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e The known particles
EW and top quark physics — the orthodoxy

¢ The almost known particles
Higgs bosons

e The expected particles
Supersymmetry — the new orthodoxy (?)

e Probing the ultra-high scale
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Fundamental questions of particle physics:
constitutents of matter?
structure of fundamental interactions?
structure of vacuum?
structure of space time?

Current knowledge is based on the Standard Mode!

Try to understand
— origin of electroweak symmetry breaking
— further unification of forces
— link with gravity

— find signals for physics “beyond the SM”



At a Linear Collider: precision experiments
definite initial state
tunable initial energy Ecy

beam polarization

This allows to

find signals of new physics in standard-particle
processes

study quantum effects of standard and non-
standard particles

— extrapolation to high energies

determine precisely direct signals (non-standard
Higgs, SUSY, ...)
— study symmetry breaking mechanisms
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The Standard Model

e the symmetry group SU(2) x U(1) x SU(3)¢

e the principle of local gauge invariance
——  fermion — vector boson interaction
—  vector boson — vector boson interaction

e Higgs mechanism and Yukawa interactions
— masses My, Mz, Mtermion

renormalizable quantum field theory |

accurate theoretical predictions

Beyond the Standard Model

e further unification of forces
e hierarchy of interactions
e hierarchy of fermion masses

e concept of Supersymmetry
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iViasses of W and Z bosonsj

correlated via muon lifetime < Fermi constant Gp,
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A successful decade of precision tests

Standard Model as a Quantum Field Theory
quantum effects are established

indirect versus direct determination of my,p,
constraints on Mpyiges — light Higgs-boson

gauge-boson self-interactions

not yet directly tested:
existence of the Higgs boson
Higgs-boson self interaction — Higgs potential

Yukawa interaction

— future experiments



(expected) experimental precision

error for LEP/Tev | Tev/LHC | LC GigaZ

Sin? Qg 0.00017 | 0.00021 0.000013
LEP+SLC

Miop [GeV] 5.1 2 0.2 0.13

ﬂ’{Higgs [GEV] - 0.1 0.05 0.05

together with

SMz =2.1MeV  (LEP)

0Grp/Grp =1-10"° (u lifetime)




LEP/SLC/Tev [19] TESLA
sin“0g 0.23146 £ 0.00017 +0.000013
lineshape observables:

My 91.1875 £ 0.0021 GeV | £0.0021 GeV
as(M2) 0.1183 £ 0.0027 +0.0009

Apy (0.55 £+ 0.10) - 102 +0.05 - 1072

N, 2.984 £+ 0.008 +0.004
heavy flavours:

Ay 0.898 4+ 0.015 +0.001

R 0.21653 £ 0.00069 +0.00014

My 80.436 £ 0.036 GeV | £0.006 GeV
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[J. Erler, S. Heinemeyer, W. H., G.Weiglein, P. Zerwas '00]
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Prediction for My in the SM and the MSSM:

|A. Djouadi, P. Gambino, S. Heinemeyer,
W. Hollik, C. Jinger, G. Weiglein '97]
[S. Heinemeyer, W. Hollik, G. Weiglein '98]
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Lowest-order four-fermion cross section

Signal diagrams: two resonant W bosons
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W-pair-production cross section

LEPEWWG '01

08/07/2001

LEP Preliminary
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M measurement from threshold scan:

Experimental sensitivity: AMwy(exp) ~ 6MeV
TESLA-TDR 01
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— 2% TU on cross section (no better estimate available)

= Precise prediction of threshold slope necessary (with reliable TU)
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Effeckove Lagrangian for EWSB

ne - Hieg s S .
;Pdc — fSM 35 + %. [— T
Ly = %%BM tr(dsW”V)
Ly = %ig’Bw tr (03",#‘/”) | TG Cs
Ly = %219 tr (WWV”V”) — QG Cs
Ly = 1(;42 tr (vav) tr (V“VU) }
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QGC:

Vs | 800GeV, Pe- = 80%, Po+ = 40%
JLdt 1000 b1 2000 fb?
a |—18 ... +15|—-13 ... +1.1
as | —09 ... +1.0| 06 ... +0.7
1 2.3TeV 2.7TeV
M 3.1TeV 3.7TeV

687 C.l.



Top quark

e measure precisely

— top quark mass m; (dm; ~ 100 MeV)
0+, momentum spectrum

— top quark width

— non-standard decays (Z)
t— HTb, -

— top-quark parameters
g%A, [i¢, electric dipole moment, . ..
anomalous couplings (?7)

e multi-parameter fit to t¢ threshold
: d
observables: oz, d_gt’ ArB

fit parameters: my, I'y, yy, (o) E‘xs = 0M§£0.004 1

fixed
g Smy = 30 MV
Sﬂc = 233 MeV
Sye [ + 0.33 [Mackives cha]
Yt { - 053
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Hoang, Teubner, Melnikov, Yelkhovsky, Beneke,Signer,
Smirnov, Sumino, Nagano, Ota, Yakovlev, Manohar, Stewart
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SM with My = 114.1 GeV, y = zyp™:
Predictions for My, sin?fes vS. experimental result
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38

J(e+eP — tt) = Ry - 0o, oo =

(a) Electroweak corrections (b) QCD corrections

[Kiihn, Hahn, Harlander |

approximative treatment of O(aay),
complete O(aas) contribution missing

threshold region — my¢ and ag
discussion at O(a?) [Hoang et al.]

top quarks unstable
tt — (bBWH)(bW~) — 6 fermions
ete~ — 6 fermion background required



Higgs boson(s)

e questions to be answered:
— numbers of Higgs particles

— masses and quantum numbers
(spin, partity, charges, CP, ...)

— couplings to fermions / gauge bosons ~ ¢. ~ /"l

— self couplings —  Higgs potential

e needs precise determination of mass(es) and
coupling constants

— production cross sections
— decay rates/ branching ratios

— inclusion of higher-order effects
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Denmer D iH mater,

Rot., Weber
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SM Higgs Branching Ratio

‘decay mode | SM precision
h — bb g & 1.5%
h—rtr— 4.5%

h — cc 6%
h — gg 4%
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h —yy 217
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Ginzburg, krawcgyr’a! Oclarof

] 2HDM(II) /SM — Solutions A

1.05

0.95

0.9

0.85

0.8

. - M | e ek | M -I
120 140 160 180 200 220 240
M, [GeV]

2HDM(II) /SM — Solutions B

=

_ d

#i] T

120 140 160 180 200 220 240
M,y [GeV]

b non - o{ecowf)fmg



\‘/u‘ Lﬂ.w Qa

+ H

|

g

~

L ]|

"'!’{ L_;’ r

|



Measurement of the top—Higgs Yukawa coupling

ete” — tHHH

Effect of QCD corrections:
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Higgs sector of the MSSM:

MSSM: Enlarged Higgs sector:
Two Higgs doublets

o= [HE ) 2= [t @ tix)/v2
e 2 - =
Hi b1
Ho = H21 = qb;-
| H3 v2 + (¢2 +ix2)/V2

Higgs potential:
V = m?H{H, + m3HyHy — m3,(epy H{HS + h.C.)

12 2 2
g +g & it -
+ (HyHy — HoH>)? + 9—2 |H, Ho|?

Physical states: h0, HO , AQ H*

Input parameters:

tan g = ot § M?% = —m%,(tan 3 + cot 3)

(o8]
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light and heavy scalar Higgs mass
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[ MSSM Higgs Mass ]
myo prediction at different levels of accuracy:
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m, [GeV]

- tree-level
= full 1L
- best 2L (FeynHiggs1.3)
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The h mass at the two-loop level
combined strong and top-Yukawa terms

[Degrassi, Heinemeyer, WH, Slavich, Weiglein]
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Higgs-strahlung process, ete™ — Zh, ZH

Z
OhZ ™~ sinz(,@ — a)O'SM

2 SM
. OHZz ~ COs“ (3 — a)oRy
~ h,H

Dominates at low energies

Vector-boson fusion process, ete™ — Deve{h, H}

h H ovh ~ sin2(8 — a)aWH

OpvH ™ COSQ(G’ e 0“')'f‘rz;'l/H

Dominates at high energies

Higgs boson pair production, ete™ — Ah, AH

e A

-

oha ~ COS?(B — a)opy

oW oHA ~ Sin2(8 — a)oR¥
et ~.h,H o




Higgs couplings, tree level:

ghvV sin(B — a) gaQ/"v, V=w=%2z

cos(f — a) ga'\\,ﬁv

gGHVV
gGhAZ ~ COS(,ﬁ — (.}')

gHAZz ~ Cos(f — «)

In decoupling limit, M4 > My:

sin(B—a) »1, cos?(B—a) >0, my~~ My

= h couples to vector bosons with SM strength
H decouples from vector bosons

production of heavy neutral Higgs bosons in
eTe™ mode only via HA pair production

kinematical limit: my, M4 < /5/2

/foop effe,cl's are im[:ar-(:ah't ;



Higgs production at a LC: eTe™ — hZ

Complete Feynman-diagrammatic one-loop result +
dominant two-loop corrections (FeynHiggs)
[S. Heinemeyer, W. Hollik, J. Rosiek, G. Weiglein '01}
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Ae— — hZ. hA, \/3 =500 GeV, maximal t mixing:

Mgz = 1 TeV, Mj= 300 GeV, Mo, = p = 200 GeV

solid: FD 2L (with box), dot-dashed: FD 2L (no box)
dashed: FD 1L, dotted: cefr RG approximation
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FCNC {—h‘%s decays
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Possible scenarios

e a single light Higgs boson
— SM Higgs boson?

— SUSY light Higgs boson?
with H, A, H heavy (decoupling scenario)
h ~ Hgy\

e a light Higgs boson + more (H, A, H*)
— SUSY Higgs?
— non-SUSY 2-Higgs-Doublet model?

e a single heavy Higgs boson (> 200 GeV)
— SUSY ruled out

- SM + (?) strong interaction?

e no Higgs boson

— strongly interacting weak interaction
new strong force ~ TeV scale



MSSM Minimal Supersymmetric Standard Model

SM Spin | SUSY Spin
leptons 0, vy 5 | sleptons 0, iy 0
quarks q 1| squarks q 0
gluons g 1 | gluinos g %
EW bosons v, Z, W 1} {charginos Xi2 5
Higgs h,H, A, H* 0f[Lneutralinos X} ,54 !
lightest SUSY particle stable ~ LSP = )2?
to prove SUSY demonstrate that
— every SM particle has a superpartner
— with spins different by 1/2
— identical gauge quantum numbers
— identical couplings
needs accurate measurements
mass spectra, branching ratios, cross sections,
angular distributions, polarization asymmetries, ...
Achievable precisions:
particles Am/m
sleptons ¢, v, 0.05-0.5%
charginos X 0.03-0.1 %
neutralinos X} 0.05-0.1 %
P . : ,
Paroweders: MM MU M3 gwugmo mMmasses
M Hims{no MASs
Mf{.,ﬂ sfermion masges
Af‘ ‘hff(neq«,f Coup-gt'vzj-f
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Numerical results A Tertas ek ol

Inclusive treatment of real photon emission con-
tributions

TESLA TDR reference scenario RR2:

My, =78 GeV, My =150 GeV, p = 263 GeV,
tan 8 = 30, Mp = 257 GeV,

my. = 184 GeV, my~ 200 GeV,
mg ~ 450 GeV.
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Figure 1: Dependence of the calculated neutralino masses (in GeV) on the chargino masses m;+ and

mg4, in Born approximation (dotted, black), including loop corrections with (s)fermions only (dalshed,
blue), and with the complete one-loop contributions (solid, red). The input neutralino mass is chosen as
mgo = 110 GeV throughout all diagrams. The plots for mge neutralino would look very much alike the

one shown for all three different values of Mgt
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Models of SUSY breaking

generic MSSM: 105 parameters (masses, mixing angles, phases)

reduced to few parameters in specific models
mSUGRA:  mg, my /s, Ao, tan 3, sign(u)
GMSB: M mess; Nmess, tan 3, Sign(ﬂ’)

AMSB: Maux, Mo, tan B, sign(u)

— mass parameters at the electroweak scale
(Mla M2a M3a H, fLR’ . )

Precise determination of mass parameters of
SUSY particles essential

— distinction between SUSY-breaking models
— extrapolation to unification scale

— determination of unification scale
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o x BR (VWh -> bb)

o x BR (VVh -> gg)
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Conclusions

Finding and understanding dynamics of EW
symmetry breaking of basic importance for particle
physics — next step

Linear Collider with high luminosity and higher
energies —  high-precision experiments

verify SM or identify signals from “beyond the SM”

Specific ideas beyond the SM (SUSY, GUT, extra
dimensions) accessible

— indirect: test precision observables
— Higgs sector: identify origin of Higgs bosons
— SUSY particles: reconstruct breaking parameters

theoretical effort for high-precision calculations,
new complexity of calculations:

2 — 2 processes at 2-loop + leading 3-loop

2 — 4(6) processes at complete 1-loop

future improved studies possible based on new
theoretical tools and improved predictions





