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The Top Quark in Numbers

m; = 174.3 + 5.1 GeV (CDF+DO0)
mP°'® = 172 4+ 8 GeV (LEP, ew.precision)

6.5+1'7 b CDF
Cpprtt = —1apb ) assumes SM
59+ 1.7pb (DO)
spectrum
bt Sp SM-like
production process
2

B(t—>Wb) Vip| > =0.99 £+ 0.29

YB(t—=Wgq) |Vin |2+ Vis |2+ Vial

B(t — Wob) = 0.91 £0.39 (SM = 0.7)
B(t — W4b) =0.114+0.15 (SM = 0)

B(t — Zq) < 0.33

— FCNC decays small
B(t — ~vq) < 0.032

What else do we want?
More precise numbers? More gquantities measured?
WHY?

Let’s have a look into the past and the future.
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/ [Pre-Top-Discovery Era < 1995
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>

e Indirect hitstoward (¢, b) 1, doublet flavor structure
> CPin K physics,B — B mixing, GIM mechanism
> bottom singlet causes FCNC; ., ~ 'z . x
experimentTs_,,, < 107°Tp ., x
> isospin ofb from et e~ — bb angular distr.
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> predictsm;: range

model)

e Ew precision tests predict m, from isospin breaking
— top affectsM,, by loop

oy

— required precision of m; for agiven d M,

M,y (Gev/c?)
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M,qp (GEV/C)

Run | Run || LHC LC(GIGAZ)
6 My 40 MeV 20 MeV 20 MeVv 6 MeV
dmy 6 GeV 3 GeV 3 GeV 1 GeV
expected § m ¢ 2-3 GeV 1-2 GeV < 0.1-0.2 GeV
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4 [ Post-Top-Discovery Era > 1995
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— electroweak observables %80-6
> M,, and m,: predict and ;;:Zj cor R
check my (Higgsmodel) &
> constrains any new physics 2| W@e«%\
01

e Top precision measurements: top =top ?

e Top asunique QCD laboratory:

>1T't ~ 1.5 GeV > Aqcp: ho toponia, T-mesons
— dynamics dominated by perturbative QCD
— top "amost real”: m., spin, EDM,. .. observables

Top astool to uncover true” Next-SM”

> Higgs model: g¢1n = */ﬁ,umt (" Goldberger-Treiman™)
> 4" generation: Vip < 1,1 < I'PM

> extended gauge groups. new gauge bosons affect top
> SUSY: new decay & production mechanisms, £, ...
> Large extradimensions. KK gravitons <> top

> efc., efc.

el MM oo 09 CL
130 140 150 160 170 180 190 200
Mo, (GeVICY)
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4 (Next-SM Era > 2007?) h
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Example: SUSY (MSSM) <

test consistency of Next-SM, constrain par. space
Higgs mass measured, SUSY broken
m%,light = Mf —+ GFm;l In (:—f) + ...

— required precision of m; for agiven dmp, light

LHC LC
Smh,light 1 GeV 50 MeV
Smy 4 GeV 200 MeV
expected 6 m ¢ 1-2 GeV 100-200 MeVv

SUSY top decays.

>t — HTb, ty"

> FCNC, CP top couplings
Light top squarks m; < Msusy

— off-diagonal element oc m; Msusy
IN stop mass matrix

Aim of future collidersfor top physics:

Measure all top properties as accurate as possible!
mie, Vi, 'ty gren, coUplings, spin,
rare decays, FCNC, CP-properties,
production mechanism, etc.
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Linear Collider and Top Physics A

Designs.

o . (pb)

e~ — evth
e~ — vutt

ete™ collider, Ecy = M., 350 GeV —5 TeV
Lumi: 10°*-10°® em~2s~! — 100-1000fb~* /year

TESLA: supercond., FE;2* ~1TeV
N/JLC: nor. cond., B2
CLIC: nor. cond., ) D

etTe” LZ> tt main mechanismfor E.,, < 1 TeV

olete™ — ~,Z — tt) [ph]

360 380 400 420 440 460 480 500

VP Gev)

competitivefor E., > 1 TeV,
W1, Z1, scattering! single top!

/

LaThuile, March 4-10, 2001

André H. Hoang, MPI Munich



/[LC Specialties) h
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Statistics: LC ~ 10° tt pairs — oio; < 1pb
LHC ~ 10° ¢£ pairS — oor ~ 850 pb

FEc¢n well known, tunable — threshold & continuum
> | SR+beam strahlung+energy spread = lumi spect.
> tune QCD phases at threshold = CP studies

Electron beam polarizable: — ¢~ : 80%
> reduction of background (e.g. W W~ withRH e™)
> tuning to enhance signals (non-SM) for spin obs.

Clean environment:
> smaller background, more events used for physics
> Systematic uncertainties small

7y, ye options:
> unique spin configurations
> alternative production mechanisms, single top

I’m going to talk about some interesting aspects
of top physics at the L C that take advantage of the

special LC features.
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/[L uminosity Spectrum|

350 GeV Machine + ISR + Beamstrahlung + 0.3% Linac

E.m = 350 GeV

1 beam energy smearing
T~

L/ Loy perbin ) OF.m ~ 2 GeV

Cinabro

10* I I
300 310 320 330 340 350 360

Collision Energy (GeV)

— Lumi spectrum needs to be monitored (Bhabba)
important for ¢¢ threshold measurements

Top Cross Section
1.00 ———
| —— Bare (Peskin+Strassler, m = 174.0 GeV,
i r=142GeV,B=1)
e +ISR
075 +Beamstrahlung ]
= +Linac

a(tt) (pb)

L L L L
350 355
2E,,, (GeV)
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4 Top Physics at the tt Threshold

Eem ~ 350 GE&V = wiop = 1/1 — ot

— top quarks move with non-relativistic speed
— unique for the Linear Collider!

e Top quarkshavealot of timeto interact

AXMC ’ W@ M@E ”Coulomb

singularities’
> perturbation theory in a5 breaks down
> Bound state dynamics =- Schrodinger equation

0000000
0000000

ag/v (ag/v)? (ag/v)?

e Topdecay: I'; ~ 1.5GeV > Aqcp
> no formation of toponia
> smooth line-shape for o(eTe™ — tt), 1S peak
> ¢t dynamics described by perturbative QCD

e Top rest system = t£ cm system +O(v?) corr.
> facilitates spin, polarization measurements

e QCD phases scalewith binding energy Ec.n — 2my
> QCD phases are tunable and calculable

\ > QCD phases compete with new CP phases J
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/[TopMassl\/IeasurementatThresholdj h

e Top massreconstruction = standard

e Threshold Scan

— required: measurement of oot m¢ & 200, 400Mev

oipbl

> count number of ¢t events
> NO invariant mass reconstruction os
> tt isinacolor singlet state !
= final state interactions, gluon
radiation, Bose-Einstein +
correlation, etc. not relevant R

ete ottt

— therise of oot defines 2my; !
> measures short-distance " threshold masses’,
adapted to low virtuality of top, e.g. 1S mass, m;>
> tt isacolor singlet = dm,""*°Y <« Aqep
>my> can be related precisely to MS mass 7 ()

> experimental uncertainties:
£ = 100fb~* distributed to 10 scan points
15:exp - 100 MeV (Peralta, Martinez, Miquel)
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= 0ot €Nhanced

gsth larger
= binding force larger
Vi(r) = —Zthe™™mn"

= 0ot €Nhanced

I'; smaller
= peak more pronounced
(see adso F-B asymmetry)

N

x 0.

x 08 [

Sensitivity of o™ t0 oy, gy, T
s larger fz on (Mz) = 011877
= binding force larger E

Vaon(r) = =% °

0.0 C L 1 L 1 L 1 L 1 L 1 L 1 L 1 L
347 348 349 350 351 352 353
Vs(Gev)
16 ‘ — _ )
. 10% 1
14 .
L, Jtth = SM +10% (mh = 1715 Ge

| 347 348 349 350 3B1 352 353
Vs(Gev)
16 — :
L 10%
14 -

00

e Comparison: experimental uncertainties

L=100fb~': Jdas(Mz) < 0.002
(< 2000) 6Ty /Ty < 5—10%
O0gutn/gun S b —10%

| L | L | L | L | L | L | L
346 347 348 349 350 351 352 353
Vs(Gev)

V)
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/[Theoretical Situation for o] \

= Until 2000 a number of NNLO calculations
had been carried out

18— 18 —
16 LO ps = 15,30,60GeV, 16 - E
14 £ E 14 £
12 £ L E 2 AR N
1w NNLO 0 w0
08 £ ey, * 08 £
06 £ 06 £
04 E 04 & . E
02 L > Hoang—Teubner 1 02 Beneke—Sgner—Smirnov 7
00 C L | L | L | L | L | L | L | L E 00 L L L | L | L | L | L | L i
343 344 345 346 347 348 349 350 351 343 344 345 346 347 348 349 350 351
o2 (GeV) o2 (GeV)

18 —

16 ©

14 f

12 £

10 aso:
08 ¢ Sumino et al.
06 -
F L Yakovlev

04 T

02 == 1

0.0 P N T B B B B

343 344 345 346 347 348 349 350 351

o2 (GeV)

> peak position under control
— dmthee < 100200 MeV

> large normalization uncertainties: 22 ~ 20%

tt

— measurements of «, 'y, g1+ 1N jeopardy
old experimental studies appeared unrealistic

N /
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/[New Calculation of the Cross Section | h

1.4 C T T T

= 2000: New renormalization group improved
calculation at NNLL order
— summation of (o Inv)™ to al orders

1.2
10 -
08 |
06
0.4 |
02

Hoang—Manohar —Stewart—Teubner 2000 -

0.0 : 1 ‘ 1 ‘ 1 ‘ 1

346 347 348 349

m15 = 175 GeV
Iy = 1.43 GeV
as(Mz) =0.118

are feasible

N

> peak position under control
— dmiPee < 100-200 MeV

> small normalization uncertainties:
— measurements of a, I't, gi45, @ the % level

350 351 352 353
Vs(GeV)

354

v =0.15-0.4

60—t£
Ottt

~ 2%
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/ [Top Pol arization] \

= Toprest system=e" e~ Cc.m. system

P, : dominated by S-wave
P, , Py: sensitive to QCD phases
sensitive to T-odd ~tt, Ztt couplings

(EDM’s)

e Top polarization can betuned by e, e™ polarization
Pi®,E,x) = Cj(x)+C(x)¢g(p,E) cosd
Pi(p,E,x) = Ci(x) @R(pa E) sind
Pn(p, E,x) = On(X)p;(p, E)sind

0.8\ o 1 08F Harlander etal. -
0.6F \ "l 1 06F 3
0.4 1 04p C ]
02- N | G 1 02} : ]
0F 0f :
'O.Zf A - '0.25 {
04 s T
-0.6 - : 06—CN :
-0.8F 4 -08¢F =
iy [ SN Y E—— P B S iy [ S R P R
-1 -0.5 0 0.5 1 -1 -0.5 0 0.5 1
X X
P —P _
CO — Ecm == 2mt X = 1—P B

\ I QCD phases only et e /
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0.10

e Top polarization can betuned by changing F.m,
— QCD phases changewith £ = E., — 2my

At P = Ppeq ; RG-improved NLO ; i = 3GeV

0.05 r

0.00

E=5GeV oo

E=-1GeV X

E=-5GeV #

DIG* p/m - Jezabek, Nagano,
1 Sumino

Imaginary part

-0.05 r

-0.10

E=5GeV

-0.10

-0.05 0.00 0.05

Real part

e Sensitivitiesfor CPtop EDM (tty), Z-EDM (tt2),
chromo-EDM (¢tG)

0.10 0.15 0.20

€.g. EEDM = —%(tia“”%t)@AV
LHC LC (500 GeV) LC (£ threshold)
@ofb—1) (s0fh—1) (s0fb— 1)
EDM (d 4.~ ) 101 —few10—2 10— 1
Z-EDM (d 7) 10~ —few10—2 10— 1
chr.-EDM (d 1 4) 1072 —few10—3 O(1) 10— 1

N
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/ Top Physicsat Higher Energies

Ecm 2 2my + 10 GeV

Y

e TOp Mmass
> Invariant mass reconstruction for single top
> top still slow for E.,, = 500 GeV
> l[imitation: — top colored, on-shell pole unphysical
(interconnection, jet energy, gluon radiation, .. .)
= om”*" > Aqcp ~ 300 MeV
ECFA/DESY (1991): 6m: = 500 MeV

G.P. Yeh (1999): ém: = 200 MeV (no systematics)

e Top Yukawa coupling — eTe™ — t{H
Juste etal. (1999): E.., = 800 GeV, m, = 120 GeV,
£ =1000fb~ ! (~3yearsa10®>* cm s ')
= 0gien/geen ~ 5.5% (qqbbbbly, qgqgbbbb channels)
— LHC: §g4¢n/geen < 16%, £L = 100fb~*

e Strong coupling
> 0ot Maximal for E.,, ~ 400 GeV
— « from radiative corrections
— systematic error dominated by luminosity spectrum
Bernreuther (1999): das(M,) ~ 0.007

N /
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/ e FCNC top-charm-v/Z coupling \\
> consider e e~ — té + tc instead of rate top decay
— sensitivity kinematically enhanced
Han,Hewett (1998): £ = 500fb™ !, Ecm = 500 GeV
sensitivities on FCNC couplings < 1% achievable
— competitiveto LHC fromraredecay t — ¢y/Z

e Top decaysin new light particles (1991 studies)
t — H'b: 30 disc. for al tan 3 (favored in MSSM)
L =10fb™", E. = 500 GeV,
m: = 150 GeV, my+ = 50 GeV
t—t+x": needsL = 30fb~! for 3¢

e 35pin correlations & anomalous couplings
> top spin configuration vialepton angular distr.
> Off-diagonal basis. (Parke, Shadmi)
- spin basis in which non-SM are easy to detect
- SM: e} et — t4f, contains ~ 100% of events
for any energy
- not affected by QCD radiative corrections
- does not exist at the LHC due to gluon fusion!

N /
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/Double diff. angular distr. of leptonsfrom top decay\\
(Kiyo,Kodaira,Morii,Nasuno,Parke)

e Heélicity Basis
SM EDM+Z-EDM (0.2)
° ° e et — tt
j Eem = 400 GeV
¢l_3 gbl_ 3
2 0.54 2
W= .
-1 -05 0 0.5 1
cos 07 cos 67

— anomalous effects barely visible

e Off-diagonal bases — ¢; and cos 67 in different system

SM EDM+Z-EDM (0.2)
6 N . s/ /) /) 6; €+ — tt_
j Eem = 400 GeV
¢l_3 65 .49 0.33 0.160.002 ¢[ 3]0\68 Q.51\ \0.3 0.1% 0.005
2 2
1 1
" 0.75-0.5-025 0 0.25 0.5 0.75 o 07505025 0 0.25 0.5 0.75
cos 07 cos 67

— anomalous effects clearly visible

T 27
— asymmetry: A ~ [ " dor— [7 dép
— QCD contributionsto A: <0.5%

\ — anomalous coupling O(0.1) detectable /
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Conclusions & Outlook

Top quark isawindow to " New Physics’
m: large — EWSB, non-SM effects

Top quark lifetime < 1/Aqcp
— unique QCD laboratory
— almost "real particle’ — ew physics

Measure top quark as precise as possible
= be prepared for surprises

Linear Collider: versatile instrument for precision

top studies (and much more!)

— complementary/competitive to hadron colliders

> F.., tunable, well known — ¢t threshold
> clean, background-low environment

> LC: 10° tops «+— LHC: 108 tops

> beam polarization

> 7y, ye options
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