorem,? that Lorentz-covariant field
theories in which spontaneous breakdown of
symmetry under an internal Lie group occurs
contain zero-mass particles, fails if and only if
the conserved currents associated with the in-
ternal group are coupled to gauge fields. The
purpose of the present note is to report that,
as a consequence of this coupling, the spin-one
quanta of some of the gauge fields acquire mass;
the longitudinal degrees of freedom of these par-
ticles (which would be absent if their mass were
zero) go over into the Goldstone bosons when the
coupling tends to zero. This phenomenon is just
the relativistic analog of the plasmon phenome-
non to which Anderson® has drawn attention:
that the scalar zero-mass excitations of a super-
conducting neutral Fermi gas become longitudi-
nal plasmon modes of finite mass when the gas
is charged.

The simplest theory which exhibits this be-
havior is a gauge-invariant version of a model
used by Goldstone® himself: Two real® scalar
fields ¢,, ¢, and a real vector field A | interact
through the Lagrangian density

2 2
L=-}(ve,) -1(ve,)
2 2 Uy
-Vig, +9, )—{FWF , (D)

where

v 9.=0

i wl-eA#«Jz.

o

V“(Dz = a“zpz +eA “<pl .

F =8 A -34,
wowv v

e is a dimensionless coupling constant, and the
metric is taken as —+++. L is invariant under
simultaneous gauge transformations of the first
kind on ¢, i@, and of the second kind on 4 .

Let us suppose that V/(¢,*) =0, V'’(¢,*)>0; then
spontaneous breakdown of U(1) symmetry occurs.
Consider the equations [derived from (1) by
treating Ag,, Ag,, and A“ as small quantities)
governing the propagation of small oscillations
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about the “vacuum” solution ¢,(x) =0, @,(x)=g,:

m 2
3 {au(’“”l)_e"OA;‘)‘o’ (2a)
{82-49,2V""(¢.)(Ag,) =0, (2b)
aqu =e<,o0{a“(A¢1)—e¢poA #). (2¢)

Equation (2b) describes waves whose quanta have
(bare) mass 2¢,{V*"(¢,")}'’*; Egs. (2a) and (2c)
may be transformed, by the introduction of new
variables

ol -1
B“ A” (ewo) B”(A(pl),

G =8 B-3B =F |, (3)
w o oprv vou g
into the form
o B =0, 8 6" +ep 2B*=0. (4)
u v 0

Equation (4) describes vector waves whose quanta
have (bare) mass e@,. In the absence of the gauge
field coupling (e =0) the situation is quite differ-
ent: Equations (2a) and (2¢) describe zero-mass
scalar and vector bosons, respectively. In pass-
ing, we note that the right-hand side of (2¢) is
just the linear approximation to the conserved
current: It is linear in the vector potential,
gauge invariance being maintained by the pres-
ence of the gradient term.®

When one considers theoretical models in
which spontaneous breakdown of symmetry under
a semisimple group occurs, one encounters a
variety of possible situations corresponding to
the various distinct irreducible representations
to which the scalar fields may belong; the gauge
field always belongs to the adjoint representa-
tion.® The model of the most immediate inter-
est is that in which the scalar fields form an
octet under SU(3): Here one finds the possibil-
ity of two nonvanishing vacuum expectation val-
ues, which may be chosen to be the two Y =0,
I;=0 members of the octet.” There are two
massive scalar bosons with just these quantum
numbers; the remaining six components of the
scalar octet combine with the corresponding
components of the gauge-field octet to describe

massive vector bosons. There are two /=4
vector doublets, degenerate in mass between

Y =%1 but with an electromagnetic mass split-
ting between I, =+4, and the I; =1 components
of a Y=0, I=1 triplet whose mass is entirely
electromagnetic. The two ¥ =0, I=0 gauge
fields remain massless: This is associated
with the residual unbroken symmetry under the
Abelian group generated by Y and J;. It may be
expected that when a further mechanism (pre-
sumably related to the weak interactions) is in-
troduced in order to break Y conservation, one
of these gauge fields will acquire mass, leaving
the photon as the only massiess vector particle.
A detailed discussion of these questions will be
presented elsewhere.

It is worth noting that an essential feature of
the type of theory which has been described in
this note is the prediction of incomplete multi-
plets of scalar and vector bosons.® It is to be
expected that this feature will appear also in
theories in which the symmetry-breaking scalar
fields are not elementary dynamic variables but
bilinear combinations of Fermi fields.’

!p. W. Higgs, to be published.

%J. Goldstone, Nuovo Cimento 19, 154 (1961);
J. Goldstone, A. Salam, and S. Weinberg, Phys. Rev.
127, 965 (1962).
“7p. W. Anderson, Phys. Rev. 130, 439 (1963).

In the present note the model is discussed mainly in
classical terms; nothing is proved about the quantized
theory. It should be understood, therefore, that the
conclusions which are presented concerning the masses
of particles are conjectures based on the quantization
of linearized classical field equations. However, es-
sentially the same conclusions have been reached in-
dependently by F. Englert and R. Brout, Phys. Rev.
Letters 13, 321 (1964): These authors discuss the
same model quantum mechanically in lowest order
perturbation theory about the self-consistent vacuum,

*In the theory of superconductivity such a term arises
from collective excitations of the Fermi gas.

fSee, for example, S. L. Glashow and M. Gell-Mann,
Ann. Phys. (N.Y.) 15, 437 (1961).

"These are just the parameters which, if the scalar
octet interacts with baryons and mesons, lead to the
Gell-Mann—Okubo and electromagnetic mass splittings:
See S. Coleman and S. L. Glashow, Phys. Rev. 134,
B671 (1964),

STentative proposals that incomplete SU(3) octets of
scalar particles exist have been made by a number of
people. Such a rdle, as an isolated ¥ = #1, /= state,
was proposed for the x meson (725 MeV) by Y. Nambu
and J. J. Sakurai, Phys. Rev. Letters 11, 42 (1963).
More recently the possibility that the o meson (385
MeV) may be the ¥ =I=0 member of an incomplete
octet has been considered by L. M. Brown, Phys.Rev.
Letters 13, 42 (1964),

%In the theory of superconductivity the scalar fields
are associated with fermion pairs; the doubly charged

itation resp ble for the of mag-
netic flux is then the surviving member of a U(1) doub-
let.

SPLITTING OF THE 70-PLET OF SU(6)

Mirza A. Bagi Bég
The Rockefeller Institute, New York, New York

and

Virendra Singh*
Institute for Advanced Study, Princeton, New Jersey
(Received 18 September 1964)

1. In a previous note,' hereafter called I, we
proposed an expression for the mass operator
responsible for lifting the degeneracies of spin-
unitary spin supermultiplets [Eq. (31)-I]. The
purpose of the present note is to apply this ex-
pression to the 70-di ional repr ion of
Su(6).

The importance of the 70-dimensional represen-
tation has already been underlined by Pais.?

Since

35@56=56@70®70091134, (1)

it follows that 70 is the natural candidate for ac-
commodating the higher meson-baryon reso-

nances. Furthermore, since the SU(3)®SU(2)
content is

70=(1,2)+ (8, 2) + (10, 2) + (8, 4), @

we may assume that partial occupancy of the 70
representation has already been established
through the so-called y octet® (3)”. Recent ex-
periments appear to indicate that some (})~
states may also be at hand.® With six masses at
one’s disposal, our formulas can predict the
masses of all the other occupants of 70 and also
provide a consistency check on the input. Our
discussion of the 70 representation thus appears
to be of immediate physical interest.
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- Fermion OEERE fermion & scalar igOAB{EANSE55NS (Yukawa coupling)
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