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Introduction

Heavy quark pair production @ lepton colliders:
e q
Y, Z
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Introduction
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Introduction

Heavy quark pair production @ lepton colliders:
e q

A E@@w@%

~ /v

eT q VN&S<<1

Threshold cross section (schematically):

“Fixed order”:

awZ( ) { (LO); as,v (NLO); o2, asyv, v2(NNLO);...}
AN

resummation of Coulomb singularities
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Introduction

Heavy quark pair production @ lepton colliders:

e q
Mn OIS B (]
+ + + + o
~1 ~ as/v ~ (QS/V)z ~ (QS/V)3
eT q Vo L1

Threshold cross section (schematically):

Renormalization group improved:

o~ Zk: (%)k Y (a5 In v)' x {1 (LL); as,v (NLL); a2, asv, v2 (NNLL); .. }

AN

resummation of large logs
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Introduction

Heavy quark pair production @ lepton colliders:

q
A SRS IR (i (]
~1 ~ (as/v)?

~ as/v ~ (as/v)?

€

eT q Vo L1

Phenomenology:

ttbar threshold @ ILC —— talk by Piclum

bottom mass from large-n sum rules —— talk by Penin

Heavy Quarkonia: spectrum, decays —— talk by Steinhauser

\ talk by Kiyo

ttH, BSM, ...
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Outline

* Top-antitop threshold @ ILC

* Total cross section at NNLL

* QCD uncertainties

* ttbar threshold in WHIZARD

* Bottom mass from large-n sum rules

* Summary

12.11.2014 Maximilian Stahlhofen - DESY Qws2014 - 7



Top-antitop threshold @ ILC

tt threshold scan:

Experiment (simulation):

Amg < 100 MeV "ormaon
Al ~ 30 MeV

Ao ~ 0.001

AYt/yt ~ 10%

[Martinez, Miquel, ‘02]
[Seidel, Simon, Tesar, Poss ‘13]
[Horiguchi et. al. ‘13]

Theory goal:

< 3%

Y

AUtot/Utot

3 B I I I I | I I I I | I I I I I I ]

2:0.8 | tithreshold -174.o GeV .

CC) - — TOPPIK NNLO + ILC350 LS + ISR 1

"'C:'_) : I simulated data: 10 fb™/point :

% o6 top mass + 200 MeV o

) Py

N

O ]

p -

o ]
0.4 —
0.2 ]

O | | | | | | | | | | | | | | | | | |
345 350 355
[Seidel, Simon, Tesar, Poss, ‘13] \'S [GeV]
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Top-antitop threshold @ ILC

tt threshold scan:

E B I I I I | I I I I | I I I I 1 T ] Ny

2. 0.8  ttthreshold - 1S mass 174.0 GeV — rt ~ 1.5 GeV > /\QCD
CC)  — TOPPIK NNLO + ILC350 LS + ISR 7

s | 1 simulated data: 10 fo/point 1 * Nonpert. effe_CtS Suppfessed
B 0.6 |- - top mass = 200 MeV = [Fadin, Khoze, “87]

) w77 ¢ No sharp resonance peaks
%,

O ]

S

(@] ]

o
N

] v~ 0.1kl

0.2

Nonrelativistic regime

Multiple scales

345 350 355
[Seidel, Simon, Tesar, Poss, ‘13] \'s [GeV]
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Total cross section at NNLL

Problem of large logarithms:

‘ m > p~mv > E.,~mv’

hard soft ultrasoft

E> as In(E?/m?), asln(p?/m?), asIn(E?/p?) ~ aslnv ~ 1

Solution:
Two renormalization scales: | lus = MV, [, = mu? — “v"NRQCD
IV “subtraction velocity”
— RGE'sresum [as Inv]", agas Inv]", a2 [as Inv]" ... terms
LL NLL NNLL
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Total cross section at NNLL

nonrel. quark: k¥ ~ (mv?, mv)

NN\, soft gluon: k¥ ~ mv

BOO0N® ultrasoft gluon: kH ~ mv2
vNRQCD power counting
T B in vV ~ Qg
potentials:  § —>>< X
[Luke, Manohar, kM Tm, mv) Vilk

Rothstein, ‘00] ] . e
effective production/annihilation current: %(
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Total cross section at NNLL

nonrel. quark: k¥ ~ (mv?, mv)

NN\, soft gluon: k¥ ~ mv

BOO0N® ultrasoft gluon: kH ~ mv2
vNRQCD power counting
T B in vV ~ Qg
potentials:  § —>>< X
[Luke, Manohar, kM TTW mv) Vilk

Rothstein, ‘00] ] . e
effective production/annihilation current: %(

ot 3+ YO+ OO OO+
ot DD OB

12.11.2014 Maximilian Stahlhofen - DESY QWsS2014 - 12



Total cross section at NNLL

atot(s)wlm[cl(u)2- G(0,0,E,v) + }

[Hoang, Manohar, Stewart, Teubner, 2002]

NNLL known « [Hoang, Stewart, 2003]
[Pineda, 2001][Pineda, Signer, 2006]

N3LO known v/ [Beneke, Kiyo, Schuller, 2007]

[Beneke, Piclum, Rauh, Kniehl, Penin, Smirnov,
Steinhauser, Anzai, Kiyo, Sumino, Smirnov]

—> talk by Piclum
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Total cross section at NNLL

atot(s)wlm[cl(u)2 - G(0,0,E,v) + ... }
current
matching
NLO known v [Luke, Manohar, Rothstein, 2000]

NNLO known v [Czarnecki, Melnikov, 1997]
[Beneke, Signer, Smirnov, 1997]

N*LO known v/ [Marquard, Piclum, Seidel, Steinhauser, 2013]
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Total cross section at NNLL

atot(s)wlm[cl(u)z - G(0,0,E,v) + ... }
current
renormalization

LL
NLL: [Luke, Manohar, Rothstein; 2000]
C, \V [Pineda; 2002] [Hoang, Stewart; 2003]
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Total cross section at NNLL

atot(s)wlm[ ()% - G(0,0,E,v) + ...

current “mixing” “nonmixing” (Hoang, ‘03]

renormalization
NNLL: <<><:>< usoft

soft
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Total cross section at NNLL

att()wlm[ ()% - G(0,0,E,v) + ...

current “mixing” “nonmixing” (Hoang, ‘03]

renormallzatlon NLL
NNLL: :>< usoft

usoft: renormalize

XK >@<>@>@gw
AR

[Hoang, MS, 2006/2011]
[Pineda, 2011]
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Total cross section at NNLL

atot(s)wlm[ c1(1)? - G(0,0,E,v) + ]

current “mixing” “nonmixing” (Hoang, 03]

X O@K

as(mv) < as(mv?)
soft usoft

renormallzatlon NLL

NNLL: @<:

soft:

NLL only for spin-dependent V

[Penin,Pineda,Smirnov,Steinhauser ‘04]
NLO known v —> logs complete

tiny effect!
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Total cross section at NNLL

atot(s)wlm[cl(u)2- G(0,0,E,v) + }

12.11.2014

1.12

1.10

1.08

1.06¢

1.04F

1.02}

1.085

|

‘:~.,’N3LO .
. / uncertainty from unknown

[Hoang, MS, ‘13] |

soft mixing terms

~
N

~

o,

"
-—~
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-~_
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vV
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QCD uncertainties

“Unphysical” scales:

matching scale:

Mhard = hm

renormalization scales:

Msoft — hmv

2
HMusoft — hmy

default choice:

h=1 v, =0.05+ ‘Veﬂ-" Veff = \/

scale variation:

12.11.2014

20
15
14 :
Ve |
10 .
05
0.5 1.0 15 2.0
h
V5 —2m — il
m

1/2<h<2

2 2
M /2 < fysofe < 2MU;
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QCD uncertainties

I T 1 T T T T T
MI> =172 GeV, Iy = 1.5GeV -

s 1/2<h<2 ]

| 2 2
My /2 < pysoft < 2muy;

1.0

o (pb)

0.5 k
k NNLL peak: do /o ~ 5% 4
stable peak position = 20 <dm <100 MeV -
0.0 l 1 x | x x x | x x x |
340 342 344 346 348
\ﬁ (GeV) [Hoang, MS, ‘13]
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QCD uncertainties

—
MI> =172 GeV, Iy = 1.5GeV -

1.5 alternative error estimate:
1/2 size of correction

1.0 -

o (pb)

05+

NNLL peak: do /o ~ 5% _
stable peak position > 20<dm <100 MeV

0 O _ L ‘ ‘ ‘ ‘ ‘ ‘ \ \ ! ! \ ! ! |
340 342 344 346 348

Vs (GeV) [Hoang, MS, ‘13]
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ttbar threshold in WHIZARD /|

Implementation of NLL ttbar 0.7 - WHIZARD v2.2.3 unofficial (_/L
threshold in the WHIZARD event 06
generator: 05 “o .
v’ 4-particle final state (WWbb) E. 04 ‘
5 03
v Fully-differential, arbitrary exp. 02 NLL, no structure

Circe beamstrahlung
QED ISR
ISR + beamstrahlung

cuts possible 01

v i 00" 4
All ew. background&interference m ) 244 e e

effects
e Vs [GeV]

v’ Beam structure effects included

* uses TOPPIK code [Jezabek, Teubner]

e Matching to relativistic NLO continuum (WHIZARD@NLO): WIP
[Bach, Hoang, Reuter, MS, Teubner]
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Bottom mass from large-n sum rules

> ds Fit for n= 10
I:)n — . Sn+1 RbB(S)
2.0}
matching scale: :
hard = hm |
Fehar o 1.5/
renormalization scales: 1 [
Msoft = hmu V_*

2 1.0
Husoft = hmuv -4

default choice:

h=1 v, =14/n+0.2

scale variation: 0.75 < h <1/0.75
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Bottom mass from large-n sum rules

[Hoang, Ruiz-Femenia, MS, '12]

Fixed order result RGI result
n=10 n=10
507 50 50 150
: INNLO : INNLL
485 . 48 :
e Lo =M
g s . § § 46 B 46
S : = L NLL
E 4.4; *:4.4 ‘—E 4.4:* *:4.4
i 1 NLO [ ]
42¢ 142 421 142
N — ‘ ‘ =70 40" ‘ ‘ ‘ 40
0.116 0.117 0.118 0.119 0.120 0.116 0.117 0.118 0.119 0.120
as(Mz) as(Mz)

RGI result (n=10): | M{> = 4.755 + 0.057 et + 0.009,,, & 0.003,,, GeV
as = 0.1183 £ 0.0010

[m.=0] MS: mp(mp) = 4.235 + 0.055,¢¢ & 0.003¢, GeV
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Summary

Jtotwlm{ -G(0,0,E,V)}—F...

e NNLL NRQCD corrections v/

* precise Mg, Vi, O, [ from t t threshold @ ILC:

— NNLL uncertainties: 50/0 ~ 5% (peak), 20<dm <100 MeV
— Implementation of NLL t t threshold in WHIZARD: WIP

e bottom mass from NNLL large-n sum rules:

rﬁb(rﬁb) — 4,235 + 0-055pert + O.OOSeXp GeV

To do: NNLL + N3LO ...
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Backup
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Running Current

0.06
b)
£N.\'LL
0.04+ nm,usoft
ENNLL
m+4nm,usoft
0.02:
NNLL = NNLL :
[ T i 0.00 L—Slm.uofll (dathd} Eum..s.ul". {SOlld}
-------- NNLIf  /NNLL
a1 imn,su{[t +£m,sufll NNLL
1.02 13
~-002- m,usoft
1. . . . A i
08.1 02 03 04 05 0.1 02 03 04 05
4 v

in [ S — Ny, ) (N (v, ) + XN 1) ) ..
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Phase space cuts

Invariant mass cuts: _
m—AM < M, ; <m+AM

* remove unphysical PS
(largest NLO EW effect!) "

e
e suppress non-resonant
PP // dpd|p| p*
AM |

background

0
Phase space: p

I

E
Loy

2 . 2 .
T R R

T

double resonant

2AM

NRQCD valid!

/

p|

™ non-resonant

T

o)
A

ng, Reisser, Ruiz-Femenia, '10]
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Phase space cuts

[ 1/2<h<2
:mV5/2 < HMusoft

1.0+

o (pb)

0.5

T T T [ T T T
MI> =172 GeV, Iy = 1.5GeV -

< 2my?

NNLL peak: do /0 ~ 5%

AM = oo
0.0 | | | | | | | | | |
340 342 344 346 348
\V/s (GeV) [Hoang, MS, ‘13]
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Phase space cuts

T T T [ T T T [ T T T
' MIS = 172 GeV, I, = 1.5GeV -
15 %1/2 < h<?2 t t ]
I 2 2
My /2 < pysoft < 2muy;
1.0+
—~ I
e
S
05 shift by
NNLL peak: do /0 ~ 5%
AM =15 GeV .
0.0 | | | | | | | | | | | |
340 342 344 346 348
\V/s (GeV) [Hoang, MS, ‘13]
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Phase space cuts

15 _ B
Uncertainty for peak position: Mg™ = 172GeV, T = 1.5GeV

1/2<h<?2 M2 /2 < flusofe < 2My2
o

renormalon

NLL . o cancelation
at work!

NNLL @

AM =30 GeV
344 .0 344 .1 344 .2 344 .3 344 4 344.5
\/? [GeV] [Hoang, MS, “13]
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Phase space cuts

15 _ B
Uncertainty for peak position: Mg™ = 172GeV, T = 1.5GeV

1/2<h<?2 M2 /2 < flusofe < 2My2
o

renormalon

NLL . o cancelation
at work!

< 46MP
NNLL @
AM =30 GeV
344 .0 344 .1 3442 344 3 344 4 344 .5
\/? [GeV] [Hoang, MS, “13]
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Experimental data

Ry,(s)

> d
S
Large nsumrule: P, = / ] Ry;(s) 4 <n<10
0
T(1S) T(25) T(3S) T(4S)
s N\ “smearing” | Eﬁi 1
g : pQCD
over E il —
: ; { H%{ Ef ; i %&E}ﬁ% ﬁiﬁ |
3 ; ;
‘ AE ~ m/n Eiﬂﬂ% }@ ;}lﬂ%i Pyt
o2 R e
ISR f
(),(); - - - - I - . . . . E‘E “““““““““““““““““““““ 1
Vs (GeV)

 Nonperturbative effects suppressed for | AE ~ mv? ~ m/n> Aqcp

* Average (relative) b-quark velocity [v~1/v/n <1

—> | VNRQCD

> Coulomb singularities: (as/v)" , large logs: (aslnv)"
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Results

Comparison of n-th moment fits: [Hoang, Ruiz-Femenia, MS, ’12]
4.90 ~

485

4.80

M"' (GeV)

475

470

465"

s 10 15 20
N

RGI result (n=10): | M{> = 4.755 + 0.057 et + 0.009,,, & 0.003,,, GeV

as = 0.1183 £ 0.0010

MS:  fp(mp) = 4.235 £ 0.055 ¢t & 0.003exp GeV
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