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Motivation

top quark properties: mf"® ~ 170 GeV, I'; ~ 2 GeV

precise measurement of top quark properties for:

stability of the SM vacuum
— electroweak precision tests

— new physics searches

up down strange charm bottom

top
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Motivation

Top production cross section in the pole mass scheme:
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Relativistic Regime
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Relativistic Regime
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Relativistic Regime
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Relativistic Regime
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Relativistic Regime

v Vacuum Polarization known up to o® [Hoang, Mateu, Zebarjad '08]
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Relativistic Regime

v Vacuum Polarization known up to o® [Hoang, Mateu, Zebarjad '08]
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Non-Relativistic Regime
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Non-Relativistic Regime

— scales: m, |p| ~ mv, E ~ mV? (m¢ ~ 170GeV , v ~ a ~ 0.1)
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Non-Relativistic Regime

— scales: m, |p| ~ mv, E ~ mV? (m¢ ~ 170GeV , v ~ a ~ 0.1)
— large disparity of scales m>> mv > mv? > Aocp

— problems:

1. large logarithms log (£3). log (£7)

m
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Non-Relativistic Regime

— scales: m, |p| ~ mv, E ~ mV? (m¢ ~ 170GeV , v ~ a ~ 0.1)
— large disparity of scales m>> mv > mv? > Aocp

— problems:

1. large logarithms log (£3). log (£7)

2. Coulomb singularity contributions of order 3‘—32 ol ot

A B
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Non-Relativistic Regime

Fields in vNRQCD and pNRQCD:

field

potential quark
soft gluon

ultrasoft gluon
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Non-Relativistic Regime

Fields in vNRQCD and pNRQCD:

field (E, m)

potential quark  (mv?, mv)

soft gluon (mv, mv)

ultrasoft gluon  (mv?, mv?)

Example:
P I
(mv?, mv) > ~ Ve
(F—p")?

—p —p
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Coulomb Singularity: LO
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Coulomb Singularity: LO
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Coulomb Singularity: LO

O oD o Al -

= NV + OO+ OO+ A OOOOW + ...

v as al/v /v

as ~ v!

o (emrs)

d*p1 d*p ( -1 ) ( dmay - Cr ) ( -1 >
(2m)3 (2m)® \E — p3/m+ie (P1 — P2)? E—p5/m+ie

8/30



Coulomb Singularity: LO

Green function of the non-relativistic Schrodinger equation:

Free Hamiltonian: Hy = 5%/m
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Coulomb Singularity: LO
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Coulomb Singularity: LO

Green function of the non-relativistic Schrodinger equation:

Free Hamiltonian: Hy = 5%/m

(Ho — E) Go(5,5") = (2m)*s®) (5 — 5")

-1
Go(B, ') = (2n)*6 (5 — p') ———
o(p,p’) = (2m)*6"(p P)E_ﬁz/m

dp -1 i5(R—%")

Go(YﬂfﬁE):/

7e p
(2m)3 E— p?/m
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Coulomb Singularity: LO

Green function of the non-relativistic Schrodinger equation:

Free Hamiltonian: Hy = 5%/m

(Ho — E) Go(5,5") = (2m)*s®) (5 — 5")

oo o —1
Go(P,B") = (27)36C) (5 — 5') m
R d3p -1 = o
w1 = [ s g

Go(0,0,E) ~ MOW
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Coulomb Singularity: LO

Full Hamiltonian: H = Hy + V

10 /30



Coulomb Singularity: LO

Full Hamiltonian: H = Hy + V

(Ho— E) G(5,5") + /

3

(2m)?

K V(5 - R) Gk, 5) = (2m)%64)(
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Coulomb Singularity: LO

Full Hamiltonian: H = Hy + V

3
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Coulomb Singularity: LO

Full Hamiltonian: H = Hy + V

3

(Ho—E)6(5.5") + [ % V(5 - K) G(K, p) = (2r)*6) (5 — 5")

d®p1 d%p>
(2m)3 (27)3

G(p,p') = GO(ﬁ,ﬁ’)Jr/ Go(P, P1)V(P1—P2)Go(P2, ') + -

G(0,0,E) ~ AW + AMNLXOW + s -




Coulomb Singularity: LO

Full Hamiltonian: H = Hy + V

3

(Ho — E) G(5,5") +/ﬂ

g VP K) G(k, p) = (2m)*6®) (5 — p”)

d3p; d3p
L P2 Go(B, B 1)V(B1—F2)Go(F 2 B) + ...

G(p,B') = Go(p, B’) + (2m)? (2m)*

{ G(0,0,E) ~ AW + AMNLXOW + s - l

2 1 C
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Coulomb Singularity

(MOW + NOOW  + OO+ OOOOW +...)c1(1/)

% as (1,L) a?/v al/v? LO

L =log(v)
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Coulomb Singularity

(MO +MCOW +nOOOW  +mOCOOW +..)aw)
% as (1,L) a?/v al/v? LO
asv a? (1,L,L2%) /v (1,L) NLO
v3 asv? (1,L) a?v (1,L) o (1,L,L2%,13) NNLO
L =log(v)

— NNLO Schrddinger equation solved numerically [Hoang, Teubner '99]
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Large Logarithms

— resum logs with vNRQCD

m> |p| > E > Aqcp
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Large Logarithms

— resum logs with vNRQCD

m> |p| > E > Aqcp

)

correlated scales E= %
renormalization scales Hus, fbs
)
E
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Large Logarithms

— resum logs with vNRQCD

m> |p| > E > Aqcp

)

correlated scales E= %
renormalization scales Hus, fbs
2 =2
o (). (5)
& &z, e\.2

subtraction velocity v fus = MU, s = my



Large Logarithms

Expansion of currents:
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Large Logarithms

Expansion of currents:

. - : : ; On,
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Cross section:
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Large Logarithms

a(v) Ai(v, v, m)

QCD vNRQCD

w)-tes (72) tes (%) o8 (52) -
Iog(n72 , log ( 5 log 2 , log Z) e
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Large Logarithms

a(v) Ai(v, v, m)

QCD vNRQCD

Wb<
7). s () e () s (52)
log (m2 , log ( 5 log 2 ) log Z) e

- pus = M, ps = m — determine ¢
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Large Logarithms

Cl(l/) .Al(V7 v, m)




Large Logarithms

a(v) Ai(v, v, m)

— logs in A;: log ( 522 ) ~ log (V—i)

Hus
7) ~ s (2)
log (ug log

— v=1— v =v use RGE running for ¢i(v)

<

- evaluate ¢ (v) Ai(v, v, m)
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Large Logarithms

a(v) Ai(v, v, m)

logs in A;: log ( 522 ) ~ log (Z—i)

Hus
=2 2
P_) ~ v
os (z) ~1os ()

— v=1— v =v use RGE running for ¢i(v)

evaluate ¢ (v) Ai(v, v, m)

matching at h-m — log(h)
evaluate at v =v - f — log(f)
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Large Logarithms

(MO + MO0 +MOOOW  +mOOOOW
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sV Oég (17 L7 L2) O‘i/v (17 L)
v3 asv? (1,L1) a?v (1,L) o (1,L,12,13)

...)cl(u)

LO
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Large Logarithms

(MOW+MOQW
v as (1, L)
sV
v asv2

L =log(v)

+ AAOOOWNA OO+

ol/v

ol/v

) a(v)

LL
NLL

NNLL
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Non-Relativistic Regime

pm=hm, us =hm(vf), puws = hm(Z/f)2




Non-Relativistic Regime

alpb]

pm=hm, us =hm(vf), puws = hm(Z/f)2

Renormalization Group Improved (RGI) :
[Hoang, Manohar, Stewart, Teubner '01]

[Hoang, Stahlhofen '14]
- V~V

— f and h variation
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Non-Relativistic Regime

alpb]

pm=hm, us =hm(vf), puws = hm(Z/f)2

Renormalization Group Improved (RGI) : Fixed Order (FO) :

[Hoang, Manohar, Stewart, Teubner '01]

[Hoang, Stahlhofen '14]
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Matching
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Matching

onrqep (RGI, pole mass)
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= include leading order finite width effects:

aQco

330 340 350 360 370 380 390

Vs [GeV]

v = \/q72m — \/q72m+i It
m m
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Matching

onraep (RGI, pole mass)

alpb]

T oqcp (pole mass scheme)
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= include leading order finite width effects:
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Matching

alpb]

onrqep (RGI, pole mass)

LL — NLL — NNLL |

- oqcp (pole mass scheme)

350 360 370 380

Vs [Gev]

q° > 400 GeV
q’ ~ (2m)?

390
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Vs [GeV]

O matched — O QCD

O matched = 0QCD + (TNRQCD — Texpanded)
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Matching

QCD ® ot o? o ot
v a o= 1 =
v \/Z \/3
3 4
a v o? = o
v \%
4
v o v2 P P o
Vi a v3 o? v? a® v at
2 J—
q° > 400 GeV Omatched = TQCD

g% ~ (2m)? Omatched = 0QCD + (TNRQCD — Texpanded)



Matching

NRQCD
Lo v o 2 e S
v v2 V3
NLO o v 2 o =
\ v
NNLO v3 avi v o? &
N3LO v4 a v3 o? v? o v at
2
gq° > 400 GeV O matched = TQCD

q2 ~ (2m)2 O matched = 0QCD + (UNR‘QCD - Uexpanded)
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Matching

C(O O(l aZ 0(3
Lo v a a o 2
v v2 V3
NLO a v o? a a
v %
NNLO v3 av: oy o? o
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q° > 400 GeV O matched = 0QCD
2 2
q ~ (2m) O matched = 0QCD + (UNRQCD - Uexpanded)



Matching

Switch—Off Function £
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Matching

Switch—Off Function £
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Matching

ONRQCD oQCDh
; 1
matching: NLli_L — ocz
— «

NNLL ad

results in the pole mass scheme:

O matched (RGI, pole mass)
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Matching

ONRQCD oQCDh
matching: I\II_ISL — a;
— a
NNLL  +— ol

results in the pole mass scheme:

O matched (RGI, pole mass)
14— ; i
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L I
340 342

Vs [Gev]

346

— LL, Ofe!]
— NLL, O[e?]
— NNLL, Ofa?]
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Matching

1S mass v renormalon free
[Hoang, Ligeti, Manohar '98]

oo n—1

n H
Mpole + (CF as(u)mpo/e) Z Z Cn kas ) log (m)

n=1 k=0

ms

2
= Mpole — ~OsMpoje + ...

9
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Matching

1S mass v renormalon free
[Hoang, Ligeti, Manohar '98]

n—1

o
mis Mpole + (CF C“S(:u')’npole) Z

n=1 k=0

ot ()

Cr as(#)mpole

2 2
= Mpole — ~OsMpoje + ...

9

O matched (RGIV 1S mass)
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Matching

oo n—1
mys = Mpoje + (CF as(u)mpo/e) § § Cn, kas

n=1 k=0

— 2

= Mpole — §as Mpole + -+ -

a® ot o? o®
Lo v
Pole mass: NLO

NNLO
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Matching

oo n—1
mys = Mpoje + (CF as(;u')mpo/e) § § Cn, kas
n=1 k=0
— 2
= Mpole — §as Mpole + -+ -
a® ot o?
Lo v
Pole mass: NLO
NNLO
@ o
LO \%
1S mass: NLO
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Matching

MS mass :
oo
Mpole = M+ M Z an(n/> nh) Ols(m)n
n=1
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Matching

MS mass :
)
Mpole = M+ Y an(ny, ny) s (m)"
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Matching

LO v
Pole mass: NLO
NNLO
O(O
MS mass:
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Matching

MSR mass :

[Hoang, Jain, Scimemi, Stewart '08]

oo
Mpoe = M +m Y an(n,m)as(m)’ = m +masat...
n=1

Mpole = Musra(R) + R Z an(n,0) as(R)" =musra(R) +asRai+ ...

n=1

= choose R ~ mv
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Matching

MSR mass with R~ mv :

oqcp up to O[a?]
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Matching
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Matching

Results in the MSR mass scheme:

O matched (RGl, MSR mass)

O matched (FO, MSR mass)
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Conclusion

Summary
- matched ONRQCD and 0QCD

— implemented of the MSR mass scheme

Outlook
— N3LO corrections for the fixed order cross section

— higher order electroweak effects
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Thank you for your attention!
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