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The Standard Model

The Standard Model provides a concise
and accurate description of all of the
fundamental interactions except gravity.

It decribes the strong nuclear, weak
nuclear and electromagnetic forces as
quantized gauge field theories governed
by the local symmetry group

SU(3).@SU(2) eU(1),



Gauge Field Theories

Gauge Field Theories describe the forces
between matter particles as the result of
exchanging spin-1 vector bosons.

Quantum Electrodynamics (QED) is the
prototype gauge field theory.

Spin 3 matter fields (electrons) v
Spin 1 vector bosons (photons) A

U



Quantum Electrodynamics

1 _ _
L oep = = 7 P Fuy + Wiy — myy

A
F, =0,A,-0 A,
DH* = 0" + ieQ, A
The gauge symmetry is manifest in the
invariance of the Lagrangian under a gauge

rotation:

A,—A,-0N
Y — exp (teQ M) ¥



Non-Abelian Gauge Field Theories

When the local symmetry group underlying a
gauge field theory is non-Abelian (i.e. the
generators of the symmetry do not commute)
the vector bosons carry gauge charges and
interact with one another

Quantum Chromodynamics (QCD) is a pure
hon-Abelian (SU(3) ) gauge field theory.

Spin 7 matter fields (quarks) 9, ie1 23
Spin 1 vector bosons (gluons) Aé @zl )



Quantum ChromoDynamics

1 auy a — —

gQCD:_ZF " Fu+q,i;q, —m,q,q,
a a abc C
Fuv:auAv_avAv_l_gf A\IZAV

D, =0d"5, +igt, A"
The gauge symmetry is manifest in the
invariance of the Lagrangian under the
infinitessimal gauge rotation:
Al — AL —0,n" + gf AN
q; = q;+191;Nq,



QED and QCD are called unbroken gauge

field theories because photons and gluons are
massless.

In fact, gauge bosons must be massless

because a mass term in the Lagrangian:

1 a 4 d
> MiALA™

violates gauge invariance.

But, the weak bosons, W and Z are massive.

My, = 80.45 GeV, Mz = 90.19 GeV.
How can they be gauge bosons?



Spontaneous Symmetry Breaking

Consider a complex scalar field: ¢ = L (@, +ip,)
2

Ly = 0" 0,p— 1*PpTp — A(PTp)?

If w?> 0, the potential, V= 2¢p'ep + AlpT)?,
IS minimized at (¢p)=0,

But, if u? < 0, the minimum is
at () = = [2E \ / !
\/2 2A I\



Taking the vacuum expectation value to be in the
@, direction, and shifting so that the field

oscillates about the minimum, @ — A + v, we can
write the Lagrangian as

ESSBzzé“hah AU°h? + 2 0"p, 0,p,

+ Interactions

Notice that ¢, is massless (a Goldstone Boson).

The Goldstone Boson is a generic feature of
Spontaneous Symmetry Breaking and would seem
to exclude it in a theory of weak interactions
since massless bosons are not observed.



The Goldstone Theorem

The Goldstone Theorem, which tells us that the
spontaneous breakdown of a continuous
symmetry results in a massless boson has one
important caveat:

In the presence of a gauge field, the
Goldstone Boson is not realized as a physical
particle. Instead, it mixes with (is eaten by)
and gives mass to the gauge boson.

This is the Higgs Mechanism.



The Higgs Mechanism

To see how this works, let the scalar field, ¢
just described carry charge under QED,

L =L D"¢'D,p — p*dp'p — Aldp'p)*, 1?<0
After shifting the field,p, —» A +v, the
Lagrangian becomes,

L= F  40"h 8 h— Aw2h?
QED ~ 7 H

e’v?

1
+ 55“<P2 0,p, + evA“@ucp2 +75 A"A

u

+ |nteractions



The Higgs Mechanism (continued)

Because of the mixing with the photon, the
Goldstone boson is not realized. This can be
seen by making a gauge transformation (field
redefinition) which removes ¢, from the

theory entirely, ¢p— é (h+v) exp(i ) leaving

2142
LU= Z P Fyy + A+ ~0"h 0,h R

2
A
+ - (2vh + h?) A"A,, - GAVR + 1Y)

This is called the Unitary Gauge.



The Electroweak Theory

The Electromagnetic and Weak interactions are
described as the result of a spontaneously broken
SU(2) ®U(1), symmetry.

7 =_Llpvg Lyiwy
EW 4 4 ’
+ (D' ®)'D,® + DD — A(PTD)?,

¢=L<‘Pz+f¢z> - ("”), Y =+,
J2 \@, +ip. ¢’) 2

D,® = 8(1>+zg2]B<I>+z%2W[; ‘D, =123

With



The Electroweak Theory (continued)

Choosing the vacuum expectation value to point in
the @, direction, and shifting the field as before,

. 1 uv 1 L, UV 1 H 2172
OCZEW__ZB Buv‘ZW Wiw+§8H8uH—uH
1 g,V pu GoU i
+28 P, 0,@, + 5 B0, 5 7% 0, P

21,2 s i
+ Gpe g, 4 GG B %Tv WHW + ..



Gauge Boson Masses

As in the Abelian model, a transformation to
Unitary Gauge eliminates the ¢, entirely.

The gauge boson mass eigenstates are:

1 . 2
Wi= My = 55~
2 2
Z, = Wj cos@y, + B,sin 0, M, =\/g1;gzv
A, = —Wj sin Oy, + B, cos Oy, M, =0

where tan@, = g-, e=g,sin0,, v~246 GeV



Fermions and Flavors
The matter content of the Standard Model:

Fermions come in two sorts: quarks, which feel the strong
interactions, and leptons, which don't.

Left-handed quarks and leptons feel the weak-isospin
interactions, right handed fermions don'+t.

There are three copies of each sort of quark and lepton,
organized into generations.

The different quarks and leptons are collectively referred
to as flavors. The differences in their properties are known
as flavor physics.



Fermions of the Standard Model

Vel— 2 Vu,L 3 VTL 1

ll = [ = ] = Y = - — ,

' <6L) ' <UL) ' < TL) " 2
[, = e, [>= U, L= T, Y, = -1,

e ,  [CL - I B l
SO ()l
Up = U Uy = Cp U, = 1, YMR=+%,
dp = dy de= sy dy= by Yy, = _%
We now know that there are right handed neutrinos!
VR ,VR ,VR , = (. They are singlets (uncharged) under all

Standard Model gauge groups and the generational mixing is Large.



Fermions and Flavors (continued)

The gauge interactions of the fermions are:

Lo = UDL + LDl + Gi1Pq; + wglPug, + dplpdy,
where

D,=0,+i9,0,B, + ig, T, W, + ig;T.A,
Notice that fermion mass terms like

S

mass

are forbidden by gauge invariance because the
weak interactions are chiral gauge theories. But
we know that the fermions have mass!

=mje, e + mepe;



Fermion Masses in the Standard Model

The Higgs mechanism generates gauge invariant
masses for the fermions:

% ~LALPL —g,\i®d) —it(A") D q) + h.c.

Yukawa -

h+v

(E; AL, =D Addy —Up(A"),q)) + h.c.

Note that there is no symmetry governing the
coupling matrices, A;*’. Unlike the gauge
couplings, they are not diagonal in generations.

Mass Eigenstates are not Gauge Eigenstates!



Fermion Mixing and Flavor Physics

In the mass basis, mixing only affects the W

Boson (charged current) couplings.

There are no flavor-changing neutral couplings in the
Standard Model.

LD U WHVID 492, U 12U +92,u,U nZUs+ geﬁiAU .
The matrix V is called the Cabibbo-Kobayashi-
Maskawa (CKM) matrix. The idea that all of
flavor physics is determined by the fermion
masses and the CKM matrix (i.e. By the Yukawa

couplings of the Higgs) is called the CKM
hypothesis.




Status of the Standard Model

The Standard Model is now over 35 years old and its

essential goal
To describe electroweak interactions with a

spontaneously broken SU(2)®U(1) gauge symmetry
has been spectacularly confirmed.

‘Renormalizability

°Discovery of Neutral Currents
°Discovery of W and Z bosons
°Precision test of W and Z properties

But ... The agent of electroweak symmetry breaking
remains elusive



Agents of Symmetry Breaking

So far I have used a fundamental scalar field
as the agent of spontaneous symmetry
breaking. This need not be the case. Among
the possibilities are:

° Standard Model Higgs Boson

° Supersymmetric Higgs Boson

° Strong Dynamics
® Technicolor
e Little Higgs
e Extra Dimensions

Example: Superconductivity



Superconductivity:

The Abelian Higgs model T showed earlier:
=7  +Lo'n o h - ik
QED 9

1 Y,
+ 55“% 0,p, + evA"0,@, + ezv AYA,

+ [nteractions

is equivalent to the Ginzburg-Landau theory
of superconductivity.

BCS Superconductivity is an example of
dynamical symmetry breaking!



The Minimal Standard Model

When theorists speak of a Higgs theory, we
mean a theory in which symmetry breaking is
accomplished by a perturbative, weakly-
coupled, fundamental scalar field.

In the Minimal Standard Model, electroweak
symmetry is broken by a single complex
scalar Higgs doublet, resulting in the three
massive gauge bosons W*, Z, and a single

iggs Boson. The Standard Model Higgs is
also responsible for giving mass to quarks and
leptons.




Standard Model Higgs

The Standard Model Higgs Boson is an
extraordinary particle.

To verify that any discovery is really a Higgs
boson. We need to know:

* Couplings to W and Z Bosons

* Couplings to Fermions

* Spin and Parity Quantum Numbers
* Self Couplings



Higgs Caveats

Many theorists consider the Higgs boson
unnatural.
°No other (fundamental) scalar matter is
known.
°Electroweak symmeftry is broken "by hand".
°Tt can accommodate flavor physics, but it
doesn't explain it.
For these reasons (and others) many consider
the Standard Model Higgs to be just a
convenient stand-in for a real theory.



Supersymmetry (SUSY)

Supersymmetry relates fermions and bosons. It
requires at least two Higgs doublets and doubles
the spectrum of the Standard Model because
each particle has a supersymmetric partner:

leptons (spin ) --> scalar leptons (spin O)

quarks (spin 3) --> scalar quarks (spin 0)

gauge bosons (spin 1) --> gauginos (spin %)

Higgs bosons (spin 0) --> higgsinos (spin %)
In pure supersymmetry, partners would have the
same masses. Clearly, supersymmetry is broken.



Supersymmetry (continued)
Supersymmetry is the favorite theory of physics

beyond the Standard Model. Why?

* The Boson-Fermion symmetry modifies radiative
corrections, stabilizing hierarchies, Higgs masses.

* Below the SUSY scale, it closely approximates
minimal Standard Model and is compatible with
precision electroweak measurements.

* It provides dynamically driven EWSB (but SUSY is
broken "by hand").

* It provides a Dark Matter candidate.

Supersymmetry has deep consequences. It is the
maximal extension of the Poincare group.



Supersymmetric Higgs Bosons

In the Minimal Supersymmetric Standard Model

(MSSM) there are two Higgs doublets, with vacuum
expectation values v,, v4. After symmetry breaking,
there are 5 physical Higgs Scalars:

hO' HO, AO, Hi

In the "decoupling” limit, the light neutral scalar,
h°, has properties almost identical to the Standard
Model Higgs. The heavy scalar, H°, and the
pseudoscalar, A°, have very different interactions.



Tests of the Electroweak Theory

Many measurements have been made at the
0.1% level, including:
*Z Boson Mass
*Z Boson Decay Rate
* The Weak Mixing Angle
* Forward-Backward Asymmetries
* W Boson Mass
Many other measurements to a few percent:
* W Boson Width
* Top Quark Mass



Pulls to Precision Electroweak Fits
Winter 2004

Measurement Fit (|)Ome""_s—of”gcmeas
(mz) 0.02761 + 0.00036 0.02768

The Mlﬂlmal Standard mzhflgieV] 91.1875+0.0021 91.1873

I, [GeV] 2.4952 £ 0.0023  2.4965

MOdel wo r'kS ol [nb]  41540+0.037  41.481
R 20.767£0.025  20.739

r'em(]r'kab |y Wel | | AY 0.01714 £ 0.00095 0.01642
A(P) 0.1465+0.0032  0.1480

.. R, 0.21638 £ 0.00066 0.21566
This is the STI"O”QCST R, 0.1720 £0.0030  0.1723
. . i Ao 0.0997 £0.0016  0.1037
motivation fO r taki ng po° 0.0706 +0.0035  0.0742
o A, 0.925+0.020  0.935

the Mlnlmal Standard A 0.670+0.026  0.668

A(SLD) 0.1513+0.0021  0.1480

N\Odel or SUSY sin“6P'(Q,) 0.2324+0.0012  0.2314

m,, [GeV]  80.425 % 0.034 80.398

Ser'i ous |y I, [GeV] 2.133 + 0.069 2.094

m, [GeV] 178.0+ 4.3 178.1

[#002 J8lUIM “OMMIdTT]



No Obvious Deviations from SM

LEP2 studies of ~
W*W- production =
confirm unitarity 3
cancellations and

show no evidence

of non-Standard

Model gauge boson
vertices

30

20 1

10+

11/07/2003

'LEP

| PRELIMINARY

m YFSWW/RacoonWW

—_no ZWW vertex (Gentle)
—only v, exchange (Gentle)

[£002 J8WWNS ‘OMMIdTT]
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So ... Where is the Higgs?

The Standard Model, a priori, makes no
prediction of, and places no constraint on the
mass of the Higgs Boson. It can be
constrained, however by:

* Theoretical prejudices
*Precision measurements

* Experimental search limits



Theoretical Prejudices

There are three primary considerations
determining theoretical prejudices about the

mass of the Higgs:

*Vacuum Stability 3005

°Triviality

200

‘Unitarity

100

I T T I T T I ' ' I
. triviality upper bound on myg (GeV)

solid: A < 1for u <A
. dotted: A < 10 for u < A

-————————
omms W=
’—

-— o
’.—.—'
-
-

-

[00£9010/4d-doy ‘Fiopry "D

-
"/ d ,° - dashed: stability lower bound
I /I dot—ldashed: mletastabilityl lower bouind:
rd
103 106 109 1012 1016

A (GeV)



Unitarity Constraints

If the Higgs is }M{ | ?:: |

too heavy, W W, =

scattering -
amplitudes would }ﬁi W
grow with energy vt g

and saturate e N
partial wave } ii v Ty ot W

unitarity




Supersymmetric Constraints

In the MSSM, there
are theoretical
constraints so that
m, < 135 GeV.

The limits are

weakening:

Two-loop corrections
to the SUSY Higgs
masses weaken the

limit from above.

e}
c
]

e

1

M =1TeV > 2Tev

SUSY —

SM exclusion bound

T T

[€€1 (£002) 82D M'sAud in3g e 18 Isseibaq "]

90 100 110 120
m_[GeV]

130

140

150



SUSY Higgs Limits

Any limit on SUSY is <o 160

model dependent. 5 140
— 120

i 2
The most important &

parameters for the “
SUSY Higgs sector 60

are m,, and tan B. 40
In the "m,-max" 20
0

scenario.

0

LEP 88-209 GeV Preliminar

mho_max

Theoretically
Inaccessible

Excluded
by LEP

20 40 60

[+0-100T 910N DMHT]

80 100 120 2140
m,, (GeV/c™)



SUSY Higgs Limits

=
-
z
aQ
Note the tan 8 Sy L ?
exclusion region. :

Theoretically
Inaccessible

0O 20 40 60 &80 100 120 2140
m,, (GeV/c™)



Limits on the Pseudoscalar

LEP 88-209 GeV Preliminary ___

s s o mho-mf:lX ...................
; Mgusy=1 TeV
10 N e M,=200 GeV i
A 1=-200 GeV =
" —— A A |
N Stop mix: X,=2M 3
RS NI SO S Z
9
. . . @
Tt T ¢
____________________ o
S
o
o
=

Excluded
by LEP

e
0 100 200 300 400 500

m,. (GeV/c?)



The limits are weakening

With the shift

in the top mass
to 178 GeV, the
tan B exclusion

has completely

disappear!

10~

tanp

[

M =1TeV > 2Tev

SUSY

SM exclusion bound !

[eS) (£002) 82D sAud-in3 “|e 18 I1sseibeq D]

110 120
m_[GeV]

90 100

130

140 150



Direct Search/Precision Constraints

The direct search limit was set by LEP.
Precision Measurements from LEP, SLC, CDF,
DD and NuTeV provide indirect constraints.

6__ -theo(ry)/ uncertainty
‘-_ Aochsad=

As Of the Summer Of 2003: | —gggi;iggggfg -
LEP Sear'ch; MH > 1144 GeV 4—_ "-__“--------‘Without NuTeV _g
C\l?.< | _g
Precision Fits: M = 96 GeV = :
2-
95% CL limit: M, < 219 GeV i

0 - EXC!ude _ .‘ Prleliminlary_
20 400

m, [GeV]



Some Parameters are
More Equal than Others

80.6

1 I I I 1 I 1 I I I I
| —LEP1, SLD Data

The minimum of the | - LEP2, pp Data
80.54 68%CL

Higgs fit is broad. j P

<
Changes to m,, and m, %80-4'_
have a strong effect =
on the my fit.

[¥002 18lUuIpy ‘OMMIdTT]

80.2 114 3|O .1(.)0,0. | IPIrelllmllnalry

130 150 170 190 210
m, [GeV]




Is M, too high?

The fit to all precision
electroweak observables
would prefer a smaller W
boson mass.

W-Boson Mass [GeV]

TEVATRON —o— 80.452 £ 0.059
LEP2 —.— 80.412 + 0.042 [
Average -0 80.425 £ 0.034 é

X?/DOF: 0.3/ 1 =
NuTeV —A— 80.136 £ 0.084 §
LEP1/SLD —A— 80.373 + 0.033 é
LEP1/SLD/m, -A- 80.386 £ 0.023 =

80 80.2 80.4 80.6
m,, [GeV]

A(SLD)
sin’85(Q,,)
My
l—‘W

Q,(Cs)
sin“Byg(ee’)
sin°6,,(VN)
grvN)
ga(vN)

Winter 2004

[¥002 JeIUIM ‘DOMMILTT]




Why is M,,, so important?

In QED and QCD, there is a "decoupling theorem".
°Couplings don't grow with energy.
°Removing a heavy particle does not affect
renormalizability.
The Electroweak theory doesn't have a decoupling
theorem (except for whole generations).
° Scattering Amplitudes of longitudinal gauge
boson modes grow with energy without Higgs.
°Letting M,,,— spoils renormalizability.
Radiative corrections depend stongly on M,,..



The top mass has moved

Mass of the Top Quark

DD has reported a new  wessuemen M, (GeVic?

CDF di-| P 167.4+11.4
1'0P mass from Run I dClTG: DO di o 168.4+12.8%
— 2 CDF I+ —®—T 176.1 + 7.3%
M, = 180.1 £5.3 GeV/c’t. - i 011 502
This significantly shifts = [Hfe—  woed
the best flT fOI" the H|995 TEVATRON Run-| + 178.0+ 43 3

150 175 200
My, [GEV/C]

NEW! CDF has just announced a preliminary Run

IT result (162 pb'l) that agrees with the new

world average:
M,, =177.8 + :'z(stat.) + 6.2 (syst.) GeV/e2



Direct Search/Precision Constraints

LEP Search: M > 114.4 GeV
Precision EW Fits: M = = 117% GeV
95% CL upper limit: M < 251 GeV
° | -Theor(y uncertalnty
WlTh The new '|'0p 5"_ —3%27(16;%00036 ‘F
mass measurements, ~ *- I I
the best fit for the & - IE
Higgs mass is NOT = I
excluded! " v
0 EXCI.Ude.d. . .'Prleliminlary
20 400



LEP2 Direct Search Limit

The direct search limit e
from LEP2 uses the S
"Higgs-strahlung” process. ¢ “n

The cross section is readily calculated to be:

2 ag4 2 /&
cleTe” = ZH) = iz (vz—l—a2> A2 A+ 1M/
o6rms \ ¢ ¢ (1 _M%/§)2

(§—M% — M2)* — AM2. M2
§2

where ) =

is the familiar two body phase space factor.



LEP2 Direct Search Limit (cont.)

The "Higgs-strahlung” process has substantial
cross section until just below threshold.

So . witha9% = T T T8 G

: NS T N Vs= 192 GeV
confldence level S ER U Vs= 205 GeV |
limit at 114.4 GeV,  °° [\ B
very little of the * T N g
remaining 5% . . 8
extends below 110 .
Gev 0 T| [ [ L1 |'~"'=.‘-£

my (GeV)



Signal significance

Why care about the Higgs Limits?

1021

10 -

The search strategy for the Higgs changes
dramatically with mass! A 200 GeV Higgs is

very different from a 115 GeV Higgs.

N H
JLdt=30 " . {E (L - bh)
(no K-factors) A H 57277 S a1
ATLAS B H 5> ww” vy

B gqqH — quW(*’
4 qqH — qq7r

__ Total significance

| ‘ 1 | | ‘ | | 1 ‘ | | 1 ‘ | | | ‘ |
100 120 140 160 180

| 1 | |
200
m,, (GeV/c?)

[NIAL SVILV]
Branching Ratio

100 150 200 250 300 350
Higgs Mass (GeV)

(950901 0/x3-day]

400



New Colliders to Complete the Picture

While it is possible that the Fermilab Tevatron
will discover the Higgs or Supersymmetry, it is
likely that the completion of the Standard Model
will occur at two new facilities:

* The CERN Large Hadron Collider (LHC)

° A proposed high-energy (500-1000 GeV) e’-e

linear collider

These two machines will complement each other
to provide a complete picture of particle physics
below 1 TeV.



The Next Hadron Collider:

The CERN LHC

* High Energy: 14 TeV in C.M.
* Very High Luminosity
° Scheduled to start in 2007




Signal significance

10

The Higgs will be found at LHC

[Ldt=30m"
(no K-factors)

ATLAS

» H B » H O

H —

TY

ttH (H — bb)
H > 727" > 41

H > WW" S v

qqH
qqH

- qq ww
— qq 1T

Total significance

| | 1
100

| ‘ |
120

| ‘ |
140

1 ‘ 1
160

| ‘ 1 | ‘ |
180 200
m,, (GeV/c’)

[MAL SVILV]

Signal significance

10

H->vyy + WHttHH — yvy)
ttH (H — bb)

H - 7227 - 41

H > WW9 - v

H —» ZZ — llvy

H - WW — lvjj

® <« B » H O

— Total significance

i ATLAS

i L dt =100 b’
(no K-factors)

10 10°
my, (GeV)

[dAL SVLLV]



Higgs Production at the LHC

o(pp—H+X) [pb]

10° ¢ Vs = 14 TeV E
M, = 175 GeV
10 F CTEQ4M E
The most
important LE

channels are 10" ¢
gluon fusion, |
WBF and ttH. | -t

[8661 '£0C OF 'SKUd ‘107 "enidS ]




Supersymmetric Higgs' at LHC

The LHC can measure many signals to cover most
of the supersymmetric parameter space.

QE)O F
g 40 |- t—>bH*, H" —>T1v ATLAS »
S e h—>yyong  /Ldt=300 b7
30 | Wh/tth, h =y NN
==tth, h — bR A/H = uu
o \\\\\\\\\\ N\
N
» W A/H—= 71| _
10 - >
9 LEP2 ;
8 W\ Vs =200GeV |{n
7 . JLdt = 200 pb™" | g
6 )
5 ad
4 H—hh — bbyy A LEP?
Vs = 189 GeV
3 =i, A\:::,"'/_ SLdt = 175 pb™
1 4 ‘ :’:‘j/
5 f ﬁ A—> 7h —> |Ibb A/H = tt
\ —>Z779 =>4 15
)
5
| ‘ | | ‘ L1 1 /t/'\ - |

250 300 350 400 450 500

M, (GeV)



Supersymmetry at the LHC

one year

one year

2001 Lo/yd-

one month

| dt = 1, 10, 100, 300 tb"
1400 - 23000 A =0, tanP=35,1>0
~ Er00md) |
......... et 23) T
1200 - ERI00mY) = e
e g
1000 { e - L
—_ \ \lf‘(i ?j\a@
% """"""" i (e e 3(2000)
\ ~ B
2 800 \ Em (10 fbY)
8 \
E \
------- . \
A d
B R (1500)
600 - \ T W
= \o i
\\“o \g\v % E[:ISS(I ey
\F \
400 [ 3‘-'-‘-'2--\;_.‘.-...-.-.,___\_\ ____________________ 1000y 4
\‘\%‘) \ 9\\\\ -------------------------------------
one week o\ N
33 G N /’/ - . i
@10 200\ L EGO\O}\ =~ cosmologically plaus
M S region
----------- ~—7
Fermilab reach: < 500 GeV |2
0 T 1 T 1
0 500 1000 1500 2000
m, (GeV)

The LHC will be able to
observe many
supersymmeftric
particles. The difficulty

= will be in sorting out the
¢ signals.

2 The dominant

backgrounds to most
supersymmetry signals
at the LHC are other
supersymmetry signals.



e’-e Linear Colliders

The international particle physics community has
decided that the highest priority in particle
physics should be the construction of a high
energy (500-1000 GeV) e*-e” Linear Collider.
It has been named the top priority by European,
Asian and American advisory panels
The LHC will be running before construction of a
linear collider can begin. The purpose of a linear
collider is perform high precision studies of the
Standard Model and of physics beyond.



The Stanford Linear Accelerator:
A Small Prototype

PEFIl  SSAL ~OFEFII
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A High Energy Linear Collider Will
be Much Bigger:

RF Systems
(X 11.424 GHz
(S) 2.856 GHz
(L) 1.428 GHz
(UHF) 0.714 GHz

(

Positron {
Injector

102000

08 GaV (X}
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560 m G GeV (5)
I3 Compressor
-10 ITI_F 138 MeW (L)
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2 GaV (S) 240-400 GeV (X)
i70m I
"\ Final
Focus
Dump
~300 m
Low E .
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The Linear Collider Advantage:
Precision Measurements

One of the great advantages of the linear
collider is its ability to perform precision
measurements.

While the LHC can measure masses to a few
percent, the linear collider can perform
threshold scans and collect large, relatively
pure samples from which particle properties
can be extracted.
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Measuring the Higgs couplings at a
Linear Collider
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Higgs Observation at a Linear Collider
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Measuring Higgs Quantum Numbers
at a Linear Collider
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Multiple Higgs Bosons

One scenario with which the LHC has trouble is
the case of multiple Higgs bosons. LHC may see
only one of several light Higgs bosons.

The linear collider can easily detect multiple
Higgs bosons and measure their masses, even if
they decay invisibly, by measuring the recoil of
the Z boson.



