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two ways to Compute cross section:

o fixed order

@ sum dominant contributions to all orders
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Dominant Terms

consider threshold limit: 8 = /1 —4m?/5 — 0

Laenen et al. 1991; Catani et al.; Berger, Contopanagos; Kidonakis et al. 1996; Bonciani et al. 1998

Soft corrections:

Nas]n2ﬂ NOLSIHB

Coulomb corrections:

Nas/ﬂ

Power counting: o/ ~ aslnff ~ 1
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Resummation in Momentum Space

Soft and Coulomb resummation: Beneke, Falgari, Schwinn 2000,2010
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Resummation of Soft Logarithms

Becher, Neubert 2006; Becher, Neubert, Xu 2007; Ferroglia Neubert, Pecjak, Yang 2009;
Beneke, Falgari, Schwinn 2009; Czakon, Mitov, Sterman 2009

Hn H(my, pun)

@ hard and soft function obey RGEs

py -

s - W (e, 1)
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Resummation of Soft Logarithms

Becher, Neubert 2006; Becher, Neubert, Xu 2007; Ferroglia Neubert, Pecjak, Yang 2009;
Beneke, Falgari, Schwinn 2009; Czakon, Mitov, Sterman 2009

b = H(my, pn)
@ hard and soft function obey RGEs \
@ solve RGEs in momentum space
@ evolve /7 from pj, = 2my to uy 117 H(me, pug) J W (w, pof)
o evolve I from ps = 2m; (3% to g '
Hhs — W(w, is)
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Resummation of Soft Logarithms

Becher, Neubert 2006; Becher, Neubert, Xu 2007; Ferroglia Neubert, Pecjak, Yang 2009;
Beneke, Falgari, Schwinn 2009; Czakon, Mitov, Sterman 2009

i HOm )
@ hard and soft function obey RGEs \
@ solve RGEs in momentum space
@ evolve /7 from pp = 2my to py i H(ma, pup) JW (W, pf)
o evolve I from ps = 2m; (3% to g '
@ resummation of In 3

Hs — W(w, is)

NB: Resummation can also be done in Mellin space: In3 — In NV

Sterman 1987; Catani, Trentadue 1989
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Fixed vs. Running Soft Scale

f|Xed SOft Scalei Becher, Neubert, Xu 2007
@ minimises relative fixed-order 1-loop soft correction to oz
@ resums logarithms in hadronic cross section

o does not predict partonic cross section

Jan Piclum (RWTH Aachen) NNLL t# Cross Section Munich, 5 Sep 2012 6 /17



Fixed vs. Running Soft Scale

f|Xed SOft Scalei Becher, Neubert, Xu 2007
@ minimises relative fixed-order 1-loop soft correction to oz
@ resums logarithms in hadronic cross section

o does not predict partonic cross section

I’unning Soft Scale: Beneke, Falgari, Klein, Schwinn 2011

@ divide 3 integration into two regions

2
cut

@ 3 < Beut: small ambiguities, ps = 2my
® 3> Beut: no large logarithms, 15 = 2m; 32
@ Tevatron: (et = 0.35; LHC: St = 0.54
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Resummation of Coulomb Corrections

Resummation of Coulomb corrections from non-relativistic Green's function

Fadin, Khoze 1987; Peskin, Strassler 1990; ...

J(E) =2Tm [G(C?) (0,0,E) + ...

@ includes bound states below threshold (E < 0)
@ depends on Coulomb scale: uc ~ m:f3

@ NNLL: need higher order Coulomb and non-Coulomb corrections
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Matching to Fixed Order Cross Section

@ tt production at Tevatron and LHC is not close to threshold: 3 = 0.4
@ NLO: threshold expansion gives reasonable estimate of integral over 3

@ match to fixed order result to improve behaviour at large

O,NLO+NNLL O_NNLL _ O_NNLL O,NLO

NLO +

Jan Piclum (RWTH Aachen) NNLL t# Cross Section Munich, 5 Sep 2012 8 /17



Matching to Fixed Order Cross Section

@ tt production at Tevatron and LHC is not close to threshold: 3 = 0.4
@ NLO: threshold expansion gives reasonable estimate of integral over 3

@ match to fixed order result to improve behaviour at large

GNLOENNLL

NNLL NNLL NLO
o —0 |NLO +o

oNNLOapp+NNLL - NNLL _ NLO ; ,NNLOapp

NNLL
o |NNLO to

oNNLOare contains all singular terms in 3 at NNLO
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Necessity of Resummation
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@ potentially large corrections at N3LO

e 1/B* term at N*LO

~> resummation is necessary

Jan Piclum (RWTH Aachen)
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ng (B) A&gg (B)

ANNLOapp

———— N3LOA(kh=2ks=1)

Beneke, Falgari, Klein, Schwinn 2011
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Results at NNLL

doy  dovyx

total cross section: o7 distributions: , S
dMy" dpr

NNLO.pp

Moch, Uwer 2008; Langenfeld, Moch, Uwer 2009; Ahrens, Ferroglia, Neubert, Pecjak, Yang 2010, 2011;

Beneke, Czakon, Falgari, Mitov, Schwinn 2009 Kidonakis 2010

NNLL soft gluon resummation

Cacciari, Czakon, Mangano, Mitov, Nason 2011 Ahrens, Ferroglia, Neubert, Pecjak, Yang 2010, 2011

NNLL soft 4+ Coulomb resummation

Beneke, Falgari, Klein, Schwinn 2011
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TOPIXS

TOP-pair Inclusive X Section
http://users.ph.tum.de/t31software/topixs/

@ user-friendly program for combined soft and gluon resummation
@ very flexible choice of input parameters (1/s, my, ...)
o fully automatic evaluation of PDF+ay error for predefined PDF sets

@ current version: TOPIXS 1.1

other programs are available:
HATHOR [Aliev et al. 2010], TopNNLO [Ahrens et al. 2011],
Top++ [Czakon, Mitov 2011]
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ot [pb] Tevatron LHC@7 Tev  LHC @8 TeV
NLO 6687025705 15811515455 22627507 145
NNLO.pp 700 5075 1555 160.9 475767 220.8 1357 1o
NNLL - 715705155 1624 %55 705 2318790 %0d

m¢=173.3 GeV, MSTW 2008 NLO/NNLO [Beneke, Falgari, Klein, JP, Schwinn, Ubiali, Yan 2012]

@ correction beyond NLO: ~ 7% at Tevatron, ~ 3% at LHC

@ exact NNLO ¢q result reduces theory uncertainty
at Tevatron to ~ +3%

@ theory uncertainty at LHC ~ £5%
@ PDF+ay uncertainty ~ 5%

[Barnreuther, Czakon, Mitov 2012]
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Comparison of NNLL Results

Tevatron, NNLL LHC8, NNLL
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Beneke, Falgari, Klein, JP, Schwinn, Ubiali, Yan 2012 (m¢ = 173.3 GeV)
Top++ 1.3 (m¢ = 173.3 GeV)

Ahrens, Ferroglia, Neubert, Pecjak, Yang 2011 (1PI, m¢ = 173.1 GeV)
Ahrens, Ferroglia, Neubert, Pecjak, Yang 2011 (PIM, m+ = 173.1 GeV)
DO 2011; CDF 2009; CMS result from ICHEP 2012

error bars: solid — theory, dashed — PDF(+a)

PDF set: MSTW 2008 NNLO
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Comparison of PDF Sets

Tevatron, NNLL LHC8, NNLL
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DO 2011; CDF 2009; CMS result from ICHEP 2012
error bars: solid — theory, dashed — PDF+a s

as(Mz) =0.118, my = 173.3 GeV, NNLL> computed with TOPIXS 1.1 using NNLO PDFs
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Comparison of PDF Sets

Tevatron, NNLL LHC8, NNLL
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DO 2011; CDF 2009; CMS result from ICHEP 2012
error bars: dashed — PDF+ag

as(Mz) =0.118, my = 173.3 GeV, NNLL> computed with TOPIXS 1.1 using NNLO PDFs
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Gluon Distribution
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Reweighting of NNPDF 2.1 gluon distribution using 350 replicas and
o0 =173.23+£9.59 pb, m; = 173.3 GeV, a, = 0.118 + 0.0015
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total cross section is available at NNLL

(]

public programs are available for analyses

(]

theory uncertainty ~ £5% (£3% at Tevatron)

(]

PDF+q; uncertainty ~ 5%

good agreement between PDF sets, except ABM 2011 at LHC

LHC data should already have impact on PDF fits
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Kinematic Ambiguity in Fixed Soft Scale

cross section depends on energy E = v/§ — 2m;

threshold limit: £~ m;3% + ...

~~ soft corrections can be expressed in terms of In(E/us) or In(m;3%/1s)

expressions agree in threshold limit, but lead to large differences at
Tevatron and LHC energies:

W(E/ps)  In(mB /)
Tevatron s =52 GV ug =35 GeV
LHC (8 TeV) s =103 GeV  ps = 60 GeV
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Comparison of NNLL Results — Numbers

Tevatron LHC8
Beneke et al. 2012 715020030 931.8 95 08
topes 1.3 QIR R
Ahrens et al. 2011, 1PI | 6.55 fg:%g fg:gi 214 ﬂg J_r%(l)
Ahrens et al. 2011, PIM | 6.46 7015 032 210 +10 +30
DO 2011 7.56 705
CDF 2009 7.50 T5-48
CMS 2012 227133

Jan Piclum (RWTH Aachen)

NNLL t# Cross Section

Munich, 5 Sep 2012



Comparison of PDF Sets — Numbers

Tevatron LHCS8
MSTW 2008 | 7.26 70221030 936,599 +98
NNPDF 2.1 | 7.49 T9-26+027 938 0+}§2 o
ABM 2011 | 7.46 1024016 9141 +9-447.9
CT 2010 | 7.36 7022 +041 931 g +9.8+15.4
D0 2011 | 7.56 7983
CDF 2009 | 7.50 1948
CMS 2012 227712
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Comparison of NNLO(,p,) Results

Tevatron, NNLO LHC8, NNLO
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TOPIXS 1.0 (my = 173.3 GeV)

Top++ 1.3 (m¢ = 173.3 GeV)

HATHOR 1.3 (m; = 173.3 GeV)

TopNNLO (m; = 173.3 GeV)

Kidonakis 2010 (m¢ = 173 GeV)

DO 2011; CDF 2009; CMS result from ICHEP 2012

error bars: solid — theory, dashed — PDF(+as)

PDF set: MSTW 2008 NNLO
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Comparison of NNLO(,pp) Results — Numbers

Tevatron LHCS

0.21 4+0.29 16.5 +9.7
TOPIXS 1.0 7.00 105 Tose  220.8 180 Ol
top++ 1.3 7.00 7020 023 2302133 198

0.31 4+0.29 13.4 +10.8
HATHOR 1.3 7.07 000 Tosy 246.8 TR T
TopNNLO 6.59 7007063 990,0 T +19.0

: : 0.00 +0.36

Kidonakis 2010 | 7.08 1093 T0:59

0.63
D0 2011 7.56 190
CDF 2009 7.50 1048
CMS 2012 227772
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