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The resonance of git(ete™ — tt)

Linear Collider: tt production at threshold
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status: 00" /o0 ~ 6%

Nonpert. effects suppressed
[Fadin, Khoze]
No sharp resonance peaks

incomplete !!!

needed: < 3%
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The resonance of git(ete™ — tt)

EW effects:
* LO: Unstabletop = [y = 1.5GeV > Aqcp “IR cutoff”
_ 52 s—2m il |
Veff = \/\[mtmt ) \/\/ e Verr| 2 0.1

[Fadin, Khoze]
* Higher orders = Pedro’s talk

QCD in the resonance region: v ~ as < 1

3scales: my > 5 ~ mv > B, ~ mtv2 (~ Tt > Aqcp)

“hard” “soft” “ultrasoft”

Problems:  “Coulomb singularities”
 Large logs
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The resonance of git(ete™ — tt)

Problem of Coulomb singularities:

WC L, - L, - L -

~ ~ Qs /v ~ (s /v)? ~ (ag/v)3

Production threshold: | as ~ v ~ 0.1 | = breakdown of perturbation theory

Solution:

Nonrelativistic effective field theory | yYNRQCD

—> summation of (as/v)" terms by means of a Schrédinger Equation !




vNRQCD

Constructing vNRQCD: “Expansion in v <& 1“

—> Integrate out nonresonant degrees of freedom, e.g.:

QCD vNRQCD

O(1) O(v?)
M”poten’;ial” 4 T
kF ~ (mv*, mv) V. V,

7 7T2 : 2 /12
—> Lnr = Liin + Vr;k ¢ Xdp) 4 Ve Vg2 Tty xtx 4 ..

—> Separate center-of-mass motion

= Schrodinger Equation: EW = [%2 +V + }\U




vNRQCD

Green function: {— %% + V(r) — E} G(r,7",E) = 6@ (¥ -7

006~ O OO

Optical theorem:

~ Im [G(0,0,E)]

o ~ dPS|<{ O OO+

v, (0)?
Unstable top: G(0,0,E+ily) ~ E = | = (Oi)rl i + continuum
n n — ¢ — €




vNRQCD

(1) — E] GL(7,7",E) = 6@ (F—7)

LO Green function: { —

—>  Analytic solution for G (¥, 7', E) v

Higher orders: e.g. G*(0,0,E) = /d% G'(0,¥,E) V2(¥) G'(¥,0,E)

t

O(as, V)

RG running: e.g. = V=V(u) = G(0,0,E)=G(0,0,E, )

—  G(0,0,E, 1) known up to NNLL (partly N3LO)

[Hoang, Manohar, Stewart, Teubner; Pineda, Signer] [Beneke, Kiyo, Schuller]
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vNRQCD

Problem of large logarithms:

3scales: my > 5 ~ mv > Epin ~ mtv2 (~ Tt > Aqcep)

“hard” “soft” “ultrasoft”

2 2 2 5
—> Logs: 1H(%)> ln(%), 1ﬂ(%) e.g. Os ln(%) ~ — Qg ln(v4) ~ 1
Solution:
Two renormalization scales: | Us = Mv/, [, = muv? —- “v"NRQCD

I “subtraction velocity”

—> RGE’sresum [as Inv]", aslas Inv]™, o2 [as Inv]" ... terms

LL NLL NNLL




vNRQCD

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

QCD vNRQCD

C > + Olv)
¢ V.

* Resonant dof’s — fields in the vNRQCD Lagrangian:

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

soft quon: (qo,q) ~ (mv, mv) Aq (x) NN\ '\ N\ \/
ultrasoft gluon: (qo,q) ~ (mv?, mv?) A(x) 0000000

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

[Luke, Manohar, Rothstein]
chRQCD — £usoft + ['pot + ['soft DV — K —i—igA“/(x)

—iD)?
Lisoft wL(x)[iDO_ %—F“,]@bp(x)—F... %

Epot: -V ¢;r)/¢pXT_p’X—p LR

V. Vi V,(p?+p’? % V. @2
Vv o N b PR b B 582 4

g
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vNRQCD

EVNRQCD — »Cusoft + »Cpot + Esoft

Lusoft w;f)(x)[iDO — % + ...]¢p(x) + ...

Epot: -V ’Qb;r)/prT_p’X—p + ..

Vi (p?+p'?)

V. V2 Y V., Q?
Vgt et ome s T B St

Production/annihilation current (3S,):

®< ~ @)+
N——

PhG(io2)x"

[Luke, Manohar, Rothstein]

DH = OF + ighl(x)

:

(CMS)
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Renormalization

atotNIm[®+Q®+QQQ+...}

~ | |2 - Im :_ i/d4x ei6|x <0| ijff*(x)jleff(o) ’0>} 4o

~ | |2 - Im :G(O, 0, E, V)] + ... GNNLL known v/
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Renormalization

O-tOt g ‘C]_(V>‘2 ¢ Im I:G(O, O, E, V)i| —I_ o o o GNNLL known \/

current

renormalization @.L<><

\

ln[M} _ €LL 4 eNLL | ¢NNLL 4 e NNLL [Hoang]

mix nonmix

Cl(l)
—~—
0 N
[Luke, Manohar, Rothstein,

Pineda, Hoang, Stewart]

v

missing
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Renormalization

O-tOt i ‘ ‘2 y Im I:G(O, O7 E7 V)i| —I_ . o GNNLL known v
1.14
1127 i
N NLL+NNLL, o i | o
Loy | Missing NNLL, . contribution
ci[v] 108 5o 1 may reduce th. error of Tiot
olll 1o |5 = 0% |
S - =V (1) | needed !
1.04 ——— i
NLL e —————
1.02 - .
1.00 ‘ * ‘




Renormalization

: 0 o Vev) [ Ve(v) > 1
NLL: v In| | = — 62 | 2 + W (v) + V (v) + S Vs(v) | + §Vk(u)
NLL running of V:
soft ultrasoft
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Renormalization

: 0 o Vev) [ Ve(v) > 1
NLL: v In| | = — 62 | 2 +Wao(v) + Vi(v) + S Vs(v)| + EVk(V)
NLL running of V:
. contributions dominant

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

NNLL |y

* Large contribution to &, mic !!! [Hoang]
* Soft contributions to V, known — tiny [Penin, Pineda, Smirnov, Steinhauser]
* Potentials affected by renormalization:

V2 V(P2 +p7) V)

mk ~ 2m?k? ' m?

O(a2v) O(asv?)




Renormalization

N oI, ) Velw)
. v—1In =
ov 167r

4
One usoft loop: /rmahze
v % % = | ovike BE vi)

S2 Vs(y)] + %Vk(l/>

[Manohar, Stewart]
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Renormalization

NLL: V% In] | = —];%(71:2) [VCZ(LV) +WVa(v) + Vi (v) + S° Vs(u)] +

One usoft loop: renormalize
m W : @ : * 2loops:

1 x usoft
%>< w ﬁ>< 1 x potential (finite)

RGE

X e = [ =
: : : : : )( : [Manohar, Stewart]
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Renormalization

0 V) [

NLL: w21 _
v, mle()] 1672 | 4

+ Vo (v) + Vo (v) + 8% Vs(v) | + %Vk(u)

One usoft loop:

Details:

 Feynman/Coulomb gauge

* MS, Dim. Reg. Ao
« Agand A couple differently!

* Usoft derivative operator insertions:

. ’ ipV A V2
Lusoft : ¢I){(I60—§—m) —gAO+%+gpm +

\ &

o v

2m

-~

HQ propagator




Renormalization

0 V) [
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* MS, Dim. Reg. Ao
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* Usoft derivative operator insertions:
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Renormalization

0 V) [

NLL: w21 _
v, mle()] 1672 | 4

+ Vo (v) + Vo (v) + 8% Vs(v) | + %Vk(u)

One usoft loop:

Details:

 Feynman/Coulomb gauge

* MS, Dim. Reg. Ao
« Agand A couple differently!

* Usoft derivative operator insertions:

T

. ’ ipV A V2
Lusoft : ¢I){(I60—§—m) —gAO+%+gpm +

\ &

o v

2m

-~

HQ propagator




Renormalization

NLL: 1/% In[c: ()] = —)f%(;g [VCZ(LV) S? VS(V)] + %Vk(u)

Two usoft loops: /"enormalize

VN

* Feynman gauge

A 2 A
RIX A

%< * 0O(103) diagrams

— 5v§;°°p - VNI (v)

[MS, Hoang]

> PR A
24 R X R A
XE AR

28 4

K
p<
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Renormalization

a VC VC
NLL: oy In| | = - 16(72 [ A(LV> + Vo (V) + Vi(v) + 82 Vs(u)] +
Two usoft loops: renormV7

3  3loops:
3 2 x usoft

1 x potential (finite)

* 0(10%) diagrams
: fi i W W m° Generation:

own Mathematica

* Integrals:
IBP & partial frac.

= 5Vk —_— VL\ILL(V) [MS, Hoang]
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Results

RGE’s + matching at hard scale (v = 1) give:
LL NLL
NLL as(mu? 1 s
Va(v)] e = Amces(mw) [~ 4 Aol 220 (B, — [ag(mi?) — as ()| 2B, )]
V)Vt =g —amA 0 2 4 (BA, — [ag(mi?) —as(my)] £B, ) |
[ I'(V)}usm‘t was(mu) Bo  f = as(mv) 53 f As\MV Qs\Mmy Bo " i
V()] Ph = 202(mp) |4 A In @) (BUA [y (me?)—as(my)] &5B, )
k usoft s Bo KT Tag(my) G : sy Gsimy Bo K i
Ay A
| = crica—2co| 3] A=k
s
&)l
Ar - A 53— Ca(47 +672) — 10n¢T [MS, Hoang]
[ Bt ] = ~CACr(Ca - 2CF)[ B ] - 10872 [Pineda]




Results
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Results

0.40
| i
L I |
0.30 =
1 il
1 il
0.20 =
i |‘ il
0.10 \‘ LL+NLL, ¢
i \\ il
0.00 (0 ~
_ L L L L L ]
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Results

1.14;
1.12
1.10
1.08
1.06
1.04
1.02

100
0.1

NLL+NNLL

nonmix

02




Results

1.14;

1.12
; 10; NLL+NNLL, o mix
1.08 N I‘Lnonmix-l_l\| N I‘Lmix,usoft
1.06
1.04;
i ~~_---_
102 NLL ———
0061 [MS, Hoang]
0.1 0.2 0.3 04 0.5
1%
th
* Large usoft NNLL contributions compensate each other = 0010t decreases
Otot

* Detailed analysis = WIP




Summary/Outlook

Vi, Qis, [+ from Jtot(e+e_ — tf)at threshold

) th ) h
status: —tt ~ 6%, needed: —tt < 3%

t
O tot Otot

Otot ™ ‘ ‘2 - Im [G(0,0,E,V)] + ...
G(0,0,E,v) known up to NNLL

New NNLL

« compensates for large NNLL contribution to

mix,uso nonmix

th

Yoa
—> ——tot decreases!
O tot

Outlook:

— Detailed study of Jtot(e+e_ —> tf) at threshold
— Determination of bottom mass from nonrel. " sum rules




Backup

vNRQCD label formalism:

momentum space:

< mv

Y

/

p

mv

my > p~myv > Egp ~ mtV2

(soft) (usoft)

e.g. nonrel. quark (CMS):
p* = (m,0) + (0,p) + (K, k)

/ f

label dyn. variable

Y(r) — Z e P Yp ()

1 1
X ~ - (small x) X~ 5 (large x)
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