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What is the Next Linear Collider?

Elect roweak Physics
— Development
e unification of E&M with beta decay (weak interaction)
— Predictions
e eg. My, M, .....
— Missing component s
e origin of symmetry breaking (Higgs Mechanism)

The Hunt for the Higgs Boson
— Limits from LEP2 and future accelerators

Ot her investigations
— supersymmetry, extra dimensions
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e Acceleration of electrons in acircular accelerator iIs

plagued by Nature’s resistance to acceleration
— Synchrotron radiation
— AE =417 3 (e?3y*/ R) per turn (recall y=E/m, so AE ~ E*/ m?)
— eqg. LEP2 AE =4 GeV Power ~ 20 MW
 For thisreason, at very high energy it is preferable to

accelerate electrons in alinear accelerator, rat her
t han a circular acceler at or

~ electrons < [ positrons |

2
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e Synchrotron radiation
— AE~(E*/m*R)
« Therefore

— Cost (circular) ~ aR +bAE ~aR+b(E*/m*R)
e Optimization R~E? [ Cost ~cE?
— Cost (linear) ~a’'L, whereL~E

e At high energy,
linear collider is
Ener gy mor e cost effective

cost
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A planfor ahigh-energy, high-
luminosity, electron-positron
collider (international project)
— E_, =500 - 1000 GeV

— Length

~25 km ~15 miles

e Physics Motivationfor the NLC
— Elucidat e Electroweak | nteraction
e particular symmetry breaking

e This includes
— Higgs bosons
— supersymmetric particles
— extradimensions

Const ruction could begin around 2005-6
and operation around 2011-12
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The First Linear Collider

 This concept was demonstrated at SLAC in alinear
collider prototype operating at ~91 GeV (the SLC)
— Oregon collaborated

e SLCwas built inthe
80’s wit hin t he existing
SLAC linear accelerator

« Operated 1989-98

— precision Z% measurements &
— established LC concepts |
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OFFICE OF

IENCE

LS DEFARTMENT of ENERGY

« DOE/NSF High Energy Physics Advisory Panel
— Subpanel on Long Range Planning for U.S. High Energy Physics

— A year long study was concluded early this year with the
release of the report of recommendations

— A high-ener gy, high-luminosity electron-positron linear collider
should be the highest priority of the US HEP community,
pref erably one sited inthe US
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The next Linear Callider proposds indude plans to
celiver afew hundred fio! of infegrated lum. per year

— TESLA @ JLCccC NLC/ JLC-X

(DESY-Germany) (Japan) (SLAC/KEK-Japan)

t he technology choice remains to be made

Lyesign (1034) | 34— 538 0.43 2234
Eqy (GeV) | 500 — 800 500 500 — 1000
RF freq. (GHz) 13 5.7 11.4
At (ns) 337 —> 176 2.8 14
Beamstrahlung (%) 32—>44 46 — 8.8
There will only be one in the world, but * US and Japanese X-band R&D

cooper ation, but machine
paramet ers may dif fer
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I 266 ns ~im— Fingle bunch
+ Power per beam ™
— 6.6 MW cw (250 GW during pulse train of 266 nsec)

(500,000 GW wit hin a bunch of the train)
e Beam size at interaction

— 245 nanometers x 3 nanometers N

Stabilize
Beam flux at interaction
— 10 MW/cn? cw (3 x 1018 GW/cm? during pulse train)

Current density
~ 6.8x 102 A/m?2 (L4 x 10> A/ m? within a bunch)

* | nduced magnetic field (beam-beam)

— >10 Tesla beam- beam induced bremsstrahlung - “beamstrahlung”
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S fondard P ackoge:
et e~ Cdlisions
Initidly of 500 GeV
Eleciron Polarization = 80%

Options:
Energy upgades to 0O1.0-1.5TeV
Positron Polarization (~ 40 - 60% 7)
vy Callisions
e-e- andey Cdlisions
Gga-Z (predsion meosurements)
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Elementary interoctions at known E .,/
eg.e'ee - ZH

Democaratfic Cross sections _
eg.o(ete” - ZH) 0O 1/20(ete” - dd)

Indusive T rigger
total cross-section

Hignly Palarized Eleciron Beam
~ 80%

Exquisite vertex detection
€. Rpeampipe 1 CMand o, 13 um

Cdorimetry with Jet Energy Flow
oc/E 030-40%/VE
* beams fronlung must bbe dedt with, but it's monagedde
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The Linear Collider provides very special experimental
conditions (eg. superb vertexing and jet calorimetry)

CCD Vertex Detectors Silicon/ Tungsten Calorimetry

| — 21 1] 1 ST

N SLD Lum (1990)
— T Aleph Lum (1993)
Opal Lum (1993)

| Snowmass - 96 Proceedings
NLC Detector - fine gran. Si/W

| TESLA

Now TESLA & NLD

have proposed Si/W |
as central elementsin |-
jet flow measurement

SLD's VXD3 | 4
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Electroweak Symmetry Breaking

« A primary goal of the Next Linear Collider is to elucidate the
origin of Electroweak Symmetry Breaking

— The weak nuclear force and the electromagnetic f orce have been
unified into a single description SU(2) x U(1),

— Why is this symmetry hidden?

— The answer to this appears to promise deep under st anding of
f undament al physics

 the origin of mass
» supersymmetry and possibly the origin of dark matter

« additional unification (strong f orce, gravity) and possibly hidden
space-time dimensions
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Maxwell unified Electricity e« Matter spontaneously emits

and Magnetism wit h his penetrating radiation e, = o
f amous equations (1873) : TN QO
q — Becquerel uranium %5 ql,@)
| emissions in 1896 O

— The Curies find radium
emissions by 1898

L Ty Could this new interaction
pleo (the weak force) be
related to E&M?

1<
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e Pauli realizes there must be
a neutral invisible particle
accompanying the beta

particle: ‘ e

— the neutrino f\eﬁe?gy
 Fermi develops atheory of

beta decay (1934)

n-pe v,

1956 - Neutrino discovered by
Reines and Cowan - Savannah
River Reactor, SC

15
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Weak I nteraction Theory

« Fermi’s 1934 pointlike, f our-f ermion interaction t heory

M = G Jgees Jimon = G, OY) (. O Y1) V-A
2w dN
W= "—G*M|*—
p &M d Eg

« Theory fails at higher energy, since rate increases

with energy, and theref ore will violate the “unitarity
limit”
— Speculation on heavy mediating bosons but no theoretical
guidance on what to expect
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 Dirac introduced theory of electron- 1926

e Through the pioneering theoretical work of
Feynman, Schwinger, Tomonga, and ot hers,
atheory of electrons and photons was
wor ked out with precise predictive power

 example: magnetic dipole of the electron
[(g-2)/ 2] u=g (eh/2mc) S

e current values of electron (g-2)/ 2
theory: 0.5 (a/ ) - 0.32848 (a/ m? +1.19 (a/ M3 +.

= (115965230 + 10) x 10-1
experiment =(115965218.7 +0.4) x 10-14
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Vorume 19, Nusser 21 PHYSICAL REVIEW

LETTERS 20 Movesmeer 1947

A MODEL OF LEPTONS™*
steven Weinberg?

ghtly larger than that (0.23%) obtained from
inance model of Ref. 2, This seems to be
in the other case of the ratio Tip— o7 ")/
ted in Mefs, 12 and 14,
Brown and P, Singer, FPhys

1

Leptons interact only with photons, and with
the intermediate bosons that presumably me-
diate weak interactions. What could be more
natural than to unite' these spin-one bosons
into a multiplet of gauge flelds ? Standing in

S#

sics Department,
ridge, Massachusetis
]

the way of this synthesis are the obvious dif- a right-handed singlet
ferences in the masses of the photon and inter- B[y,
mediate meson, and in their couplings. We .
might hope to understand these differences
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« Weinbergrealized that the vector field responsible for the
EM force —

— (the photon)

and the vector fields responsible for the Weak f orce :
— (yet undiscovered W*and W-)
could be unified if another vector field, mediated by a heavy
neutral boson (Z), were to exist

e This same notion occurred to Salam

]’ =q
—SJ# W“ + g Jf .tanGW g/g
/ /\S'n29w=9’2/ (92+9?)
LV(}_) gZH + 8 B“ _ —g"Z# + gAHHeJu(em) Au
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« There remained a phenomenological problem:
— where were the effects of the Z°

« These do not appear so clearly in Nature
— they are small effects in the atomic electron energy level

* One hastolook for themin high energy experiments

V, v,
ZG
e e
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1973 - giant bubble chamber Gargamelle at CERN
— 12 cubic meters
of heavy liquid

Muon neutrino beam
Electron recoil
Not hing else

Neutral Current
Discover ed -
that is, the effect of the Z0
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Confirmation of Neutral Currents

« Weinberg-Salam Model predicts there should be some parity
violation in polarized electron scattering

— The dominant exchange is the photon (L/ R symmetric)
— A small addition of the weak neutral current exchange leads to an

expected asymmetry of ~ 10-* betweenthe scattering of left
and right-handed electrons

| Z exchange violates parity
polagzed polieizij.\/ Or % O
4 y + y Z An asymmetry of 10-4 .
> o - —

— This was observed by Prescott et al. at SLACin 1978,
confirming the theory, and providing the first accurate
measur ement of the weak mixing angle

sin26,, =0.22 + 0.02
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37.4
= — GeV ~ 80 GeV/c?
sin Oy

_ P Gev ~90Gevic?
cos W Sin ZQW




« Motivated by these predictions,
experiments at CERN were mounted to find
the W and Z

Vs =M, =

[<] [u] [u] [d] {u] [d]
g=—2/3 -1 = +2/3 A
- deca * deca . e
P 4 P Y g anti-g annihilationto W+
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« 1981 - antiprotons were stored inthe
CERN SPS ring and brought into collision
W|th prot ons
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Pr of electron, GeV/e

auerd wreaq-uonoaop ur Ly Fursstpy




Discovery of the W and Z

That was 20 years ago

Since t hen:

— precision studies at Z° Factories
e LEPand SLC

— precision W measurements at colliders
e LEP2 and TeVatron

M, =91187.5 + 2.1 MeV M,, =80451 + 33 MeV/ c?

These precise measurements (along with ot her precision
measurements) test the Standard Model with keen sensitivity

— eg. are all observables consistent with the same value of sin?Z8,,
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QRO
Prelimina

—— RacoonW W/ YFSWW 114
w0 ZWW vertex (Gentle 2.1)
o only v, exchange (Gentle 2,10




« Why isthe underlying SU(2)xU(1) symmetry
L=g), - W,+g&J, B

broken Sl ZL (=Y NTT W +T~ W)
242 =

I:'ZI'L, .".!- i

g A T R S e
i A (g, — g ) e 2
3 o0s Hl'r-' Z 1 |:Jr], .Jr_!, A 1)

¥

« Theoretical conjecture is the Higgs Mechanism:

a non-zer o vacuum expect ation value of a scalar field,
gives mass to W and Z and leaves phot on massless
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Summer 2001

Measurementi Pull

(Omeas_oﬂt)fﬁmeas

B-2-1012 3

A(SLD)

sin“e57(Q,) 02324 + 0.0012
m{;"" [GeV] 80.450 + 0.039

m, [GeV]

miy [GeV] 80.454 + 0.060

sin’g,,(vN)
Q,,(Cs)

0.02761 + 0.00036
91.1875 £ 0.0021
2.4952 + 0.0023
41.540 + 0.037
20.767 + 0.025
0.01714 +£ 0.00095
0.1465 + 0.0033
0.21646 + 0.00065
0.1719 £ 0.0031
0.0990 + 0.0017
0.0685 = 0.0034
0.922 + 0.020
0.670 + 0.026
0.1513 +£ 0.0021

-.35
03
-48
1.60
1.11
69
-54
112
-12
-2.90
-1.71
-.64
06
1.47
86
1.32
-.30
83
1.22
b6

1743+ 5.1

0.2255 + 0.0021
-72.50+ 0.70

3210123




The Higgs Boson

This field, like any field, has quant a, the Higgs
Boson or Bosons

— Minimal model - one complex doublet [ 4 fields
— 3 “eaten” by W*, W-, Z to give mass
— 1lleft as physical Higgs

This spont aneously broken local gauge
theory is renormalizable - t’'Hooft (1971)

The Higgs boson properties
— Mass < ~ 800 GeV/c? (unitarity arguments)
— Strength of Higgs coupling increases wit h mass
e fermions: g, =M./ v v =246 GeV
e gauge boson: g,,, =2 M,2/v
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Particle Physics History of Anticipated Particles

Positron Dirac theory of the electron

Neutrino missing energy in beta decay

P meson Yukawa’'s theory of strong interaction

Charmed quark absence of flavor changing neutral currents

Bott om quar k Kobayashi-Maskawa t heory of CPviolation

W boson Weinber g-Salam electroweak theory

Z boson . ¢

Top quark Mass predict ed by precision Z° measurement s

Higgs boson Electroweak theory and experiments
Colloguium, Corvallis, OR, 33
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e LEPII (1996-2000)
— My >114 GeV/ c? (95% conf .)
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Events / 3 GeVic’

L 5 = 200-210 Gov

4+ LEP tpnt

[] packgrouna

B h Slenal +

(=115 Gev)

EET]

N R )
Reconsiructed Mass my, ICe"hf'Fc:I




e Tevatron at Fermilab

— Proton/ anti-proton
collisions at E_.,,=2000 GeV

— Now

« LHCat CERN

— Proton/ proton collisions at
E..=14,000 GeV

— Begins operation ~2007
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i} -. uncertainty i =
i An,m= ¥ LEP1, SLD, vN, APV Data

o, LEPE: F'Ia Data

. —0.02761+0.00036
| 68% CL




Establishing Standard Model Higgs

oreasionstudes of the Higgs fboson will e required
to unders tond E lectrowedk S ymmetry Breoking;
just findng the Higgs is of limitfed vdue

We expect the Higgs to lbe dsocovered at LHC
(or T evairon) ond the meos urement of itfs
properties will begin af the LHC

We need to meas ure the full nature of the Higgs
fo understand EWS B

The 500 GeV (ond beyond) Linear Cdllider is the tod
needed to complete thes e predision studes

R eferences:
TESLATedhnicd Design Report
Linear Cdllider Physics Resource Book for Snowmaoss 2001
(contain references to many studes)
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Standard Model Higgs

excellent agreement with EW precision measurements
implies M, <200 GeV (but theoretically ugly - h’archy prob.)

MSSM Higgs

expect M, <~135 GeV
light Higgs boson (h) may be very “SM Higgs-like”
(de-coupling limit)

Non-exotic extended Higgs sector
eg. 2HDM

Strong Coupling Models
New strong interaction

The NLC will provide critical data for all of these possibilities
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E lecirowedk predsion meos urements suggest
there should be areldiively light Higgs tbason:

When we find it, we will want to study its nature.

The LCis capable of contributing significantly to this study. \
Maoss Meos urement

T ofd width
Partide coupings
vecior bosons
fermions (indudng 1op)

S pin-parity-charge conjugation
S elf-coupling
The Linear Collider could measure all this with great precision
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For My =140 GeV, 500 fo! @ 500 GeV

Maoss Meos urement d M, =60 MeV =5 x 104 M
T otd width ory/Ty=3 %
Partide coudings
tt (needs higher Vs for 140 GeV,
except through H - gg)
bb O Ohph / Grpp =2 %
cc O Once! Inee =22.5 %
T 6gH‘CT/ O = 5 %
WW O Griwnd Trww = 2 %
L7 O Ohzzl Gnzz = 6 %
g9 0 gHgg/ gHgg =125 %
Y O Ohyy | Oy = 10 %

S pin-parity-charge conjugation
establish J=0*

S elf-coupling
Mupn | Mypy =32 %
(statistics limited)

If Hi is liohter, predsion is often better
O s i prColloquium, Corvallis, OR, 40
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B e

NLC ~500events/ fb




=+ =

= T

The LC can produce the Higgs recoiling from a Z, with known CM ener gy",
which provides a powerf ul channel f or unbiassed tagging of Higgs events,
allowing measurement of even invisible decays ([J- some beamstrahlung)

Number of Events / | GeV

Tag Z 1% I~
*Select IVlrecoil = IVIHiggs
200 — ¢ Data
i # ) = A H — e X
150 - -:
ooy
T
s0 # +'H++i'+ | nvisible decays are included
E e ] A P e # e
e Siaresssr e o B B b
100 120 140 160
Recoil Mass [GeWV ]
500 fb1@ 500 Gev. FESONI¥HRGEY kg OR, 42
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Branching Ratio

bb
CcC
Rk

L7

99
YY

O Qb / Grpp =2 %
O Ohice/ Ghee =22.5 %
6gH,”./ Ohee = 5 %
O Orumd I = 2 %0
O Ohzzl Gnzz = 6 %
O Ohgg/ Gngg =12.5 %
OO0y / Guy = 10 %

Ny,

100 150 200 250 300 350 400
Hiaci;s Mass (Gel)

Measurement of BR's is powerful indicator of new physics

e.g. iIn MSSM, these differ fromthe SM in a characteristic way.
Higgs BR must agree with MSSM parameters from many ot her measur ements.
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H -yyor yy - Hrulesout J=1and indicates C=+1

Threshold cross section (e*fe” - Z H)for J=0

o B, while for J >0, generally higher
power of B (assuming n =(-1)7 P)

Production angle (8) and Z decay angle in Higgs-

reveals JP(ete” - Z H - ffH)

JP=0"* JP=0"
do/ dcoso sin%0 (1-sin%0)
do/ dcosg sinZ@ (1+ - cosg)?

:-':. (licr]dc:{'dmsﬁ | '-.-’5=I 300 Gev .":

Y Mg = 120 GeV | - =
e ete” = ZH Do

1’ /

| oosl?
%5 ____' _um, Corvallis, OR,
TESLA TDRBFig, 22§ 6, 2002

ross section (fb)
= £
s
]
G\{

St rahlun 0 o™

210 220 230 240 250
Vs (GeV)

LC Physics Resour ce Book,
Fig 3.23(a)

@is angle of the fermion,
relative tothe Z direction

of flight, inZ rest frame

Flew uf 2 discttalibiul wegy lue d el baclogs of £11

Also efe” - ete™Z
Han, Jiang

4] 0.4 0.3 12 15 20
shirquarsd;di
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| s This the Standard Model Higgs?

1.) Does the hZZ coupling saturate the Z coupling sum rule?
2 Ohzz = Mz? Gy / 4 COS® B

eg. Ohzz = 9zMz sin(B-a)
Ohzz = 9,M; cos(B-a) d; = e/ 2 COs By

2.) Are the measured BRs consistent with the SM?

€g. Ynpp = Gnon(-Sin o/ cos B) — - gppp(sin(B-a) - cos(B-a) tan B)
hee = One(-Sin @/ cos B) - - Gy (sin(B-a) - cos(B-a) tan B)

Ontt = Ohee(-COS @/ sinP) - gy (SIN(B-a) +cos(B-a) / tan [3)
(in MSSM only for smaller values of M, will there be sensitivity,

since sin(B-a) - 1 as M, grows -decoupling)

3.) I sthe width consistent with SM?
4.) Have ot her Higgs bosons or super-partners been discovered?

5.) etc. Colloguium, Corvallis, OR,

J. Brau, May 6, 2002

45



| MSSM prediction:

P T o, o STy

| wEGe e m, <G00V -

| MSSM prediction: - my, =120 GeV

G <y < S0l
| mEGeVcm, cBmGaY il | RO m, < DY

O 1o ., < B D = : ] [T R ———

L G <, < B G = i _ GV < my, < HE0 Gel -




Ot her scenarios

e Supersymmetry

all particles matched by super-partners
e super-partners of fermions are bosons
e super-partners of bosons are fermions
inspired by string theory
high ener gy cancellation of divergences
could play role in dark matter problem
many new particles (detailed properties only at NLC)

A ’.
-

Extra Dimensions

— large extra dimensions would be observable at NLC (see

string theory predicts

solves hierarchy (M, ,,cx >Mg,,) problemif extra
dimensions are large (or why gravity is so weak)

Physics Today, February 2002)

Colloquium, Corvallis, OR,
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« |Inadditiontothethree infinite spatial dimensions we know
about, it is assumed there are n new spatial dimensions of finite
extent R

« Some of the extra dimensions could be quite large

e The experimental limits on the size of extra dimensions are not
very restrictive
— to what distance has the 1/r? force law been measured?
— extradimensions could be as large as 0.1 mm, f or example

— experimental work is underway now to look for such large extra
dimensions
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Particles and t he Electroweak and
Strong interactions are confined to 3
space dimensions

Gravity is different:

— Gravitons propagate inthe full (3 +n)-
dimensional space
| f there were only one large extra

dimension, its size R would have to be
of order 100 kmto account for the
weakness of gravity.

But two extra dimensions would be on
the order of a millimeter in size.
(see Large Extra Dimensions: A New Arenafor Particle Physics, Nima Arkani-Hamed,

As the number of the new dimensions savasbimopoulos, and Georgi Dvali, Physics Today, February, 2002)
Increases, their required size gets
smaller.

— For six equal extra dimensions, the size
s only about 102 cm Explaining the weakness of gravity
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Cosmic connections

Big Bang Theory

GUT motivated inflation
dark matter
accelerating univer se
dark energy
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« The LHCat CERN, colliding prot on beams, will
begin operation around 2007

e This “hadron-collider” is a discovery machine, as
the history of discoveries show

discovery facility of discovery facility of study
charm BNL + SPEAR SPEAR at SLAC
tau SPEAR SPEAR at SLAC
bottom Fer milab Cor nell

Z0 SPPS LEPand SLC

« The “electron-collider” (the NLC) will likely be
needed to sort out the LHC discoveries

Colloquium, Corvallis, OR,
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Adding Value to LHC measurement s

The Linear Collider will add valuetothe LHC
measurement s (“enabling t echnology”)

How t his happens depends on t he Physics:

*Add precision to the discoveries of LHC
*eg. light higgs measurements
eSusy parameters may fall inthe tan 3 /M, wedge.
Directly observed strong WW/ZZ resonances at LHC
are understood from asymmetries at Linear Collider
*Analyze extra neutral gauge bosons
eGiga-Z constraints

Colloquium, Corvallis, OR,
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The SM-like Higgs Boson

Mar 5(X)/X S(X X
o, TR = These precision
2 % 300fb—1 500 flh—? .

=% — T g meas_ur_ements will be_
M, e s | gt crucial in under st anding
Tia 120-140 3 0.04 - 0.06 t he Higgs Boson
Trruc 120-144 3 002 - 0.04
GaT 120-140 3 0.01 - .02
gewre | 120-140 : 0.01 - 0.03
i'::: 123-144 - 0.02540.052
ﬁ 120-144 El J.a1240.022
;i-‘ﬁﬁ: 130 0.7 0,023
ﬁ 1l .05 022
el M : e TESLA TDR, Table 2.5.1
A ELECE 130 . g.22

Tahle 2.5.1: Comparison of the erpected acowracy in the determination of the SM-like
Higgs profile of the LHC and of TESLA. The mass width. couplings fo upfupe and
doum-fype guarks and fo gouge bosone. several of the rafios of couplings, the imple Higgs
coupling and the sensitivify fo a CF odd component are conside red.
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Conclusion

The Linear Collider will be a powerful tool for studying
t he Higgs Mechanism and Elect roweak Symmetry
Breaking.

This physics follows a century of unraveling the theory
of the electroweak interaction

We can expect these studies to further our knowledge
of fundament al physics in unanticipat ed ways

Current status of Electroweak Precision measurements
strongly suggests that the physics at the LCwill be rich

Colloquium, Corvallis, OR,
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NLC at 350 GeV (u*u"X) MLC at 500 GeV ('™ X)
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For My = 140 GeV, 500 fb! @ 500 GeV

Mass Meos urement d My =60 MeV =5 x 104 M
T otd width ory/Ty=3 %
Partide coudings
tt (needs higher Vs for 140 GeV,
except through H - gg)
bb O Qb / Grpp =2 %
cc O Once! Iuee =22.5 %
T 6gH‘H/ Onee = 5 %
WW O Orymd I = 2 %0
L7 O Oyzzl Gnzz = 6 %
g9 d gHgg/ gHgg =12.5 %
Y O Oy | Gryy = 10 %

S pin-parity-charge conjugation
establish JPC=0*

S elf-coupling
My | Agpy =32 %
(statistics limited)
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Mo Mixing Maximal Mixing
50 - - —50
Are the measured BRs b — I
consistent with the SM? o ------------ i
(only for smaller values of & :
M, will there be sensitivity :
-decoupling) |
= 2 v S it i
M. Carena, H.E. Haber, H.E. Logan, o= 01 02 05 1 2 0z 0.5 1 2
and S. Mrenna, FERMILAB-Pub-00/334-T &  —u-A=12TeV. M=5TeV ~A-p=12TeV, M =5 TeV

S0
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