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ILC

Top quark is one of important physics at ILC
o Question to heavy top quark
o Theoretically clean: No hadronization due to I'; = 1.5GeV
Bigi-Dokshitzer-Khoze-Kuhn-Zerwas('86)
What will be measured in eTe™ — t£ @ILC
o Top mass dm; < 50 MeV Martinez-Miquel(02)
o Mom distribution Talk by Teubner

o SM parameters ay, 'y, y: + Anomalous coupling
Hioki-Gradkowski(03), talks by Uli, Jose, Kaustubh, Tim

o Spin/angular correlations
Park-Shadmi('96),Kodaira-Nasuno-Parke(99),Brandenburg-Si(05)

Precise Theory prediction is necessary to match Exp accuracy
— We aim few % accuracy J

=] 5

it
N)
yel
?



Y

A

o Beam energy : /s ~ 2my

o Threshold scan — shape of o,7(1/s)

Talk by Gudi on 8/22
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tt Production

o Nonrelativistic top: v ~ a5 ~ 0.16

- . C
o tt in QCD potential: Voep(r) = PG
r
o Short distance bounding: r ~ (mas) ! < Aé(ljD
— NR QCD is our tool
Fadin-Khoze('87),Strassler-Peskin('90),Sumino('93)

NNLO by Hoang-Teubner,Melnikov-Yelkhovsky,

--------

Beneke-Signer-Smirnov,Yakovlev, Penin-Pipovarov, Nagano-Ota-Sumino
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tt Production

o

b -

o Quick Decay: t — bW
— Hadronization effect does NOT enter
Peter-Sumino('97), exp study; lkematsu-Fujii-Hioki-Sumino-Takahashi(03)
o Effect of unstableness: I';
— interplay between QCD and EW corrections
We treat the effect of I'y by replacement: m; — my; + Iy
see for recent th attempt: Beneke-Chapovsky-Signer-Zanderighi(04),
Hoang-Reisser(04)
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tt threshold X section with I’

- — r=15[Gev] — r=10[GeV]

— =01[GeV]

O N W A @ s N W Ao

5

0 0
Eqy2M, [GeV] Ecy2M, [GeV]

R(ete™ — tt) varying '

o ete” — ~* — tt (No Z* for simplicity)
o Here and hereafter only the QCD effect is discussed
o Finite width effect: /s — /s + il
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Rxnio from Top Quark Working Group Report

< o
o
LAAM RAR AL AR A R

Melnikov-Yelkhovsky ]
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Top Quark WG Report by A.H. Hoang et al.(2000)

o Figs by 4 Groups: Scheme difference
o Solid/Dashed/Dotted Lines : NNLO/NLO/LO
o 1 =15,30,60 GeV
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What do we know? What should we do?
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14 | / h :
12 &
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P (Gev)

Beneke—Signer—Smi rnov:;

o How large sheme/scale dependence?
o Nonrelativistic 1/c-expansion works? Necessary to sum up? j

o Do we know the size of third order? <« Ultra Soft Corr
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What do we know? What should we do?

18 — .
16 F ]
14 | / h 1
12 |
10 &
08 |
06 E
04 &
02 E==

oo b s
343 344 345 346 347 348 349 350 351

P (Gev)

) Beneke—Sgner—SrirnovE

o How large sheme/scale dependence?
Hope that NNNLO will give a hint

o Nonrelativistic 1/c-expansion works? Necessary to sum up? j

o Do we know the size of third order? <« Ultra Soft Corr
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Intro
[e]elelol }

What do we know? What should we do?
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o How large sheme/scale dependence?
Hope that NNNLO will give a hint
o Nonrelativistic 1/c-expansion works? Necessary to sum up? j

Lets see convergence of 1/c-expansion numerically (for
Coulomb)

o Do we know the size of third order? <« Ultra Soft Corr



Intro
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What do we know? What should we do?
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Beneke—Signer—sﬁnirnov:;

o How large sheme/scale dependence?
Hope that NNNLO will give a hint
o Nonrelativistic 1/c-expansion works? Necessary to sum up? j

Lets see convergence of 1/c-expansion numerically (for
Coulomb)

o Do we know the size of third order? < Ultra Soft Corr
work in progress with Beneke-Kiyo-Penin(Kurlsruhe)



Part Il
Review of EFT Approach
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QCD Corrections
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QCD Corrections

@
J

fole]elolo oo oTeIeTeToT0Te}

e+

o Hard v — ¢ — t vertex corrections (3loop=NNNLO)
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QCD Corrections

@
J

fole]elolo oo oTeIeTeToT0Te}

o Hard v — ¢ — t vertex corrections (3loop=NNNLO)
= Wilson Coeff of J{rqep
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QCD Corrections

o Hard v — ¢ — t vertex corrections (3loop=NNNLO)
= Wilson Coeff of J{rqep

o Boundstate dynamics (LO=resummation of Coulomb gluon)
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QCD Corrections

o Hard v — ¢ — t vertex corrections (3loop=NNNLO)
= Wilson Coeff of J{rqen

o Boundstate dynamics (LO=resummation of Coulomb gluon)
described by (p)NRQCD

We discuss ¢t boundstate dynamics



o Integrate out Hard
LNRQCD = W('

D2
1Dy + —
I

2mt>¢+ [w - X} *

o Integrate out Soft/Potentia gluons

(Pineda-Soto('98); Luke-Manohar-Rothstein('99))

0L, NRQCD =/dF[¢T ] Viot (r) [x14]
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Potential NRQCD
o Integrate out Hard

N2
LNRrRQCD = g/)T(iDOJr 2D_mt>w+ [w —>X] 4.
J

o Integrate out Soft/Potentia gluons

(Pineda-Soto('98); Luke-Manohar-Rothstein(’99))

5EPNRQCD = /dr [¢T ] pm‘( )[ T¢] + ¢T [VAus]Q/)

* EFT = tt-Potential and low energy gluon(Ultra soft gluon)

DA



Potential NRQCD
o Integrate out Hard

N2
LNRrRQCD = g/)T(iDOJr QD—mt)er [w —>X] 4.
J

o Integrate out Soft/Potentia gluons

(Pineda-Soto('98); Luke-Manohar-Rothstein(’99))

5EPNRQCD = /dr [¢T ] pm‘( )[ T¢] + ¢T [VAus]Q/)

* EFT = tt-Potential and low energy gluon(Ultra soft gluon)
C
* Vot = — FO;S(/VL)

+ Higher Order Corr
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Potentials are Wilson Coeff: Vo (r) [¢Tx] (1) [x %] (0)

C C
1;043_’_7”_22_’_035(1.)_'_...

o Corr to the Coulomb potential

o‘/;)ot:_

o Every potential (except a3) is known to 3rd order

Q9 Schrdder(’99)

a3 pade Chishtie-Elias (01)

ADM IR Div Brambilla-Pineda-Soto-Vairo('99)

Complete 3rd Pot; Kniehl-Penin-Smirnov-Steinhauser(02)
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Potentials are Wilson Coeff: Vo (r) [¢Tx] (1) [x %] (0)
Cras n %2 4+ C55(r) + - -

T T
o Corr to the Coulomb potential

7, = _Cras(@ [1 n Mal]

r 47

—1n %2 is absorbed in to as(q)

0‘/;7015:_

o Every potential (except a3) is known to 3rd order

Q9 Schrdder(’99)

a3 pade Chishtie-Elias (01)

ADM IR Div Brambilla-Pineda-Soto-Vairo('99)

Complete 3rd Pot; Kniehl-Penin-Smirnov-Steinhauser(02)
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Potentials are Wilson Coeff: Vo (r) [¢Tx] (1) [x %] (0)
Cras n %2 4+ C55(r) + - -

T T
o Corr to the Coulomb potential

o= _Cras(@ 1+ as(a) (@ )2@}

T 47 i 47

0‘/;7015:_

—In %2 is absorbed in to as(q)
o Every potential (except ag) is known to 3rd order

Q9 Schrdéder(’99)

a3 pade Chishtie-Elias (01)

ADM IR Div Brambilla-Pineda-Soto-Vairo('99)

Complete 3rd Pot; Kniehl-Penin-Smirnov-Steinhauser(02)
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R
Potentials are Wilson Coeff: Vo (r) [¢Tx] (1) [x %] (0)

Cra, C
T2 4 2+ Cyd0) +

o Corr to the Coulomb potential
~ Cros, 2
7o = _Cras@ [1+ as(@ (a (q)) Gy
r 47

0‘/;7015:_

4r

_as(q) 3[(1 + 872C3 (i + In —'I%S)] ]
4r 3 A\3¢ q2
— 1/e ADM IR Divergence

o Every potential (except ag) is known to 3rd order

QA9 Schroder('99)

a3 pade Chishtie-Elias (01)

ADM IR Div Brambilla-Pineda-Soto-Vairo('99)

Complete 3rd Pot; Kniehl-Penin-Smirnov-Steinhauser(02)
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R .
Potentials are Wilson Coeff: Vo (r) [¢Tx] (1) [x %] (0)

C C
1;043 +r_22+035(r)_|_...
o Corr to the Coulomb potential
= Craga) as(q) as(a) )
VC_——x[1+—a1+ as +
r a7 47

as(a) ’ 2 3 /f%*s
R [(13+87T CAIH?]]

o‘/;)ot:_

4ar
— 1/e ADM IR Divergence
= cancels UltraSoft UV divergence
o Every potential (except a3) is known to 3rd order

o (9 Schréder(’99)

© (3 pade Chishtie-Elias (01)

o ADM IR Div Brambilla-Pineda-Soto-Vairo('99)

o Complete 3rd Pot; Kniehl-Penin-Smirnov-Steinhauser(02)
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Coulomb gluons to be summed

up

v
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single insertion of §V/

v
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double insertion of 6V

v
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triple insertion of §V/

v
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Ultra Soft k2 ~ 0
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Ultra Soft k2 ~ 0
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«O» «F»

Ultra Soft k2 ~ 0




Diagrams for NNNLO

(=

Ultra Soft k2 ~ 0

o Coulombic pot insertions = Complete (Beneke-YK-Schuller(05))

o Singular pot insertions = UV renormalization is necessary
(work in progress with Beneke-SchuIIer)

o Ultrasoft Corr = UV renormalization is necessary

(Work in progress with Beneke—Penin)
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Part 1l

Based on Beneke-Kiyo-Schuller, NPB714(2005)67.
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1
oy ~ Im(0|

H—-FE— i}
H:ﬁ_CFas

|0) + non-potential(p7s )
+5Vo(r)+ﬁ+#5(f>+-'- -
my r 72

o We do NOT discuss singular potentials
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SRR
(Coulomb) X Section near Threshold; £ = /s — 2m; ~ 0

1 .
O~ Im<0|m|0> + non—potentlal(,uUs )
NG
H=2 2% 4 5y,
my T

o Coulomb pot: §Vp = _Cras

.
<[ (Boln(u?/q*) + ar) +---
Qg
+ (a

)3 (%10 +&In* + In +az + 872CH In(1f,5/q%)) |



1
H—-FE—ily

2
- _

myg

RS
(Coulomb) X Section near Threshold; £ = /s — 2m; ~ 0
oz ~ Im(0|

|0) + non-potential(7s )
s | 5velr),

o Coulomb pot: §Vo = —

CFas
Qs 2/ 2 "
[ (Boln(p*/q%) +ar) + -
Qg
+ (5

) (#10° + &0 &0 -ta; + 85°CY Inii /)

o 0V is renormalization free = Num evaluation is possible



. . 2
Perturbation in QM: Hy = 7% — CFTQ
Iteration of the Coulomb potentials
( 1
Hy+46Ve — FE

with (Go) = (0]

) = {Go) — (GodV1Go) + (GodV1GodViGo) +
1
Ho—F

|0) and Ve = 0Vy + 6Va + V3,
o N3LO Corrections are given by:

* Single: (GodV3Gy)
* Double: <G0(5V1G0(5V2G0>
* Triple: (GodV1GodV1GooV1Go)

DA



o We have calcula'Fed t.he Qreen ﬂfnctlon <Ho+5Vc—E—iI‘t>
treating 6V as iterative interaction

— Result is too lengthy to show in a slide
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Results

o We have calculated the Green function <Ho+6VC—E—iFt>
treating 6V as iterative interaction

— Result is too lengthy to show in a slide

* Double and triple sums are left, can be done
Numerically

* Expressed by well known special functions



Results

o We have calculated the Green function (
treating 6V as iterative interaction

H0+5VC—E—iFt>
— Result is too lengthy to show in a slide

* Double and triple sums are left, can be done
Numerically

* Expressed by well known special functions
[T,(0)]?
o Pole structure < bound-state:
; E,—F—il}
* Pole and residue were obtained Analytically

* Expressed by multi-£ and nested S; ;1.(n)
— This result fit in a page
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—1283¢cp1 +6061cp,1 + 86ock,2)] + cp,3 + 32n°C% [In (

1
S; = Si(n) = Z = is harmonic-sum
k

npy s

) + S1(n)]},
Fas

3
B® = g© (") {[3263 L% + L (=568% + 286061 + 2483¢cp 1) + L (1653 — 166051 + 482



3
B® = g© (“) {[3263 L% + L (=568% + 286061 + 2483cp1) + L (1683 — 168061 + 462

npy s
Every coefficient of L = In (—Z4

—1283¢cp 1 +6B1cp,1 + 86ock,2)] + cp,3 + 32n2C% [In (

mCFas) + S1(n)]},

mCpas ) is determined by RG | we used this to check the result




—1283¢cp1 +6061cp,1 + 86ock,2)] + cp,3 + 32n°C% [In (
ep,1 = 2a1 + 45100,

nuys

) + s},
Fas

3
E® = g (a) {[3283 L + L2 (=5683 + 288061 + 2462cp,1) + L (1685 — 166001 + 452



npy s

3
E® = g© (“) {[3263 L% + L (=5683 + 286081 + 2483¢p.1) + L (1683 — 166061 + 462

—1285cg 1 +6B1cE,1 + 8B0ck,2)] + cm,3 + 3272 C3 [In (
cg,1 = 2a1 + 45180,

+ S1(n)l},
CFOS) 1( )]}
2nd Corr

8 272
¢p 2 = a3l + 2as + 45151 + 4a180[351 — 1] + B5[S1(1251 — 8 — —) + 1652 — 8nS3 + o +8n&(3)],
n




Coulomb Energy

3
E® = g© (4“7) {[3263 L% + L (=5683 + 286081 + 2483¢p.1) + L (1683 — 166061 + 462

nuUs
—1285cg 1 +6B1cE,1 + 8B0ck,2)] + cm,3 + 3272 C3 [In (F

s

>+S1(n)]},

cg,1 = 2a1 + 45180,
5 5 8 272
cp,2 = aj +2a2 + 45161 +4a1B0[3S1 — 1]+ Bg[S1(1251 — 8 — —) + 16S2 — 8nS3 + = + 8n&(3)],
n

cg,3 = 2ajaz + 2a3 + 2a2Bp[4S1 — 5] + 4a2B0[4S1 — 1] + 4a1B81[3S1 — 1] + 45182 + BoB1[S1(2851

8n?

24 72 . 32
—16 — —) + 3652 — 16nS3 + —— +16n£(3)] + a1 55(51(4851 — 56 — —) + 6453 — 32nS5 + 8 +
n n

. 32 16 3272
+32n€(3)] + By S1(S1(3251 — 56 — ;) +96S2 — 64nS3 + 16 + . + — +64n&(3)) + S2(8nS2
2 16 40nm? 2 2 2 2
+16n°S3 — 32 — — — — 16n°€(3)) + S3(96 + 16n + 8n“7”) — 104nSy + 48n° S5 — 14455 1
n

ax? 2n7t
+224n5S3 1 — 32n%S3 5 — 96125, 1 — T

+ £(3)(32 — 16n — 8n272) 4+ 96n2€(5) ]

3rd Corr: All £(i, j, k) were reduced to £(i), S; j x = Si j k(n) is nested harmonic-sum
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Coulomb Wave Func(constant part)

31 nw?
Cy,3 = a¥ 4 6a1az + 3ag + 10a3Bo[ S1 + 2nSe — S5 ]+ 10a2B0[S1 + 2nS2

8 7 nmw?
73f—]+8a151[sl+2n32—2——]+2Bz[sl+2n32717—]

36  20nw2 8n2n2

+B0B1[S51(2251 + 40nSy — 44 — — — ) 4 S2(8n%Ss + 14 — 16n —
n

)

2 2 (21 4+ 16n)n2  2n2n?
+64nS3 — 40n?S, — 56nS3,1 + 32n°S53,1 + 8 + 5 + 5 +48nE(3)]

60  40nx? 20n3x2
+a183[51(40S; + 80nSy — 116 — — — ) + S2(20n2 Sy 4+ 40 — 72n — —
n

4

+140nS3 — 100n?Sy — 120nSs 1 + 80n233,1 + 48 + (5 + 12n)7> + 100m£(3)]

6 8nw?

(58 +56n)r2  2n?rx?
JF
3 3
+120m&(3)) + S2(—4n(17 + 2n)Ss + 721255 — 96n? Sz,l + 64n3S3,1 — 96 + 16n

+104nSs — 12002 S4 — 112nS82 1 + 96n2 S3,1 + 80 +

24  8(5 — n)nw2

5 — 8n2€(3)) + S3(—16n>S5 + 64 — 16n — 200272 + 32n3£(3))
n
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+54(68n + 40n? +

64n3 72

) — 312n2 S5 + 144n°S6 + Sz, 1(48n — 120 + 16n° 72
2

15n 2 ™ 2 2 3 3

—3253’1(7 + n° + T) + 384n~S3 o + 576n"S41 — 224n”S4 2 — 256n" S5 1

4n3n0
+
45

+256nS2,1,1 + 6471/252‘2’1 - 6477,3.5'2,3,1 — 448n253,1,1 + 192’)’7]354,1,1 —8
(83 + 10n)nw?
105

-~ 8(2 + n)w2
3
+ £(3)(48 — 80n — 120272 — 16n°£(3)) — 40n2¢(5)] .



Toponiumn mass

o Complete NNNLO 1S mass is known by Penin-Steinhauser

(2002)

o Extraction of myg was discussed by Sumino-Y.K.(2002).

M(LS)

—— LO

b) ——— o

150

200

Sumino-YK(02)



Summary of toponium mass

o N3LO Corr to E,, is complete;
Beneke-YK-Schuller& Penin-Smirnov-Steinhauser&Kniehl-Penin
o QCD corr to the peak position is under control
Mizas) =
(350 + 0.85.0 + 0.05nL0 — 0.13n5210 + 0.01 53 1,0)GeV
using my,ps = 175, p = 32.6GeV, Al = 208MeV

o 4-loop relation between MS pole masses is necessary to keep
the NNNLO accuracy completely.
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Wave function and o¢

oc ~ ImG(E +il'y)
We performed two analyses for threshold cross section taking
NNNLO Coulomb corr into account,
o Analytical cal at NNNLO taking 6V7 23 as ITERATIVE
interaction, dropping followings;
<5V1 x 8V x 6Vp X 5V1> ~ 4th order

(5V1 x §Vq1 X 5V2> ~ 4th order
(6V1 X 8V3) ~ 4th order

o NUMERICALLY solved schrodinger Eq. with
V=Vo+dVi+dVa+0V3 = “N3LO Exact”

[m]

=



SemlEEE
X section; LO— NLO— NNLO—NNNLO

74 we= NNNLO exact
349 350 351 352
Vs [GeV]

353

DA



X section; X section; scale dependence

L e
] /N
R
06— 27 /s = 15 GeV (lower)
—— =30 GeV (middle)
~——— pu =60 GeV (upper)
04~ . -=== =15 GeV exact
349 350 351 352 353

Vs [GeV]
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Wave function and p dependence

[61(0) /[ (0)[2, for ¢E(1S)




Summary of Wave func and o

o N3LO Coulomb Corr to o, E,,, |¥,,(0)[?
o Comparison between analytic and numerical method for o¢
* Naively taking © ~ mCrag/n is not working.

Large correction and large u-dependence
o The strong p-dependence, 1 < mCrag/n is an artifact of
iterative method

< "Num Exact” result does NOT have this behavior
o We estimated error; Ao < 5%
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