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Outline

Threshold Physics at the ILC

Top Pair Threshold

e Measurements, experimental issues
e theory issues

Effective Theory (A): stable top quarks
Effective Theory (B): finite lifetime effects

Other Application: e eTe™ — ttH
e applications to LHC

(anyone interested?)
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Top Physics and the ILC

e ecte  collider: E.p = 350 GeV —1 TeV

e Luminosity: 103* cm=2s~! — 100fb~—! /year
LC ~ 10° tf pairs [0tot ~ 1pb] (eTe™ — tf)
LHC ~ 108 t¢ pairs [0t0t = 850 pb] (g9 — tt)
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e Luminosity: 103* cm=2s~! — 100fb~—! /year

LC ~ 10° tf pairs [0tot ~ 1pb] (eTe™ — tf)
LHC ~ 108 t¢ pairs [0t0t = 850 pb] (g9 — tt)
e Initial state tunable and very well known
e Centre of mass energy variable
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Top Physics and the ILC

e ecte  collider: E.p = 350 GeV —1 TeV

e Luminosity: 103* cm=2s~! — 100fb~—! /year
LC ~ 10° tf pairs [0tot ~ 1pb] (eTe™ — tf)
LHC ~ 108 t¢ pairs [0t0t = 850 pb] (g9 — tt)
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e Centre of mass energy variable
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Threshold Measurements

Threshold Scan: /s ~ 350 GeV (PhaseI)

_ 08E 5 exp,stat ~ 20 MeV
> count number of ¢ events — Oy

> color singlet state 06 [ — 300fb—1

9 + 1 scan points

> background is non-resonant
- [Peralta, Martinez, Miquel]

> QCD effects well understood
(renormalons, NNLL QCD)

02F

N
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Threshold Measurements

Threshold Scan: /s ~ 350 GeV (PhaseI)

— 0.8 olpbl - -
> count number of ¢t events 3 ee—tt

|

— ImP R ~ 20 MeV

: . exp,Lumi
> color singlet state o — 0my, < 50 MeV

> background is non-resonant

> QCD effects well understood

(renormalons, NNLL QCD) - T‘ AE (GeV]
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Threshold Measurements

Threshold Scan: /s ~ 350 GeV (PhaseI)

_ 08E 5 exp,stat ~ 20 MeV
> count number of ¢ events — Oy

— mSXPEIml < 50 MeV

— §miY ~ 100 MeV

> color singlet state o
> background is non-resonant ,;

What mass?
V5o ~ 2mihT 4+ conv.pert.series
(short distance mass: 1S « MS)

> QCD effects well understood
(renormalons, NNLL QCD)

02F

For what ? — more examples: hep-ph/0306181

M2
e elctroweak precision obs.s: sin Oy (1 + 0(me, my, .. .)) = 1- MVQV
Z
e Higgs precision obs.’s (e.g. MSSM): Fm$P = 200 MeV (LHC)

G 4 mi. m;i ImSP = 50 MeV (ILC

m3 ~ M 4+ — 1L ln(—t12t1> h (ILC)

sin“ (3 ms

R 5m;equired ~ 5m2xp
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Threshold Measurements

Threshold Scan: /s ~ 350 GeV (PhaseI)

IIII

08 olpbl

_ _ - exp,stat _ 20 MeV
> count number of ¢t events 3 ee—tt — om ~ 20 Me

: : exp,Lumi
> color singlet state 05 f — 0my, < 50 MeV

s th ~
> background is non-resonant | — om; " ~ 100 MeV

> QCD effects well understood What mass?

02F h )
(renormalons, NNLL QCD) = ' AEGeV] VSise ~ 2my + conv.pert.sEes
I (short distance mass: 1S < MS)

Reconstruction: any /s (Phase |l +1I)

— dmyS ~ 100 MeV

Chekanov,Morgunov: (L£=300fb~1)
>ete™ — 6 jets (y8 3 ez
J (ycut) % lSO?PYTHIA \s=800 GeV Candidates=1962
- o _ *g 160; =— signal+backg
> b-tagging e € oo |
— — f 120F-
[>P1+P2<Ap 100;
ao;
> Ml - M2 < AM 60?
40—
20;
20 a0 160 TR 200220
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Threshold Measurements

Threshold Scan:

_ 0.8
> count number of tt events

> color singlet state o

> background is non-resonant

> QCD effects well understood
(renormalons, NNLL QCD)

02F

Vs ~ 350 GeV

§. olpb]

0 1 1

Reconstruction:

any /s

Chekanov,Morgunov:

>ete™ — 6jets (y°,;)
> b-tagging
> ﬁl + ﬁg < Ap

> M — Mo < Ay qzzmtz

TOPO 2006, Coimbra, January 12-15 2006

ete—tt

(Phase | + 11)

(Phase 1)

— ImP R ~ 20 MeV
— mSXPEIml < 50 MeV
— §miY ~ 100 MeV

What mass?
V5o ~ 2mihT 4+ conv.pert.series

(short distance mass: 1S « MS)

— dmyS ~ 100 MeV
(£ =300fb—1)

What mass?

Pole Mass ?
ambiguity: Am¢ ~ Aqcp
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Threshold Measurements

Threshold Scan: /s ~ 350 GeV (PhaseI)

08 — ImP R ~ 20 MeV

> count number of ¢t events

. 2 exp,Lumi
> color singlet state o — 0my, < 50 MeV

. E theory _
> background is non-resonant — omy ~ 100 MeV

What mass?
V5o ~ 2mihT 4+ conv.pert.series

> QCD effects well understood
(renormalons, NNLL QCD)

02F

(short distance mass: 1S « MS)

Reconstruction: any /s (Phase |l +1I)

— dmyS ~ 100 MeV

Chekanov,Morgunov: (£ =300fb1)
>ete™ — 6jets (y°,;)

> b-tagging k=T What mass?

> P4+ P < A top ? POle.Ma.lSS ?

> My — My < Ay Pang £ 1OP? ambiguity: Am; ~ Aqcp

ZXﬂ%tﬁV7nms(Ft)I%

There iIs s.th. to understand here !
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Threshold Measurements

Threshold Scan: /s ~ 350 GeV (PhaseI)

08 olpbl

- - 41 SmP A ~ 20 MeV
> count number of ¢ events ] efe—tt Oy

: . exp,Lumi
> color singlet state o — 0my, < 50 MeV

. E theory
> background is non-resonant — omy ~ 100 MeV

What mass?
V5o ~ 2mihT 4+ conv.pert.series

> QCD effects well understood
02F

(renormalons, NNLL QCD) + ' o] Serl
0t l ——— (short distance mass: 1S < MS)
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Threshold Measurements

Threshold Scan: /s ~ 350 GeV (PhaseI)

_ 08E 5 exp,stat ~ 20 MeV
> count number of ¢ events — Oy

. 2 exp,Lumi
> color singlet state o — 0my, < 50 MeV

. E theory _
> background is non-resonant — omy ~ 100 MeV

What mass?
V5o ~ 2mihT 4+ conv.pert.series
(short distance mass: 1S « MS)

> QCD effects well understood
(renormalons, NNLL QCD)

02F

N

Simulations d(line-shape form) « d(Lumi spectrum)
(5)\t/)\t)8tat =15 —50% (5)\t/)\t)syst — 7 (5)\t/)\t)theo ~ 7
(s (Mz))™2% = 0.001 (s (Mz))™*t = 0.002  (Sovs(Mz))thee ~ 7
(8T¢)stat = 50 MeV (8T¢)Yst = 15 MeV (0T )thee ~ 2

= goal: (50/J)theo <3%
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Theory Issues

m, (hard) > p~m (soft) > E ~ myv? (ultrasoft)

e perturbation theory in a5 breaks down (ag/v)"

WNC W@ W@ M@ “Coulombsingularities”

Schrddinger Equation

(ag/v)? (agv)® v~
e perturbation theory in a5 breaks down — large logs (asInv)”
m2
m: = 175GeV, p~25GeV, E ~ 4GeV ln(E;) =8 — RGE'’s

“multi-scale problem”
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Theory Issues

Ft%15GeV>>AQCD = ’U_q/ — Voff _\/m

(Fadin,Khoze)

= my > p=mueg > E =mv2; 2 Aqcp always true !

= top threshold entirely perturbative! — “Schrodinger theory”

E~ Ty top quarks are always produced off-shell !

e non-factorizable corrections

e final-state interferences (signal <+ non-signal/background)
e (auge invariance

“theory for unstable particles”
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Degrees of Freedom

e fields for degrees of freedom that can resonate for the quark-antiquark system

potential quarks v, xp:  (ko, k) ~ (mv?, mv) me > p > FE
soft gluons At (ko, k) ~ (mv, mv) &
ultrasoft gluons AH: (ko, k) ~ (mv?, mv?) E =p?*/m
™muv .
e VNRQCD label formalism: ¥
[ [ // [
(P°,P) = (0,p) + (K%, k)
/ \ p
[ [ [ [
soft component ultrasoft component
label dynamic variable
[ [ [ [
Yaep(z) — X2, eP* Pp(a)
[ [ [ [

va
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VNRQCD (stable quarks)

L = Lusott + Lpotential T+ Lsoft Luke, Manohar, Rothstein, Stewart, AH

DF = o + z',u@gs(ml/Q)A“

1099099

»Cusoft :

»Cpotential : >< %ﬁ ILL%E V(V) %T,/ prT_p/ X—-p
Lsoft - w M%ﬁ U,LW(V) ¢L/A5Agf wp

Ui (@) {iD® — BZPE i, (1) } ()

LV ) )

T
k2 m|K]| 2m?2k? m?2 m?2 m?2 m2

[Vc('/)+Vk(V)7T2+Vr(V)(p2+p’2)+V2(V) Vs(v)
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VNRQCD (stable quarks)

L = Lusott + Lpotential T+ Lsoft Luke, Manohar, Rothstein, Stewart, AH

DF = o + z',ufjgs(ml/Q)A“

1099099

»Cusoft :

»Cpotential : >< %ﬁ ILL%E V(V) %T,/ 77DPXT_p/ X—-p
Lsoft - w M%e U,LW(V) QPIT,/AZ"A; wp

external currents: (production & annihilation)

Ui (@) {iD® — BZPE i, (1) } ()

@< 0p=CW) (ot p)+- (S
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Cross Section at NNLL Order

Schematic:

Otot X Im /d4X e_iqx < 0 | T O;g (O) Op/ (X)| 0 >]

o« Im [C(v)* G(0,0,/5)]

(-~ o+ V() — (V6 — 2m— 26m) i ) G(e.t') = 69 —1)
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Cross Section at NNLL Order

Schematic:

Otot X Im /d4X e_iqx < 0 | T O;g (O) Op/ (X)| 0 >]

o« Im [C(v)* G(0,0,/5)]

vZ v4
<—E—W+V(r)—(\/§—2m— m)—iFt)G(r,r’):(5(3)(r—r’)
fully known NLL v
at NNLL order v NNLL (non-mixing) v/

NNLL (mixing) unknown

Manohar,Stewart; AHH '99-'03
Pineda,Soto '00-'01
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Cross Section at NNLL Order

AH

1S mass - fixed order approach

1.6 T T ]
1.4
1.2
1.0
0.8
0.6
0.4
0.2 LO ,NLO,NNLO

0.0 1 ‘ 1 ‘ 1 ‘ 1 ‘ 1 ‘ 1 ‘ 1 ‘ 1
346 347 348 349 350 351 352 353 354

Vs(GeV)

m}S = 175 GeV

____________________________ B V =

"""""" - 0.15
TSSssssz=z=z=z====73 02
0.3

QR

\\!\\\\‘\\\‘\\\‘\\\‘\\\‘\\\‘\\\

e peak position stable (threshold masses: 1S, PS, ...)
e sensitivity to prescriptions of factorization/renormalization scale setting

e progress in NNNLO computations: — A. Signer’s talk
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Cross Section at NNLL Order

AH

1S mass - RG-improved, with NNLL non-mixing terms

16 N I R
1.4
1.2
1.0
0.8
0.6
0.4
0.2 LL , NLL , NNLL

0.0 1 ‘ 1 ‘ 1 ‘ 1 ‘ 1 ‘ 1 ‘ 1 ‘ 1
346 347 348 349 350 351 352 353 344

Vs(GeV)

m}S = 175 GeV

0.15
0.2
0.3

QR

e RGI expansion shows better convergence

e theory error: do,;/07 ~ 6% goal: 3%

— full NNLL (mixing) running of C(v) required — w.i.p.
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VNRQCD (unstable guarks)

“Inclusive treatment”

= Optical Theory: effective complex indices of refraction for
absorptive processes

= VNRQCD: contributions from real Wb final states included in
EFT matching conditions to QCD+ew. theory (=SM)

e complex matching conditions
e effective Lagrangian non-hermitian

e total rates through the optical theorem

Christoph Reisser, AH; Phys. Rev. D 71, 074022 (2005)
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VNRQCD (unstable guarks)

time dilatation
guark bilinears: correction

v '

. 2 . 2 | t P
0 P 0 b
1D . -+ 5mt — 1D 2y -+ 5mt + 12 <1 %>

e power counting: T'y oc mig? ~ mv? = |g~g ~v~ ag — gauge invariance

e finite lifetime is LL effect, LO: F — E + il Fadin,Khoze
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VNRQCD (unstable guarks)

time dilatation
guark bilinears: correction

. '

. 2 . 2 Tt o
0 P 0 P
1D ——t—|—5mt — D — 5 t—|—5mt—|—22 <1 5 %>

e power counting: T'y oc mig? ~ mv? = |g~g ~v~ ag — gauge invariance

e finite lifetime is LL effect, LO: E — E + I'; Fadin,Khoze

gluon interactions & potentials:

Tugr”

1090999

9999y

\9999):}
+
E}
1
o

e electroweak corrections either beyond NNLL order
or vanish due to gauge cancellations

Jﬁ
o
o

1
o

— ultrasoft gluon interference effects vanish at NLL [Khoze etal., Melnikov etal.]
and NNLL order (new !)
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VNRQCD (unstable guarks)

Currents:
A N
D b w Ave ’b
(a) ‘ e (©) '
w \yt t

@ < @ - 0
t et
dw \ 77N
>
b

t et
’
4
P el
w ’;
z b z Y
Y \\¢W Y5 W
\\
Ay
e i e
(h

) @

real virtual electroweak

& and QCD corrections bW+ and bW — cuts
e’ t
Op:{CLL+CNLL+CNNLL+Z-C§)1;ILL,”}. | R
€ t
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VNRQCD (unstable guarks)

Currents:

e’ t
Op_{CLL+CNLL+CNNLL+Z-C§)1;ILL,”}.( >< >+
N y e f

!

atotocIm VQGOO\/_+1Ft)]

l

-

e accounts for irreducible
interference contributions:

resonant < non-resonant
Wt W —bb final states

wt

b

w- b
.

w-

>< |

X\/}J&

b
wt
b
b
w- b
wt N A
b Ave b
b e~ —>—\‘< b
w- w-
0]
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Total Cross Section

12 . :
10 .
08 - T =
i(e) i ]
c - /‘ :
~ 06 — —
N = |
=8 B ~ —3% ]
S 04 - ~ 26
0.2 = .
0.0 i T S B ]
346 347 348 349 350 351 352 353 34 C. Reisser, AH
\s(GeV)
also included summation of phase space logs ~ (asInv)"™
corrections comparable to NNLL QCD corrections
shift in the peak position: 30 — 50 MeV (0m$* =~ 50 MeV)

missing: phase space matching, QED effects (SCET+NRQCD), full NNLL ew
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o(e"e —ttH) (fb)

Other Application

ete” — ttH — top-Yukawa coupling
e Theory Status: o(ete™ — ttH)
Born v [Gaemers et al., Djouadi et al.]
l-loopew. v [Denner et al., Belanger et al., You et al.]
O(as) fixed-order v [Dittmaier et al., Dawson et al.]
NLL large-E g QCD endpoint corrections | v [Cailin Farrell, AHH]
25
b 800 GeV: dA¢/At = 5% (£ = 1000fb—1)
1'5 : [Gay;Besson;Winter]
1'0 ] compare LHC: 6A¢ /A = 12% (£ = 300fb—1)
o5 7 myp = 120 GeV -
O'04<;o‘ 50 ‘6(‘)0‘ B ‘7(‘)0‘ B ‘8‘00‘ B ‘9(‘30‘ 1000
Vs (GeV) 500 GeV: (6A¢/X¢)3t2t = 30% (£ = 1000fb—1)

[Juste] — Born theory predictions
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Other Application

ete™ — ttH

— region of large Higgs energy

t — t£ collinear

t
% — QCD effects localized in tt system
e+ e

- = tt dynamics non-relativistic

Y
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ete™ — ttH

Other Application

— region of large Higgs energy

t — t£ collinear

— QCD effects localized in ¢t system

Y

y = tt dynamics non-relativistic

0.04 T T T
. m-S=180 GeV, my =140 GeV t ,
= _ 1 ag/v (ag/v) o 3
S 003 - V's=600 GeV 2 B (ag/v)
Q F O(as )sing
Q
H_g L il
— 002 + . i it . n
3 T - oy — singularities: ~ (as/v)™,
© /4 ~ b
5 oo | f So i ~ (asInv)™
r \
B . .
"\ 1 = fixed order expansion breaks down
0.0o 1 1 1 1 1 1 L ‘ L L ‘ L L L ‘ L L \‘\ L L L
140 160 180 200 220 ; .
En (GeV) = summation of singular terms
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Other Application

ete™ — ttH —s factorization formula

d
<_0> ~ C2(p,v/5, me, mp) X IM[G(0,0,v, 1]
EHNEmax

dE g
T A
e / ¢« 4 hard QCD

corrections soft & ultrasoft
QCD corrections

WCMMCM

ag/v (agv)? (agv)?

Q000000
Q000000
QRQ0QQ0
Q000000
QRQ0QQ0

Q000000
«

NLL formalism: Cailin Farrell, AHH; Phys.Rev.D72,014007 (2005)
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Other Application

€

Te” > ttH

0.020

— NLL Higgs energy spectrum

0.015

0.010

do/dEy (fb/GeV)

0.005
\/s=700 GeV

0.000 b+

m->=180 GeV, my =140 GeV
1 ‘ 1 1

140 160

180

200
Ey (GeV)

220

240

Farrell, AHH

e large Fy endpoint regions increases for smaller /s / larger mpg

TOPO 2006, Coimbra, January 12-15 2006
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Other Application

ete” — ttH — NLL Higgs energy spectrum

0.030 . ‘ | | :

- mS=180 GeV, my=140 GeV S .

~ 2% Vs_eo0cev 4o
s - 1 Farrell, AHH

¢ 0020 - 5

s :

< 0015 E

- B _|

L] ; .

% 0.010 f :

U L —

0.005 j

0.000 [ L - . ]

140 160 180 200 220
Enq (GeV)

e large Fy endpoint regions increases for smaller /s / larger mpg
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Other Application

ete” — ttH — NLL Higgs energy spectrum

0.030 I I I ‘ I I I I ‘
m>=180 GeV, my=12

0.025
Farrell, AHH
0.020
0.015

0.010

do/dEy (fb/GeV)

0.005

0_000 — 1 1 1 ‘ 1 1 1 1 ‘ 1 1 1 1 ‘ 1 1 1 1
120 125 130 135 140

En (GeV)

e large Fy endpoint regions increases for smaller /s / larger mpg
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o(e e »ttH) (fb)

Other Application

ete™ — ttH — total cross section

0.35 F T T T T T T ] T T T I T I 2.50 B

mS=180 GeV, my=120 GeV

030 | £ B
- = 200
L 0 L

025 = (NLL) = -

020 - (@) T 150 |
-~ o(Born) = -

015 | o 100 -
C ()

0.10 - e =

. 050 |,
. m*5=180 GeV, my=120 GeV

000 - 1 L | | | L 7] 000 0 L L L L | L L L L |
482 484 486 488 490 492 494 496 498 500 500 600 700 800
/s (GeV) /s (GeV)

0.05 -

500 GeV:

e factor 2 enhancement over tree level from summation of (as/v)™, (as Inwv)™ terms
e essential for realistic studies for ILC (phase I)
e another factor of 2 enhancement for P— = —80%, P+ = +60%

Y

= (X /AL Gy ~30%  — 10— 15%
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Conclusion

Top threshold physics (m;; ~ 2m¢) unique QCD « electroweak laboratory
e hard & nonrelativistic & soft-collinear dynamics
e unstable particles (I't ~ Fyinetic)

Master application: eTe~™ — tt @ ILC
e QCD dynamics understood (NNLL RGE-improved, N3LO fixed-order)
effects of ew. corr.’s and finite top lifetime — w.i.p.
top mass: dm}° ~ (£100 GeV)the° 4 (£50 GeV)e*P
M, [y: — do/o = +6% goal: 3%

top threshold essential for o(eTe™ — ttH) @ 500 GeV — At

Other applications:
% tt threshold at Tevtraon/LHC (presumably small, but maybe important)
* squark pair production ILC+LHC (particularly for heavy squarks)
* particle decay rates: H — gg (mp, =~ 2my)

X —>tt+Y
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Colors

This is blue

This is red

This is brown

This is magenta
This is Dark Green
This is Dark Blue
This is Green

Test how this color looks
Test how this color looks
Test how this color looks
Test how this color looks
Test how this color looks
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