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Motivation

m,~175GeV = A, =\2m/fv~1

The top quark may either play a key role in EWSB, or serve as a window to New Physics related
to EWSB which might be preferentially coupled to it.

—The first indication for New Physics might be in the form of modified top quark interactions.
Anomalous top couplings can manifest themselves affecting many observables:

total cross-sections,

tt invariant mass distribution,

angular distributions of decay products (both tt and single top),

rare decays (e.g. flavor-changing neutral current processes),

Many of these observables can be affected by New

Physics unrelated to anomalous top quark interactions.
Different operators can contribute to a given observable. - -

5 0.1
Very important to try to disentangle effects and perform ‘j 0 ““C’HI_H
cross-checks using different processes Ly i
Analyses must be as model-independent as possible (e.g. Qg -0} J
allow several couplings to deviate simultaneously) -02 TopFlavoy

. TPy

A global model-independent analysis combining LHC and -02 -01 0 0l
ILC measurements has the largest potential to rule/figure og; /gL (Wtb)

out specific models of New Physics.




Top Couplings to Gauge Bosons: g
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At hadron colliders, tt production is a direct test of the
top coupling to gluons.

So far Tevatron data is consistent with the SM.
However, precision (will be) limited by systematics:
Aclc (exp) ~ 6.4% (stat) @ 7.8%(syst) @ 5.7%(lumi) ~ 12% 6
Ac/o (theo) ~ 6.3% (PDF) @ 6.5% (scheme) ~ 10%

o(pp — tf} (pb)
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Must test, not only the effective coupling strength Cacclert et al. JHEP 0403088 {2004]
------- Cacciari et al. £ uncertainty i
(total rate), but also the presence of a more I (P (GdonakisNogs P PRD €8 114014 (2005) |
complicated Lorentz structure. In order to disentangle - Lo Kidonakis Vgt 1P _
the e_ffects of_the different (_)pe_rators, observables Pt 62 164 166 168 170 172 174 176 478 180
sensitive to different combinations need to be used. Top Quark Mass (GeV/c

Correlation between t-t spins can be significantly affected by new Lorentz structures in the g-t-t
vertex: make use of weak decays of top to analyze top polarization.

E.g. axial form factor produces non-zero polarization asymmetry (N(tz)= N(t,)).

Tevatron

Off-diagonal Basis




Top Couplings to Gauge Bosons: g

hep-ph/9609311
T T T T T | T 1 T

E.g. strong dipole moments from New Physics (e.g. Topcolor, EARAN AARAS RARR i
2HDM,...) can affect the total cross section in addition to other o LHC
observables (top p;, spin correlations,...) st X&.
i ‘% 10— \t\f‘\r ]
¥ ’ { - . -'.-_n.. ' L i "ﬂ
L 5 1% - . -
CP-conserving CP-violating 3 X
° > k=10.5
| SN Kk=40.25
Some estimates of attainable precision at LHC: ? \keH0.125 .,
top p,; spectrum (100 fbl): [x|<0.05 @ 95% CL  hep-ph/9609311 L FEOSM) N B e
T, -odd asymmetry (10 fbl): [k|<0.045 @ 56 ATL-PHYS-2002-012 b ‘””;’L G
Spin correlation measurements provide additional handles.
e EP-PN/9610368
_ Ny =Ny Tevatron: C= -0.4 (helicity), C=-0.8 (off-diagonal) [ Tevatron ]
N, + Ny LHC  :C=+0.3 (+0.4 if m <550 GeV) (helicity) : ]
Tevatron sensitivity study (dileptons; 2x4 fb-1) | C )
C =-0.8 + 0.3(stat) | :
LHC sensitivity study (dileptons + lepton+jets; 10 fb1) ' _ e
C = 0.422 + 0.014(stat) + 0.023(syst) —oasp ]

: : ~c = | (helicity basi
Many of these observables can be distorted by new particles (helictty basis)
instead of anomalous couplings. Very important to find ways to

discriminate among the various possibilities.
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At the ILC, the main observable explored so far is the energy spectrum of the gluon in e*e-—ttg.

1/04 do/dz

Reach in chromo-electric dipole moment (k) improves by ~x2 for same integrated luminosity at

Vs =1 TeV.

A-priori it should be possible to find additional observables to increase sensitivity, particularly to

Top Couplings to Gauge Bosons: g

CrTTETT T
Vs = 500 GeV ;

— Fit region

the chromo-electric dipole moment.

Caveat: a global analysis at ILC is needed since the gluon energy spectrum is simultaneously
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sensitive to electroweak dipole moments (from tty and ttZ vertices)

Nice complementarity between LHC and ILC which should be exploited:

 LHC more sensitive to chromo-electric dipole moment.

ILC more sensitive to chromo-magnetic dipole moment.
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Top Couplings to Gauge Bosons: W

« Largem New Physics (EWSB-related)??
t

= interactions between the top quark and weak gauge bosons extremely interesting!!
= in a hadron collider only the t-b-W vertex can be sensitively probed

~ X In the SM: X=W 100% of the time, Y=b ~100% of the time (|V,,|~1)
o g ., LT, . Lttt T .
t@\ D = ———= Vi, {ffr P, + fff Ph’] — —— (P — ), {fi’ P, + fy Ph"}
v V2 My

. —L
fr=f,=1 with the rest equal to 0 (pure V-A interaction)
! —L, —-R
|f flL,R_ f

R L
. #0 or f;"—f, 20 = CP-violation

» Relatively stringent indirect constraints (BUT assume no other sources of New Physics):
b—sy: | .|| f, k0.004 LEP precision data: | f,” [-1<0.02
b—sl*l: | £k 0.03

« Charged current interactions define most of the top quark phenomenology:

-

Single Top To : Top quark width
. p Pair ) _
(Production and Decay) / Single top quark production rate

(Decay) B(t—>Wb)
I t < W helicity in top quark decays
Q/ Top quark polarization

Anomalous couplings
Angular (spin) correlations
\ Rare decays

= |




da /de n_\'HIE (ph)

Top Quark Width

hep-ph/0207315

In general, there is no easy way to measure the total Sensitivity to top width

top quark width in a model independent way. T ou b L A P A
e.g. single top cross-section gives I'(t—>Whb). Eosf 7 E
Threshold observables in e*e—tt are sensitive to I';, & o= £ i AT = +400 MeV -
4 - % 3
« affects peak structure of 1S resonance Cer b, &7 E
« ppeak T as T, T since the top quark decays at g . _’%ﬁ o i e o T
shorter distance where the tt potential is deeper % o b 8 NE
- controls overlap between 1S and 1P states: A, o b ’ S
Simultaneous determination of m,, o, and I', from fit o b oL e E
to threshold observables. Assume 3% theoretical g 02 [ e e e e

R . . £ [ 348 347 348 349 350 351 352 353 354
error on o, and 9+1 point scan with 30 fb-!/point: goss 3
AM(1S)=19 MeV, Aa;=0.0012, AT =32 MeV ,p,<0.5 Lo | ¢ :
0.05 - E * 2 N E i —f

0.04 nep-phi001277 2% precision! o ! |3‘L5| I Ig,‘lnl I |3le | I&-ll-gl I .3;U| I35I1I |3;2| Iaflsal 3;4
r'=0.1GeV Fem (GeV)

I A 1.4 GeV e . ) . .
003 | BT 5.0 GeV « Large I, leads to interesting effects involving the

interplay between the strong and weak interactions:
soft gluon (E~ I',) radiation pattern can be affected

10.0 GeV

0.02 by rt.
« At high energy: production-decay interference
o0 B dominates
[ e e « Near threshold: decay-decay interference
\s=750 GeV :
[ E,=5-10 GeV dominates
L T T T «  No feasibility study available.

HH2 (desrees)




Main production mechanisms for (SM-like) single top

production at a hadron collider:

t-channel
| 'qf
i,
/1
b
Tevatron: ~1.98 pb
LHC ~245 pb

s-channel

~0.88 pb
~10 pb

associated
production

b p_,,x‘@;llx
N

~0.09 pb
~60 pb

Experimental signature: similar to tt—lepton+jets
but lower jet multiplicity.

Dominant backgrounds: W+jets, tt

Motivation:

 Direct measurement of |V, | (c o |V|?)
* Anomalous couplings in t-b-W vertex
* s- and t-channels sensitive to different New

Physics

« Top spin physics (~100% polarized top quark)

Single Top Quark Production

Not discovered yet

Tevatron Run Il upper limits (@ 95% CL):
CDF (695 pb™): oy < 3.1(3.2) pb, 0y,,< 3.4 pb
D@ (370 pb!) : oy < 5.0(4.4) pb
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Tevatron projection for 4 fb1 x 2 experiments (assuming SM):
SNB ~ 56(30) in t-(s-)channel = AV IV )

LHC:

~9%

stat

Much larger o, better starting S/B than at Tevatron
Expectations (CMS, 10 fb1)

t-channel : Ac/a(exp) = 3%(stat) ® 7% (syst) ® 5% (lumi) ~ 9% 200

Wit . Aclo(exp) = 6%(stat) @ 16% (syst) @ 5% (lumi)

s-channel: Ac/c(exp) = 18%(stat) ® 31% (syst) @ 5% (lumi)
Theoretical uncertainty for inclusive t-channel cross-section: ~4%

 PDF: +1.3%, -2.2%

» Scale: 3% PRD 70, 114012 (2004)

¢ my(+2 GeV): ~1.5% o "1:':

o 0075

Expected precision on V,, (from t-channel): 005

AV, 1( Ac®® _ Ac™ 0025

M S ix () (Theo ~5% 0
Vol 2\ 0™ o

0025

Limits on f,-type couplings limited to “':;:

~0.1-0.2 by systematics on cross section.

Single Top Quark Production: Projections

hep-ex/0605034
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W Helicity in Top Quark Decays

cn.&llll-lllllllll

« Use tt events to study the Lorentz structure of the t-b-W interaction. W L — fR
* Possible W helicity configurations in top quark decays: I [R— fL |
0.75 — . —
R f,R
doy=-1 b Ay =0 Doy =+1 W I " -
W~ W~ W~
141 '—; t (t)" 0.7 = =

tOlI lt

b 0.65 [ _
2 2 ; \ "
SM: F x—2Mw __030 F~— " __070 F.=0 W .
m +2MW m +2MW 0.6 AN ANIT A AN A
. -0.4 -0.2 0 02 04

o _ a coupling
* W helicity fractions depend on t-b-W Lorentz structure. , .
«  Lepton kinematical distributions rather sensitive to .. v °

«  Projected Tevatron (2x4 fb1): AF,~0.06, AF,~0.04
« LHC (10 fb1):

2c limits hep-ex/0508061
/T f 5
hep-ex/0508061 . LHC (10 b 1) 0.30 0.13 0.04
Semilep+Dilep (Stat.+ Syst.)
Fr | 0.303 + 0.003 + 0.024 single top, LHC (100 ﬂJ_l) 0.06 0.07 0.13

(Stat.+ 5% Syst.)

Fo | 0.697 = 0.004 &= 0.015

- b — sy,sl 1. B-factories 0.004 0.005 0.4 0.1':' ‘ ‘o‘a'”u[s‘”ulﬂ.‘ B R VR Y R T Y I
Fgr ] 0.000 4+ 0.003 + 0.012 (indirect) cosh
Z decay. LEP - - 0.1
(indirect)

— Caveat: need model-independent measurements (multi-parameter fits)




Top Couplings to Gauge Bosons: W

ILC
*  Most promising approach is single top quark cross section in polarized ye collisions:

c,.~30-100 fb, no tt background VS c....~ few fb, large tt background
«  Significant sensitivity also from asymmetries in ete- — ftt.

v, e D00 GeV ere'r 500 GeV

0.3 o 0.3 _ |
N : il WE T 26 limits | '
0.2 | 2c limits ] 0.2 100 fb ] 500fb™ ]
0.1 ] 0.1 F ) ;
of : oF : :
-0 [ ' ] —0.1 | ;
[ ] F -1 ]

-0.2 | . -0.2 | 500 fb : — s
o LISPPNOIORTS ] _gatheepholoazre 3 [ " hep-phi0001048 ]
—0.3-0.2-0.1 O 0.1 0.2 0.3 -0.3-0.2-0.1 ¢ 0.1 0.2 0.3 ~04 —02 0 02

2
fLE fL2

, hep-ph/0606068

N LR R LR RN R RN RN LR R
«  Another possibility might be the F S Sy ? 1, [ VS=340GeV
measurement of o, just below 2] ey sy =05 1
threshold, in conjunction with F hep-ph/0606068 E
the precise I', measurement o L , 1 wE
from the tt threshold scan: P - 1 Lk dhooen
° 3 = B 15 @& 2 _:

Vs=340 GeV, L=100 fb? g ] e : /
A/ Y ~2%0 0'E ; . 1 E

C : SM Single top W ] 13 -]

2 e b -

10

- 3%, Y nooa 1% A 7 n 12
200 230 240 260 220 300 320 340 360 320 40 085 0.06 057 098 069 1 101 102 103 104 105
S (GeV)

Ewie ' Eam



« General t-t-y and t-t-Z vertices:

Top Couplings to Gauge Bosons: y and Z

Jens A 5
s {Q\ 20 }

MHCA = et {Qx CEV 4 Q 1/Ff_.-iz".i'5} + — -
' nu
Within the SM: F}|, = _F“ = Flﬂ = 1 with the rest equal to 0. f

Strong EWSB models (e.g. technicolor): F,,,~5-10%
SUSY/MHDM models: F,,~0.1-1%

« At a hadron collider, EW-mediated top pair production is hopeless. The most promising process to
study the t-t-y and t-t-Z couplings SEPARATELY is tty and ttZ production. Rate too small at Tevatron.

t-t-y at LHC

*  pp—lvjbby+X final state
« Signal: ppotty+X —lvjjbby+X
* Rather detailed background evaluation

«  Observables: ¢ and p;(y) distribution
(assume 30% normalization uncertainty)

«  Multi-parameter fits (2 couplings at a time)
AF 4\ A ~ 10% (5%) with 30 fb* (300 fb?)
AF,,, A ~ 20-30% (5-20%) with 30 fb (300 fb?)

do/dp(y) (fb/GeV)

CP-conserving

X

CP-violating

PRD 71, 054013 (2005

1 B . T | T T T T ‘ T T T T | T T T |_
10 g [HC solid black: SM
- N R dash black: AF), = 1
100 _} dots black: AF, =1  —3
W ~ e . dot-dash black: AF}y =1
1071 = ~
1072 =
1073 (thy+tb7)+X
1(]_l | | | | | ‘ | I—;F_l-ﬂ 1'| | | | |
0 100 200 300

p1(7) (GeV)




t-t-Z at LHC

« Signal: pp—ottZ+X
. Several final states considered:

o ttZ— lvjjbb+(Z)Il, jjjjbb+(Z—-)II
Observables: o, p;(Z) and A®(ll; from Z)

Rather small background.
s ttZ— jjjjbb+(Z—>)vv

Observables: o, Missing p(~ p+(2))

(1/c)(da/dad())

tt-related backg dominates up to MET~300 GeV

*  Multi-parameter fits (2 couplings at a time)

PRD 73, 034016 (2006)

300 b1 (LHC)

coupling ppbb+47 20430 combined
e 1084 +0.75
Ay 043  —0.36
AFZ +0.12 40,16 40006

14 — —0.13 —0.112
AFZ. +0.59 4047 4038

2 —0.55 —0.47 —0.39
AFZ +0.57 4048 40,40

24 —0.58 —0.49 —0.40

‘dpy (Ih/GeV)

do

PRD 73, 034016 (2
L:_:(:(‘ T T T T T T T T T T T T T T T T T |
| | [ E
0.0600 — bed 1:1.‘-—*k.'.-1bF+-l jet
Vs = 14 Tev
0100 —
0050 [~ —
4 _ .
AFZ = 1 AV =1
t7 (SM)
0010 = —
W :’J” u_ [ —]
AFf =1
I
{
0001 | '
0 100 200 00

Top Couplings to Gauge Bosons: y and Z

PRD 71, 054013 (2005)
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ILC: the top pair production rate is directly sensitive
to BOTH t-t-y and t-t-Z vertices.

Polarization is an important tool to disentangle
among different couplings:

* High sensitivity both at threshold (highly
polarized top quarks) and continuum

* Inclusive polarization observables: e.g.
Ar= (o~ og)l(o + oR)
» Angular distributions of final state products

1 Ld [

Top Couplings to Gauge Bosons: y and Z

hep-ex/0106057

coupling ete™ LHC, 300 fb—1

A ﬁ?v +0.047 540 -1 +0.043

—0.047 —0.041

~ 0.011 _ +0.051
AFY + 100 fb—1

1A —0.011 —0.048

~ 0.038 _ +0.038
AFY + 200 fb—1

v —0.038 —0.035

Aﬁ;’A +0.014 |40 -1 +0.16

—0.014 —0.17

~ 0.012 _ 140.34
AFZ + 200 fb—1

1v —0.012 —0.72

~ 0.013 _ +40.079
AFZ + 100 fb—1

14 —0.013 —0.091

A ﬁzzv 10.009 0081 +0.26

—0.009 —0.34

A ﬁrfa +0.052 |40 -1 +0.35

—0.052 —0.35

el Beam

128 — — = - .-

Af5= 400 GeV

Re(F%,)

1.0 —

- L 400 GeVl, 50 fb'llpplarization
0.6 EEEE— : — i

1.0 0.6 0.8 1 1.2
Re(F? .}

1.4

LHC competitive with ILC for
most t-t-y couplings.

A-priori precision t-t-Z
couplings only possible at ILC.
Caveat: multi-parameter fits
will be required at the ILC to
disentangle effects at t-t-y and
t-t-Z vertices (no realistic
analysis available).




Top Couplings to Gauge Bosons: FCNC

Within the SM, neutral current interactions are flavor-diagonal at tree level
FCNC loop-induced and tiny: B(t—>cg) ~ 10-10, B(t—cy) ~ 10-12

B(t—>cZ) ~ 1012, B(t—>cH) ~ 107

Observation would be a
Can be significantly enhanced in models beyond the SM (~x103-104)

clear signal of New Physics!
Indirect constraints (rare decays, EW precision data

) restrict FCNC but model-dependent.
«  Search strategies so far: — 1 e —
I Excluded by H1
_ . . > 7> m =170 GeV
pp collisions 1 e Run 1 (@ 95% CL): = R Er e '
u,c B(t—cy)+B(t —>uy)<3.2% 0.8 P |
Anomalous B(t—>cZ)+B(t »>uZ)<33% i
top decays 0.6 > Excluded by ZEUS
in tt events top '
.z o . . j ]
e*e” collisions e*p collisions > Excluded by CDF
q (u.c) 04p |
[ - |
6\;6 / top - [ % ]
Anomalous *\3 top / i —> Excluded by L3 -
single top ot © 4 02 -
production NVW\ ' '
0 i TR B |E T R TR T IR T
0 0.2 0.4 0.6
»  Existing direct constraints still rather weak

08 1
Improvements by at least x10 expected in the very near future (Tevatron Run I, HERA II)




Best 3o discovery limits

Top Couplings to Gauge Bosons: FCNC

95% upper limits

LHC (hep-ph/0003033) (ATL-PHYS-PUB-2005-009)
. tqg: via anomalous single top production Tevatron | LHC
q (u.c) : V/s(TeV) 2 14
\ L(fo~) 2 100 100
251 2P 252 tug 331070 [ 32 x 107" | 2—1| 4.3 x10*(decay)
I(A‘A/({ z teg 38% 1072 | 2.1 % 10°% 2—‘ 4.3 x 104 (decay)
g tur 35 x107° | 3.9x107° | tV
— | 48x 107" | decay| 1.8 x 10 (decay)
. . ten -1 3.5 ¥ ,ﬂ_'n' tV
* tqy/Z: via anomalous tV production and " 2% S _5 ,
_ - | 48 x10 decayl 1.8x 105 (decay)
t—>Vqin tt events. tuz 32x10 2| LIx 107 |tV
9, t g t 1.1 x 1072 [ 1.9 x 107" | decay| 6.5 x 10°° (decay)
é‘% c / w teZ -| 48x107* | tV
/_'_CFL?_T // 1, 1.1 x 1072 | 1.9 x 10=* | decay| 6.5x 10 (decay)
c T ZA) e 0 Z(~) -1 6.7x 107! | tt

ILC: both anomalous production (e*e-—tq) and decay (e*e- —tt; t—>V(q) can be explored.

hep-ph/0102197 y
ep-p . Sensitivity better from

(P(e).P(e")) = (0.0) production than from decay

(P(e),P(e*)) = (-0.8,0) (P(e),P(e*)) = (-0.8,+0.45)

\L/S;lgg(;t?lev 95% g 30 95% ke 3o !»:','J.--.'l o (+:m SS‘i/né;e’ delspite the lower
Br(t — 7q) 30x10~° 59x10°% [32x10~% 33x10~% |1.9x10~5 1.8x10~° | tq o ar.ger:

33x107% 32x107* [ 50x107* 32x107%| 40x10~* 26x 10~*| decay ) ESG;TI ?gli%g:iot\'loen”\rﬁg
Br(t — Zq) (v.) T79x107% 12x107% [7T1x107* 75x107% [44x1071 42x107* | tq from production.

54x 107 35x 1073 [8.0x107% 26 %1073 [6.3x107% 2.0 x 10~ | decay . ry—tc would allow to study
Br(t — Zq) (0,) 63x107° 04x107° [57x 107 6.0x107° [35x 1077 34x107° | (g FCNC with higher ¢ (~x100

5.7%x 1072 37%107% [ 83% 1073 27%x 1073 | 6.5 %1072 2.1 x 10-% | decay and lower SM bckg.

LHC/ILC complementarity




Top Coupling to Scalars: Higgs

The top-Higgs Yukawa coupling is the largest coupling of the Higgs boson to fermions
(94 ~ 0.7 vs g, ~ 0.02). Precise measurement important since the top quark is the only “natural”
fermion from the EWSB standpoint.

A number of production and decay channels are g9 — H with H — ~~, ZZ, WW
expected to be available at the LHC for detailed 01— qqH with H — ~ . rr WV

measurements of the Higgs boson properties: . o
qq.qq — ttH with H — bb,77. WW

qq — WH with H — bb
Each cross-section measurement is proportional to the product of squares of Yukawa

couplings: €.09- Gy hobp & Fitn I%0on

To determine the top-Higgs Yukawa coupling with good accuracy:

* Need to be able to minimize systematic uncertainties (both experimental and theoretical)
that plague cross-section estimates at hadron colliders:

= experimental systematics: luminosity, reconstruction efficiencies, etc
— availability of theoretical predictions at higher order in QCD
— PDF uncertainties

Ratio of cross-sections (large cancellations of systematics) = ratios of Yukawa couplings
(already extremely useful to start probing the nature of the Higgs boson)

» For an absolute measurement, need to have a measurement of the Yukawa couplings in
each decay mode considered: 9, 9..n» Gwwh - 1 WO possibilities:

= internal (derived from other LHC measurements). Requires some theoretical assumptions.
= external (from high precision model-independent measurements at the LC)
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429911: b Hy=m+M, /2
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1hep—ph/0406323
= A B g (H.Z)
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Top Coupling to Scalars: Higgs

LHC:

G, ~ 700 fb (M, =120 GeV, u=m+m,/2) A i
= ~7(70)k events/year at low(high) luminosity
Estimated overall theoretical uncertainty: ~15-20%
Spectacular signatures:

« tth(h—>bb)—l+2j+4b

o tth(h—>WW) — IFI#+4j+2b, 3|+2j+2b

* tth(h—rtt) >1+27,+2j+2b, [ F+1,+2]+2Db, 3l+1,+2b

Global fit to LHC measurements: assume g2,,,,<1.05 g?,,,(SM)
(valid in general multi-Higgs doublet models)
= AQy/9y,~15% for m,=120-190 GeV

Model-independent determination use percent-level B(h —bb)
and B(h ->WW) from ILC: ~same precision

:. n.ﬁ T I T T T I T T T I I| T T I T T T I T T T I T _
£ | LHC 300 b7 at 14 TeV hep-ph/0410364
=05 F | +LC 500 b at 500 GeV
S04 | / H—bhb 3
5 /' combined ]

T 03 F /f combined (stat. error only)
02 | -~ 3
™ ~—
01 eeemmeeeel IR
I: I I L I L L I L I L I L
100 120 140 10 180 200

M, (GeV)




Top Coupling to Scalars: Higgs

L2 Y e G, ~ 0.2(2.5) fb at Ys=500(800) GeV (m, =120 GeV) / ““““““
N Estimated theoretical uncertainty: ~10%
_ ° ~0-:°>\?h el Ty High luminosity required (>1 ab™) for a precise measurement:
S T = ~40(500) events/year at 2x1034 cm-2s-1
. | "‘-;1 Signatures studied:
'\ =500 Gev . tth(h—bb) — 1+2j+4b, 4j+4b
' 4 . .
L * tth(h>WW) — |+6j+2b, ¥ F+4j+2b
o L , Use of b-tagging and sophisticated multivariate analyses crucial.
B0.0 120.0 160.0 200.0 2400
M, (GeV) e L=1000 fb"
«  Expected precision: o o10301 E mf JHopbhado E_ =800 GeV
— — - ep-p = L v H— wWw1Iep
Vs=800 GeV, L=1000 fb nepphioeosozs &[T
AQy/ 9, ~ 6(10)% for m,;=120(190) GeV N
«  Ongoing study to estimate precision at Ys=500 GeV: aof
* For now just focusing on h—bb decay channel :
- Consider o, enhancement due to: or
hep-ph/0512246 Large QCD resummation effects near tt threshold: mi_ *
~x2.4 for m,=120 GeV ; /
* Use of beam polarization: 1m:_ NA
~x2.1 for (P(e"),P(e*)) = (-0.8,+0.6) I
Anticipate: (AQy. /e )sa—10% for m,=120 GeV, L=1000 fb* ol

1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1
stat 120 140 160 180 200
my, (GeV/c?)




Conclusions

Elucidation of the dynamics responsible for EWSB constitutes the main goal for particle physics
research in the next 20 years. The top quark, by virtue of its large mass, may provide clues on the
EWSB mechanism.

Fully exploiting this opportunity requires precision and model-independent measurements of the
top quark interactions.

On this topic, there is a strong synergy between LHC and ILC which remains essentially
unexplored:

» how would measurements at the LHC affect the ILC physics program?
* how would measurements at the ILC help interpret and exploit the LHC discoveries?

* how would the combination of measurements at both machines help point to the correct
underlying theory of EWSB?
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Future Colliders

LHC: very near future (2007) ILC: hopefully not too far future (~2015?)
Colliding beams p-p Baseline Machine
Js (TeV) 14 « e*e collisions
_ — - (Vs)..=500 GeV but can operate at at any
Typical L (cm?s™) Sl Js in the range 200-500 GeV.
Bunch crossing (ns) 25 » 500 fbtin first 4 years of running
Interactions/crossing 23523 «  Possibility of energy scans at any Vs in whole

energy range

»  Possibility to go down to Z peak for
calibration

« Beam energy precision < 0.1%
«  P(e)=80% in whole energy range
* 2 interaction regions

Upgrade

«  (Vs),,~1TeV

« 1000 fbtin ~3-4 years

Options (relevant to Top Physics)

«  Additional 500 fb-! at Vs = 500 GeV in 2 years

«  P(e")>50% in whole energy range

Tevatron (1-3x10%? cm?s?) 1-3 fb'l/year . eyand yy collisions
LHC (10%3-10% cm2s™) 10-100 fbY/year

34 -2c-1 -1
ILC (2x107 em”s™) 200 thyear (*)1year=10"s




Top Quark Production in p-p Collisions

Tevatron (LHC)

. . /pp cross sections
— Strong Interaction —— — Electroweak Interaction — _ 918 PP/PL

E E T T ||||||| .I%ﬁl'"-lllll T T |§

¢ 5 gl A wiw A | S e01b e |
q _, Sk : Orot | ;

< ~85%(13%) % q, b 10 1L = - .

] . /t £ =
t b 1012 = _ .
5~7(800) pb 5~3.0(300) pb = '

7 X t mEE -
% ~15%(87%) B b ,,,s\‘/{ 107 bb 1

10 E Ujﬂﬂ_::t} V3120) ~ ) E
- Dominant production mechanism is in pairs, 107 gv.-_'_';}.:’.'7-~«-:.;_'_j_'_' 3
mediated by the strong interaction. 10°L & {Ejet}m&fj 7
Electroweak production of single top quarks not 105k e <] B
discovered yet. £ x100 7
« Tevatron (@ 10%? cm=2s1): 7k(3k) events/year 10°F ’ P
LHC (@ 103 cm2s1): 8M(3M) events/year 10° oz | A 7 ;
+  Experimental conditions (e.g. at Tevatron): 1{.=E Cjet®y >V A e N
. . . . . E /A‘\.‘ 1
...like drinking from a fire hose: 10 [ Ogigg, OMr150GeV) ~ ]
Ginet =~ /0 Mb = 7 M events/s @ 1032 cm=2s? Lk | :
f L Gype/ Oy ~ 1010 1 Opigg, OMS00GeY) :

— ~ 1 tt event/24 min @ 1032 cm2s-1 10 i

= high luminosity and highly efficient and
selective triggers crucial




Top Production in e+e- Collisions

e e cross sections

— 10 SE T T 3 . . . .
= 1 <« Top pair production via y/Z exchange dominates
107 = L | T | | | ]
63' III ] i Born -—---- T
10 " | = i +EW corr. ————- i
£ ] B f(j;_‘._“_‘,:::k + EW + QCD corr. 1
10 E _,‘I
E E Tiot | f
L N rb |}
10 -IE_ . -.
10 3@_ E
10 E_ _§ 0.1 ] | ] ] ]
- - 400 500 600 700 800 900 1000
YE E 5/ GeV
E | | [ 300 CeV E
S | | : ,~0.6 pb at \s=500 GeV
190 200 400 600 8001 G000 = ~120k events/year (L=2x103*cm--2s1)
Experimentation at an e*e- collider:
* ‘“clean environment’ “democracy of cross sections”
« well defined initial state — low backgrounds

- relatively simple event topologies excellent experimental accuracy (high precision
» precise theoretical calculations detectors, full event reconstruction,...)




Spin Issues in Top Production

Strong interaction: Top Pair Production

« Cand P conserving =¥ only transverse polarization allowed ¢ t TPN
P,=P.=0 D /“‘\M F1 P
P~ few % in SM from QCD effects at the loop level / i T /
............... t

Net polarization of top quarks very small: N(t;) = N(t,)...

BUT large asymmetry, ¢ _ NNy proper spin quantization axes chosen:
N, + Ny
Helicity 4t Off-diagonal Tevatron LHC ILC (500 GeV)
Basis . a#tasis P,  90%/ 70%/ 90%  34%  95%/ 79%/ 99%
Beamline Basis £~ ¥ : C -080/-039/-081 032 -0.91/-0.58/ -0.98
P ?
52 o . B=0 (at threshold) > ¥Y=0 (Beamline Basis)
g tanW — p S”;‘ft_cos?t B=1 (ultra-relativistic) > =0, (Helicity Basis)
= 1-B2€rt 6 any B (at Tevatron <B>~0.6) (Off-diagonal Basis)

(*) valid for gg—tt

Electroweak interaction:

»  Single Top Production: V-A weak interaction 2 P, T7

Top Pair Production in e*e: the EW interaction leads to sizeable P, and P, at tree level.
Also, can use beam polarization to produce samples of highly polarized top quarks.




Top Quark Decay

] . + B(W - qq) -~ 67%
) L
Within the SM: q_ B(W = V) ~11%, I=e,u,t

*  m,>m,, + m,= dominant 2-body decay t -Wb
(t—>Ws, Wd CKM suppressed) ~l
Assuming unitarity of 3-generation CKM matrix:

[Vl = 0.9990-0.9992 @ 90% CL = B(t—Wb) ~ 100%

tt decay modes

"% all hadronic
- T SMx~1.4GeVatm,=175GeV [ >> Aoep 3
Top decays before top-flavored hadrons or tt-quarkonium
bound states can form.

Typical final state signatures in top quark pair production:
e,u

jet jet

. b-jet
b% J
jet jet
Dilepton Lepton+jets All-hadronic
(BR~5%, low bckg) (BR~30%, moderate bckg) (BR~46%, huge bckg)

= Top Physics requires multipurpose detectors!




Spin Issues in Top Decay

hep-ph/0011349

Decays like a “free quark” 1.0 oy = 1.00
= spin efficiently transmitted to the final state B s
0,
8 ay = 0.41
g 06
T
= - 7
. 04 W a, = —0.31
§ s {oy, = —0.41
- 02 ::_’ _______________________ £ W
M, = 175 GeV !\ 0
U-O l L1 I | G S | | Ll L 1l I L1 W
-10 -05 00 05 1.0 -
The production mechanism of t t correlates the spin CoR:-X

The t(t) decay products are strongly correlated with the t( t) spin

=» Angular correlations between t and t decay products

1 d’c 1 1 N, — Ny
N, + Ny

= - a4 COSy; COSY
7 dcosy/dcosy;

Use polarization properties of the top quark as additional observables for
testing the SM and to probe for New Physics




The Generic Hadron Collider Detector

AN NN TN TN AN I (S TN N NN NN [N N TN N T [N TN N T SO I |
-10 -5 o 5 10

« CDF and D@ detectors: * Hadron collider experiments (including ATLAS
« Central tracking system embedded in a and CMS) have “similar” performance:
solenoidal field
« Silicon vertex detector ely: o(E)/E~5-15%/NE
« Tracking chamber/fiber tracker jet: 6(E)/E~60-80%/E

« Preshowers

« Electromagnetic and hadronic
calorimeters

* Muon system
-+ Data taking efficiency: >85% flavor ID: &,~50%-60%, &g1ag~1%
* Run Il results presented here: 160-350 pb-?

track: o(1/p;)~0.2-1.4x103 GeV-1

impact parameter resolution: ~10-15 um




uds efficiency

The Generic ILC Detector

* High resolution detector, based on the experience from LEP/SLD and R&D for the LHC.
« Detector design largely driven by performance optimization for Higgs physics.

Precision Vertexing

Pixel detector (~3 um point resolution)
Material<0.1% X,
R(1% layer) ~1.5 cm

Striplines

1- CCD Ladders N
2. ccD Ladders Foam Cryostat
20 0 o 10 2
z(em)
1 §| TTT ‘ TTTT | TTT1T | TTTT ‘ TTTT | TTTT | TTTT | TTT1T TT 11T ‘ TT1T \;
BT
10 £ " 100 GeV A -
4200 Gev 7"
af N2
10 =777 7T TTTTTTTTTTTTTTTTTTTTTTAW
; AR
3t oy
3 | ++ +I+I% ‘;*p i 3
E 111 E
3 ERREE bR
-4 -| 111 +|+|*\ \*l* L1l | | ‘ 1 || Il | ‘| L1 | | | || | L1l *| Il |
010 02 03 04 05 06 07 08 09 1

b-tag efficiency

Precision Global Tracking

00 L

B=3-5T s
= A(1/p;)<5x10° GeV?

50 E
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o
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Large I';:
« 1/T, >> revolution time of top quark so
toponium bound states cannot form

* Provides IR cutoff, so can use non-
relativistic pQCD to compute o, near
threshold.

QCD potential essentially Coulombic:
oo a(l/r)
V(r)~—-CF -

Remants of toponium S-wave resonances
induce a fast rise of o, near threshold.

Basic parameters: ¢, (m,, o, I')
Convergence of calculation is sensitive to m,
definition used: pole mass is not IR-safe

= o,Pe3 not stable vs s

Solution is to use threshold masses: B
e.g. 1S mass (1/2 the mass of the lowest tt
bound state in the limit I',—0).

High accuracy in absolute normalization
requires velocity resummation (NNLL):

(Acstt)QCDSS%
Important to take into account previously
neglected %-level effects: non-factorizable

corrections, EW box- and triangle-diagrams,
W width, interfering backgrounds...

Top Pair Production in e*e- at Threshold

_ hep-ph/0107144
{. () L T | T | T | T J . I. | T | T ‘ T

LL, NLL, NNLL

() {) - | | | | | | | | | | | | | | |
346 347 348 349 350 351 332 353 334

Vs (Gel)

« Additional observables with different degree
of sensitivity to m,, o, I', can also be
computed/measured:

Mainly sensitive to o, and I,

\

P, % pPeak rather insensitive to ISR effects

\ A | due to interference between S- and
\__/ P-wave states.

«  Simultaneous determination of parameters
possible when using all threshold observables.
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Top Pair Production at Threshold (cont'd)

Lineshape significantly distorted due to:
 Beam energy spread: ~0.1%

« Beamstrahlung: coherent radiation due to
beam-beam interactions. Must be measured
precisely (acollinearity in Bhabha events).

« Bremsstrahlung (ISR): can be calculated
accurately

Strategy: perform scan in Vs around the threshold
region and compare measurement of various

observables to theoretical predictions as a function
of model parameters.

For instance (hep-ph/0207315):

« 300 fb! uniformly distributed among 10 points,
one of them well below the threshold to
measure the background.

» Consider lepton+jets and alljets final states:
£,~40%, o,,~0.0085 pb
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