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Top Quark Threshold Physics

Top Physics at the ILC:

Focus: tt - production at threshold (et e~ — tt)
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Top Quark Threshold Physics

Top Physics at the ILC:

Focus: tt - production at threshold (et e~ — tt)
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0.8 | B S E - nonpert. effects suppressed
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Vs(GeV)

R

LL ,NLL , NNLL
» no sharp resonance peak

Aim: precise determination of

My status: om; ~ 100 MeV v

Vi, Qis, L status: 60 /oo ~ 6% (NNLL incomplete) | needed: < 3%
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Top Quark Threshold Physics

Problem of Coulomb singularities:

Production threshold = v ~ a5 ~ 0.1 = breakdown of perturbation theory

E (- L, L

~ ag/v ~ (as/v)? ~ (as/v)?
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Top Quark Threshold Physics

Problem of Coulomb singularities:

Production threshold = v ~ a5 ~ 0.1 = breakdown of perturbation theory

~ ag/v ~ (as/v)? ~ (as/v)?

Solution:

nonrelativistic effective field theory | NRQCD

— summation of (2:)"- terms using Schrédinger formalism (LO)
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vNRQCD

Problem of large logarithms:

3scales: my > p~myv > Egn~myv?  (~ Ty > Aqep)

(soft) (ultrasoft)

= log’s at the dyn. scales:

2 2 2

In (%) . In (%) . In (E—) e.g.. asln (E‘—) ~ 1
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VNRQCD

Problem of large logarithms:

3scales: my > p~myv > Egn~myv?  (~ Ty > Aqep)

(soft) (ultrasoft)

= log’s at the dyn. scales:

2 2 2

In (%) . In (%) . In (IE’—) e.g.. asln (E‘—) ~ 1

Solution:

two renormalization scales: | s ~ mv, f, ~ mv?

correlation: E ~ 2 o~ B — po=my, p, =mr?> = ['VNRQCD

m
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VNRQCD

Problem of large logarithms:

3scales: my > p~myv > Egn~myv?  (~ Ty > Aqep)

(soft) (ultrasoft)

= log’s at the dyn. scales:

2 2 2

In (%) . In (%) . In (IE’—) e.g.. asln (E‘—) ~ 1

Solution:

two renormalization scales: | us ~ mv, p, ~ mv

correlation: E ~ 2 o~ B — po=my, p, =mr?> = ['VNRQCD

m

= RGE'sresum |ag Inv]", agfas Inv]", af|asInv]", ... terms
LL NLL NNLL
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vNRQCD

* Nonresonant dof’s integrated out, e.g.:

QCD vNRQCD

% — X + O(v)
Ve
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vNRQCD

* Nonresonant dof’s integrated out, e.g.:

QCD vNRQCD

% — X + O(v)
Ve

 Resonant dof's — fields in the vYNRQCD Lagrangian:

nonrel. quark:  (E,p) ~ (mv2, mv) Yp (x)

soft gluon: (@0,@) ~ (mv,mv)  Agq)  "NAANANNN
ultrasoft gluon: (qo,q) ~ (Mv2,mv?)  A(x) 00000000
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vNRQCD

* Nonresonant dof’s integrated out, e.g.:

QCD vNRQCD

% — X + O(v)
Ve

 Resonant dof's — fields in the vYNRQCD Lagrangian:

nonrel. quark:  (E,p) ~ (mv2, mv) Yp (x)

soft gluon: (@0,@) ~ (mv,mv)  Agq)  "NAANANNN
ultrasoft gluon: (qo,q) ~ (Mv2,mv?)  A(x) 00000000

¢ Systematic expansion in v = consistent power counting in v ~ as
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vNRQCD

[Luke, Manohar, Rothstein]

EVNRQCD — Eusoft + Epot + Lsoft Dt = 8“ =+ 'gA'u(X)
i —iD)?
Lusoft © Whoo [iDY — @TE g + . %
r Y T T
pot - wp’pr—p’X_p —I_ -
V. V5
2 2 12
Vo B U IR L% g ety b= pp
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vNRQCD

[Luke, Manohar, Rothstein]

LVNRQCD — Lusoft + Lpot + Lsoft Dt = au =+ 'gA'u(X)

Lysoft wg;(x) iDY — % + | Yp) %

'Cpot: _ V @b;r)/prT_p/X—p + ...

Ve | Vir? | Ve(P’+p”’ Y V, @2
Voo g+ M MPTR) 4 2y B2 g (k = p'—p)

external production/annihilation current (CMS):

®< ~ a) e ...
——

YhaGoa)x*
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Renormalization of the Potentials

Anomalous dimension of V contributes to o(eT e~ — tt):

o ~ [ 3 O OO

~ e Tm | /d x € (0| T 60" (0) |O>}

~ |C1(V)|2 - Im :G(Oa 0, E, V)] GNNLL known v/
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Renormalization of the Potentials

Anomalous dimension of V contributes to o(eT e~ — tt):

o ~ [ 3 O OO

~ e Tm | /d x e <O|TJfff*(x)Jeff(0)|O>}

~ |C1(V)|2 - Im :G(Oa 0, E, V)] GNNLL known v/

current renormalization

LL NLL
I OX X
T LT L

0 . [Hoang]
[Luke, Manohar, Rothstein,

Pineda, Hoang, Stewart]
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Renormalization of the Potentials

Anomalous dimension of V contributes to o(eT e~ — tt):

o~ [ O OO

~ e Tm | /d x e <O|TJfff*(x)Jeff(0)|O>}

~ |C1(V)|2 - Im :G(Oa 0, E, V)] GNNLL known v/

current renormalization

LL NLL
I OX X
T LT L

0 . [Hoang]
[Luke, Manohar, Rothstein,

Pineda, Hoang, Stewart]

missing = | V"' (v) | needed!
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Renormalization of the Potentials

Anomalous dimension of V contributes to o(eT e~ — tt):

s = [ P X B XA ]

~ a@)f -Im —i/d4x e <0|Tffff*<x)ff”(0)|o>]

~ |C1(V)|2 - Im :G(Oa 0, E, V)] GNNLL known v/

|

1.14
1.12 |
111 NLL + NNLLnon —mix missing NNLL.;x contribution
Ccll[fln?]] 1 08| may reduce theortical error of oot
1.06 ¢
1 o4l = | VM (1) | needed!
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Renormalization of the Potentials

NNLL,.nmix cONtribution to c; has large effect on oo

[Hoang, Teubner]

L6 . . : . . — L6 . . — :
14 [ N ] 14 | 3 -
12 | O _______________ E 12 0 o _______________ -
_ IO E_ "r-"_':",-"--..A-.......'..'......_: - 1'0 f ,':‘r"‘ ‘-‘ .................... E
}-":_ 0.8 - o ] f‘i 0.8 - A S -
ST 1 f -
0.6 F - 0.6 F =
04 b E 04 F E
0.2 F.e Pl les LL , NLL , NNLL _: 0.2 , - : L LL . NLL ’ NNLL
0.0 R N S B E B SR SR 0.0 R Y N B S BRI B R N
346 347 348 349 350 351 352 353 354 346 347 348 349 350 351 352 353 354
Vs (GeV) Vs(GeV)
NLL running of c; is used for NNLL NNLLnonmix Of c1 IS included in NNLL
= small scale (v) dependence = large scale () dependence

= large theoretical uncertainty (~ 6 %) of oot
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Renormalization of the Potentials

. 0  Ve(v) | Ve(v)
NLL : l/aln[cl(z/)] = ~ 1o 1

+Vo(v) + Vi (v) + S* Vi(v) | + 5Vk(z/)
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Renormalization of the Potentials

NLL: oD Tnfa(v)] = _‘;;(7':2) ch(;y)

2 1
v + Vz(l/) + Vr(z/) + S Vs(y) + 5Vk(,/)

NLL (two loop) anomalous dimension of V:

- soft NLL running of V¢ known: tiny effect [Pineda, Steinhauser, Penin, Smirnov]
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Renormalization of the Potentials

. 0  Ve(v) | Ve(v)
NLL : l/aln[cl(y)] = ~ 1o 1

FV() + V) + P V()| 4+ %vk(u)

NLL (two loop) anomalous dimension of V:

- soft NLL running of V¢ known: tiny effect [Pineda, Steinhauser, Penin, Smirnov]

- Ultrasoft contributions supposed to be dominant, since at threshold:

as(mv?) ~ 0.27 > as(mv) ~ 0.15 | v ~ 0.1)
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Renormalization of the Potentials

. 0  Ve(v) | Ve(v)
NLL : l/aln[cl(y)] = ~ 1o 1

FV() + V) + P V()| 4+ %vk(u)

NLL (two loop) anomalous dimension of V:

- soft NLL running of V¢ known: tiny effect [Pineda, Steinhauser, Penin, Smirnov]

- Ultrasoft contributions supposed to be dominant, since at threshold:

as(mv?) ~ 0.27 > as(mv) ~ 0.15 | v ~ 0.1)

- Relevant potentials for c; () at NNLLix affected by NLL ultrasoft renormalization:

V2 V(p?+p0) W
mk ’ 2mZ2k? "’ m?2
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Renormalization of the Potentials

. 0 o Ve(v) [ Ve(v)
NLL : l/aln[cl(y)] = ~ 1o 1

FV() + V) + P V()| 4+ %vk(u)

NLL (two loop) anomalous dimension of V:

- soft NLL running of V¢ known: tiny effect [Pineda, Steinhauser, Penin, Smirnov]

- Ultrasoft contributions supposed to be dominant, since at threshold:

as(mv?) ~ 0.27 > as(mv) ~ 0.15 | v ~ 0.1)

- Relevant potentials for c; () at NNLLix affected by NLL ultrasoft renormalization:

V2 V(p?+p0) W
mk ’ 2mZ2k? "’ m?2

- V- is dominant contribution to c; ()N, Same for VM at NNLL i, ?
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Renormalization of the 1/m? - Potentials

: 0 o Vew) [ Ve(v) 2 1
NLL : v Inf[ci(v)] = 162 [ A —|—1}2(7/)in(7/2+8 Vs(v)| + 2Vk(1/)
_ renormalizeﬁfrectly
O(103) diagrams

usoft corrections ~ v2: Ve X (usoft corr.) — 6Vy,

e.g.:

RGE
= ov2loor ROE, L)

<—— NLL full ultrasoft
NLL ultrasoft, n¢ only
LL soft + ultrasoft

VYt and VI complete v
[M.S., Hoang]

(general statement)
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Renormalization of the 1/mk - Potentials

NLL : 1/% Inf[c; (v)] = _];C6(71r/2) [VCiV) + W (v)+Vi(v) + S° Vs(l/)] + 5&(}2

6 external HQ legs, O(10%) diagrams renormal%irectly

Work in
progress !

72X e X 2 X

usoft corrections ~ v2
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Renormalization of the 1/mk - Potentials

Example for one topology: (MS, Dim.Reg.)

Ay Ay

= YA + TB [ay = as(mv?)]

Terms in Lyn RQCD-

: —iD)? : p° i 2
Yh[iD0— B 4y = b | (80— J0) —gAT+ BT +gPR 4 T4 v

2m

Ve

HQ propagator

b
_ Ve. c
similar for 15 >/< — >< + >8< + X
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Renormalization of the 1/mk - Potentials

Example for one topology: (MS, Dim.Reg.)

— QA 4 B oy = as(mv?)]
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Renormalization of the 1/mk - Potentials

Example for one topology: (MS, Dim.Reg.)

— QA 4 B oy = as(mv?)]

Close finite HQ - Loop:

2 2
— Xy A/ Xy R’
_ 62 A —I_ € B
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Renormalization of the 1/mk - Potentials

Example for one topology: (MS, Dim.Reg.)

— QA 4 B oy = as(mv?)]

Close finite HQ - Loop:

2 2
— Oeé_éJAl _I_ aTUBI — 5v2|00p RGE V[I(\ILL( )
OV
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Status of Calculations/ Summary

« Ultrasoft NLL running of the potentials V,, V,, V, is essential for a precise
prediction of o (eT e~ — tt) at threshold.
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Status of Calculations/ Summary

« Ultrasoft NLL running of the potentials V,, V,, V, is essential for a precise
prediction of o (eT e~ — tt) at threshold.

« usoft NNLL mixing contributions to ¢; from V,, V), already compensate a
bit for the large usoft NNLL nonmixing contribution:
oc; = (—1.9%, —0.5%) for v = 0.1,0.2
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Status of Calculations/ Summary

« Ultrasoft NLL running of the potentials V,, V,, V, is essential for a precise
prediction of o (eT e~ — tt) at threshold.

« usoft NNLL mixing contributions to ¢; from V,, V), already compensate a
bit for the large usoft NNLL nonmixing contribution:
oc; = (—1.9%, —0.5%) for v = 0.1,0.2

 What about V (dominant at NLL)? — w.L.p.
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Status of Calculations/ Summary

Ultrasoft NLL running of the potentials V,, V,, V, is essential for a precise
prediction of o (eT e~ — tt) at threshold.

usoft NNLL mixing contributions to c; from V,, V, already compensate a
bit for the large usoft NNLL nonmixing contribution:
oc; = (—1.9%, —0.5%) for v = 0.1,0.2

What about Vi, (dominant at NLL)?

Current status of the calculation:

—  W.LD.

[as = as(mv), ay = as(mv2)]

Contribution order /ag Vi | V.| Vo | Vg
soft + usoft LL | (asInv)", (aylnv)" | vV | vV | vV | V
usoft NLL ng¢ nf oy (oy Inv)" v v | v | O
full usoft NLL ay(aylnv)" wip. | v | v | O
soft NLL as(asInv)" - — | = |V
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Back Up: Status of Calculations

Results for X, potentials:

<— NLL full ultrasoft 7
NLL ultrasoft, n¢ only
LL soft + ultrasoft :

0.8

0.6}

1 V2 0.4

0.2
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Back Up: Status of Calculations

Results for X, potentials:

21
<— NLL full ultrasoft
1.5 NLL ultrasoft, n¢ only |
v LL ultrasoft
r l i
0.5
0L |
0 0.2 0.4 0.6 0.8 1
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Back Up: Status of Calculations

Results for X, potentials:

O -
21
<— NLL full ultrasoft -0.025
15 NLL ultrasoft, nf only | -0.05;
LL ultrasoft -0. 075
A . V2
i ] -0.1
-0. 125
0.5
-0. 15
0L ‘ -0.175 E
0 0.2 0.4 0.6 0.8 1 0 1
'
. 1.14
- Analysis shows that | usoft LL ~ usoft NLL »
= Big NNLL,;x contributions to c; expected 1 [us) 11;);
Cy[mp =
= may compensate NNLLonmix and .
reduce v dependence Of C].I 0.1 0.15 0.2 oO. 255‘;._3‘-0‘.;5‘-6.4
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Back Up: Old n; Result

1.16 |
1.14
1.12
1.1
1.08
1. 06

1.04}

n¢-corrections, ng = 5
NLL + NNLL,on—mix

1 0.15 0.2 0.25 0.3 0.35 0.4
HUs /M
< Ptop >
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Back Up: Extra Formulae

5 0 () 1O (,,
vgola@) = ~Xe @ v 4y )+ 8900

1
+5V0 @) + a2(m) 337 () + 205 ()]

V = Osilmv) = V = s = VU.
Bo In(m2v2/AéCD)
v = \/E—th N \/E—th—HFt

[Fadin, Khoze]

/4
my mt
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