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Perturbative QCD at colliders

# Hard hadron-hadron scattering
» constituent partons from each incoming hadron interact at short
distance (large momentum transfer Q?)

NV I NNy
ﬁ% y §@=

Q

# QCD factorization at scale u
» Separate sensitivity to dynamics from different scales

Opp—tiX = Z i) @ fi(17) @ 635 ix (QS(MQ)’Q2’M2)

. subprocess cross section 6, _,;x for parton types i, j
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Hard scattering cross section

# Standard approach to uncertainties in theoretical predictions

- o d
s variation of factorization scale p: ———=op, .x = O(as™)

dln p

Opp—ttX — Zfz ) @ [ ) %J—"ft( s(p )Q ,u)

17k

# Parton cross section ,;_,,; calculable pertubatively in powers of a

» constituent partons from incoming protons interact at short
distances of order O(1/Q)

o Parton luminosity f; ® f;
» proton: very complicated multi-particle bound state
» colliders: wide-band beams of quarks and gluons
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Parton luminosity at LHC
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LHC will run at 7 TeV until end of
2011 years, up to 1 fb—*

tt cross section is ~ 1/4 rate
with respect to run at 14 TeV
» larger PDF uncertainties
Parton kinematics restricted to
larger effective (z) = M /+/S

» 100 GeV physics: small-z,
sea partons

o TeV scales: large-x

Limited discovery reach

» less phase space available
for heavy mass states

o use 7 TeV for accurate SM
benchmarking
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Top quark production

| | atd — Q+Q
# Leading order Feynman diagrams cte — Q4+ Q

X

#» NLO in QCD Nason, Dawson, Ellis ‘88; Beenakker, Smith, van Neerven ‘89; Mangano,
Nason, Ridolfi ‘92; Bernreuther, Brandenburg, Si, Uwer ‘04; Mitov, Czakon ‘08; ...

» accurate to O(15%) at LHC
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Top quark production

| | a+d — Q+Q
# Leading order Feynman diagrams et — Q4+ Q

P e QNS

#» NLO in QCD Nason, Dawson, Ellis ‘88; Beenakker, Smith, van Neerven ‘89; Mangano,
Nason, Ridolfi ‘92; Bernreuther, Brandenburg, Si, Uwer ‘04; Mitov, Czakon ‘08; ...

» accurate to O(15%) at LHC

Challenge

# Improve theory precdictions and reduce theoretical uncertainty
s hard scattering cross section ;;_;;

s parton luminosity f; @ f;
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Recent theory activities

# General structure of massive QCD amplitudes
» relate massive to massless amplitudes in limit m — 0 mitov, S.M. ‘06
s two-loop virtual corrections to qq — tt and gg — tt
s small-mass limit m? < s, t,u Czakon, Mitov, S.M. 07
o complete IR singularities Ferroglia, Neubert, Pecjak, Yang ‘09
# Exact virtual amplitudes

» one-loop squared terms (NLO x NLO)
Anastasiou, Mert Aybat ‘08; Kniehl, Merebashvili, Kérner, Rogal ‘08

s two-loop virtual corrections for qq — tt
(analytic, nf-terms) Bonciani, Ferroglia, Gehrmann, Maitre, Studerus ‘08;

(analytic, two-loop planar) Bonciani, Ferroglia, Gehrmann, Studerus ‘09;
(numerical result) czakon ‘08

# Complete NLO corrections to tt in association with jets
» tt+ 1 jet at NLO Dittmaier, Uwer, Weinzierl ‘07-'08; Melnikov, Schulze ‘10
o tt+ 2 jets at NLO Bevilacqua, Czakon, Papadopoulos, Worek ‘10
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Recent theory activities (cont’'d)

® Threshold resummation

# updates of cross section predictions based on resummation
S.M., Uwer ‘08; Cacciari, Frixione, Mangano, Nason, Ridolfi ‘08; Kidonakis, Vogt ‘08;
Beneke, Czakon, Falgari, Mitov, Schwinn ‘09;
Ahrens, Ferroglia, Neubert, Pecjak, Yang ‘10

o coulomb corrections
Hagiwara, Sumino, Yokoya ‘08; Kiyo, Kihn, S.M., Steinhauser, Uwer ‘08

# Definition of mass parameter Hoang, Jain, Scimemi, Stewart ‘08

# Parton luminosity

o precision PDFs for LHC (NNLO global analyses)
Martin, Stirling, Thorne, Watt ‘08; Alekhin, Blimlein, Klein, S.M. ‘09;
Jimenez-Delgado, Reya '09

» correlation of cross section at NLO with gluon PDFs
Nadolsky, Lai, Cao, Huston, Pumplin, Stump, Tung, Yuan ‘08

o benchmarking of PDFs under way

Sven-Olaf Moch Status of £ cross section predictions — p.7


http://www-zeuthen.desy.de/~moch

NLO

» Cross section for heavy-quark hadro-production (scaling functions f; ;)

A o OCS {f(O)

Uij—>tt 47—‘-043) fz(jl)(p7 /'Lf/mt7/'L7“//'l'f)}

o Perturbative expansion at NLO
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NLO

» Cross section for heavy-quark hadro-production (scaling functions f; ;)

s

6ijti = 2{f<0> (p) + (dmas) £ (p, iy /e, i f 1) }

o Perturbative expansion at NLO

Strategy beyond NLO

# Use universal features of soft/collinear regions of phase space
» double logarithms from singular regions in Feynman diagrams

» propagator vanishes for' E4 =0, soft 6,4 = 0 collinear
1 1

1
d*k dFE,dsin 0
/ p+k s / g @5 Yag 2E4FE4(1 — cosfqq)
—  as In*(...)
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Beyond NLO: all-order resummation
# Cross section for heavy-quark hadro-production (scaling functions f;;)

As

Gijt = 2{f<°> (p) + (4maws) £ (p g /e, o 117)

T esUmmed (o N g S, ar fag) + O(NT I N) )
» All order resummation of large logarithms a2 In*"(3) «—— a% In*"(N)
» resummation in Mellin space (renormalization group equation)

# long history Kidonakis, Sterman ‘97; Bonciani, Catani, Mangano, Nason ‘98;
Kidonakis, Laenen, S.M., Vogt ‘01; ...

# Upshot:

. irjesummed ~ exp (as In” N) + O(N~"tn" N)
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Beyond NLO: NNLOgpprox

# Cross section for heavy-quark hadro-production (scaling functions f;;)

2
Gijii = {03y () + (mas) £ (o, g e, 1)
t

+(dmaa)2 £ (p, g S, e fug) + Olas®)}

#® General structure at NNLO
» dependence on factorization and renormalization scale

Ly = In(u}/mi) and Lr = In(p7/u})
10 g e e fme) = fU0 + Lar Y+ 260LR S
£ oupg/me prfme) = £ 4 Lacf S + LA £ + 360LR Sy
+3ﬁ0LRLMfi(j11) + QﬁlLRfi(JQ) + 358L%%f¢(30)

s only unknown: f}fo) (but knowledge of threshold logarithms)

» all other function known through renormalization group equations

Status of t  cross section predictions — p.10


http://www-zeuthen.desy.de/~moch

Two-loop results

#® NNLO cross section for heavy-quark hadro-production near threshold

» e.g. gg-fusion for n, = 5 light flavors at ;. = my
f

(0)
(10) fole, 2 5 l
99 = T6nd) {96 In“ 8 —9.51651In 8 + 35.322 + 5'1698ﬁ}
(20) 9(2) 4608 In? 3 — 1894 91n°> G+ | —912.35 4+ 496 30l In” B
99 T (1672)2 ' ‘ G
1 1 1 (2)
+ | 2456.7 + 321.146 In 3 + 68.547@ — 8.62266 + Cyg
Who’s who

# Sudakov logarithms in In 3 (generated from resummed cross sections)

# 1/p-terms from Coulomb corrections
resummation to all orders g
In non-relativistic QCD

® unkown constant Cé?
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Total cross section at Tevatron

Opp—tt = Z Ji® [; ® 04541
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o [pb]

Scale dependence

# Theoretical uncertainty from variation of scales ug, up
o plot with PDF set MSTW 2008 (but largely independent on PDFs)
o mass my = 173 GeV (from m; = 173.1 £ 1.3 GeV Tevatron winter ‘09)

o stable predictions in range ug, up € [m¢/2, 2m]
s 3% < Ac < +1% at LHC
s —5% < Ao < +3% at Tevatron

1000 85
950 [ ‘ 3 8 F .
900 F i | : 75 L ;
850 : NG . 7 F I e e .
800 [ N ] 65 N - ~22
750 h - =2 6 . -]
700 F MSTW 2008 NNLO ] 55 F E

F 3 o Tevatron 3
650 r m =173 GeV : 5 C :
600 L E a5 b MSTW 2008 NNLO E
550 E E 4 b m =173 GeV E
500 G 35 L
1
LHC 14 ™ o t
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The total cross section

# Theory prediction at NNLOapprox accuracy
» pole mass m; = 173 GeV
» theoretical uncertainity from variation of ug, up € [me/2,2my|
» NNLO PDF set and as, e.g. MSTW 2008

ormc = 157.0pb 21 pb (scale) TI% pb (MSTW2008)

oTey = 6.93pb 1_8:}))52) pb (scale) fg:%i pb (MSTW2008)
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The total cross section

# Theory prediction at NNLOapprox accuracy
» pole mass m; = 173 GeV
» theoretical uncertainity from variation of ug, up € [me/2,2my|
» NNLO PDF set and as, e.g. MSTW 2008

ormc = 157.0pb 21 pb (scale) TI% pb (MSTW2008)

oTey = 6.93pb 1_8:}))52) pb (scale) fg:%i pb (MSTW2008)

Quality control

#® Check of systematics: variation of Céf,)

s recall fg(go) ~ fg(8>{4608 In* B4+ 053)}

# Estimate systematic uncertainty of total cross section Ao ~ O(2%)
» NAo~0OB—-4)pbatLHC 7TeV (O(10— 15)pb at 14 TeV)
s Ao~ 0(0.15 - 0.2) pb at Tevatron
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tt+ jet production (1)

# LHC: large rates for production of ¢¢-pairs with additional jets
#® NLO corrections to tt+jet production are part of NNLO corrections for

inclusive ¢t production

1500
o[pb]

«
| « —
« «
« - —
« «
« - —
« «
le) — —

[u—

=}

jam}

(@)
T

q t q t q t
g q t

pp — tt+jet+X
Vs =14TeV
DT jet > 20GeV

NLO (CTEQ6M)
LO (CTEQSLI)

#® Check of systematics: hard radiation

» atscale up = up = my corrections are almost zero

1

)/ my

» threshold resummation captures dominant contributions
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tt+ jet production (Il)

PT . jet,cut [GeV]

Tttjet | pb]

LO

NLO

20
30
40
50

o

0. 663(2(23)35) i

0. 4670(6)+8 2
0.17

oAl !

0. 7504E5§+8 072

0. 5244(4)+8 0is
0.096

PT jet,cut [GeV]

Tttjet | pb]

LO

NLO

20
50
100
200

T

146.7E2;;%93

46.67(6) 26
: —15

175'022;14118
52.81(8) 0
. —6.7

# Cross section o;,, for different values of pr e cut for

Tevatron

LHC 14

nw=pur = pr = {my/2, mg, 2my} with PDF sets CTEQ6L1, CTEQ6M
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Concordance approach

# Philosophy
» genuine NLO approach improved with threshold logarithms only
» technically: truncation of fz.(f) = fi(fo) + Ly fi(fl) + L3, fi(j22) + ...
to logarithmic accuracy in In
# Conservative estimate of theoretical uncertainty
o scale variation of ur, ur € [m¢/2,2my] With 1/2 < pur/pp < 2
» e.g. pole mass m; = 173 GeV and NNLO PDF set MSTWO08

ormc = 1554 pb Th3 pb (scale) 1% pb (MSTW2008)

oTev = 6.92pb fg:?& pb (scale) fg:ﬁ pb (MSTW2008)
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HATHOR

C++ package
Aliev, Lacker, Langenfeld, S.M. Uwer [to appear]

# Cross section evaluation done entirely in Hathor class

unsi gned int schene = Hathor::LO | Hathor::NLO | Hathor::NNLG
double mt = 171., nuf=171., nur=171.;
doubl e val, err, chi 2a, up, down;

Lhapdf pdf (" MSTW2008nnl 068cl"); < — PDFchoice
Hat hor XS( pdf) f

AN
I
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HATHOR

C++ package
Aliev, Lacker, Langenfeld, S.M. Uwer [to appear]

# Cross section evaluation done entirely in Hathor class

unsi gned int schene = Hathor::LO | Hathor::NLO | Hathor::NNLG
double mt = 171., nuf=171., nur=171.;
doubl e val, err, chi 2a, up, down;

Lhapdf pdf (" MSTW2008nnl 068cl "); <— PDFchoice

Hat hor XS( pdf) i
XS. set Preci si on( Hat hor : : MEDI UM ;
XS. get Xsection(nt, nur, muf); — o= 164.3f3:g pb (scale unc.) 4 ;

XS. get Resul t (0, val , err, chi 2a);

AN
I
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HATHOR

C++ package

# Cross section evaluation done entirely in Hathor class

unsi gned int schene = Hathor::LO | Hathor::NLO | Hathor::NNLG

double mt = 171., nuf=171., nur=171.;
doubl e val, err, chi 2a, up, down;

Lhapdf pdf (" MSTW2008nnl 068cl *); < — PDFchoice
Hat hor XS( pdf)

XS.
XS.
XS.

XS.
XS.
XS.
XS.

set Preci si on( Hat hor: : MEDI UM ; y .
get Xsecti on(nt, mur, muf); ———>0'—-164Z}+4(3pb(scakaunc) 4
get Resul t (0, val , err, chi 2a);

set Schenme(schene | Hat hor:: PDF_SCAN); «— with PDF error scan
set Preci si on( Hat hor: : LOW ;

get Xsection(nt, mur, nuf);
get Pdf Err (up, down) ;

AN
I

}-——>a-—1643+' pb(sc)'F 4 Pb (PDF unc.)
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Dependence on parton distributions

o Comparision of NLO and NNLOapprox

# Theoretical uncertainty from scale variation: ug, up € [me/2,2my]
» uncertainties: scale (left) and scale + PDF (right)

® Sjzeable difference between the ABKM/MSTW sets at NNLO well
outside the PDF uncertainty

» due to value of s and shape of gluon PDFs at (x) = 2m¢/+/s
» can only be settled with first LHC data

400 prmrr T rrrg 400 g T

350 E Opp . gPb) at NLO ABKM_5NLO 3 359 F 0,  4(pb)atNLO ABKM_5NLO 3
E LHC at Vs =7 TeV MSTWO08 NLO 3 E LHC atVs =7 TeV MSTWO08 NLO 3

300 F scale unc. = 300 E scale + pdf unc. =

250 [E.. ERP E

200 e — 4 200 =

150 - 3 150

100 =l 100

50 50

0 PR T T A T T T T T T N T T N T ST A 0 PR T T A T T T T T T N T T N T ST A
160 165 170 175 180 185 160 165 170 175 180 185
m,(GeV) m(GeV)
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Dependence on parton distributions

o Comparision of NLO and NNLOapprox

# Theoretical uncertainty from scale variation: ug, up € [me/2,2my]
» uncertainties: scale (left) and scale + PDF (right)

® Sjzeable difference between the ABKM/MSTW sets at NNLO well
outside the PDF uncertainty

» due to value of s and shape of gluon PDFs at (x) = 2m¢/+/s
» can only be settled with first LHC data

400 IIIIIIIIIIIIIIIIIIIIIIII 400 IIIIIIIIIIIIIIIIIIIIIIII
350 O, _. 4(Pb) at NNLO ABKM_5 NNLO 350 O, _. 4(Pb) at NNLO ABKM_5 NNLO
LHC at Vs =7 TeV MSTWO08 NNLO LHC at Vs =7 TeV MSTWO08 NNLO
300 scale unc. 300 scale + pdf unc.
250 250
200 200
150 150
100 100
50 50
0 IIIIIIIIIIIIIIIIIIIIIIII 0 IIIIIIIIIIIIIIIIIIIIIIII
160 165 170 175 180 185 160 165 170 175 180 185
m(GeV) m(GeV)
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do / dM [pb/GeV]

Resummation of Coulomb corrections
# Invariant mass distristribution do /dM,;
s atLHC g9 — tt (18(%1]) dominates; driven by large gluon

luminosity

» at Tevatron with small bound state effects; ¢g-channel large with
only color-octet configurations only

35 [T ) 0.06 [T
T 005 [
25 | L
< 004 F
) I -
, L 3 color-octet
.8_ L
— 0.03 -
15 color-octet =
g 002 — -
. ] © LU Tevatron Vs = 1.96 TeV
1 color-singlet ]
05 ) ] 0.01 F .
' LHC Vs = 14 TeV I color-singlet ]
O v by v by v by by by v by by by O %....I....I....I....I....I....I....
335 340 345 350 355 360 365 370 375 380 335 340 345 350 355 360 365 370 375 380
M [GeV] M [GeV]
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Electroweak corrections
# Electroweak corrections (ratio of ogw /o1.0)

K

relative weak corrections [%]

Effect depends on Higgs mass
(choices my = 120GeV, my = 200GeV, my = 1000GeV)

-1 i

15 |

relative weak corrections [%]

1
=

I —
I Tevatron
: M, = 120 GeV :
0 b ———————— - - - -——— - —
T M, = 200 GeV 1
M, = 1000 GeV
165 170 175 180
m, [GeV]
Tevatron

# Tevatron: vanishing contribution for light Higgs
® LHC: O(2%) with respect to 01,0

negative contribution to total cross section Aogw ~ O(10 — 15) pb
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M ass dependence of cross section

Pole mass scheme

# Based on (unphysical) concept of top-quark being a free parton
g

¢ — m¢ — E(pa mt)
p?=mj t

s heavy-quark self-energy X(p, m¢) receives contributions from
regions of all loop momenta — also from momenta of O(Agcp)
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M ass dependence of cross section

Pole mass scheme

# Based on (unphysical) concept of top-quark being a free parton
g

¢ — m¢ — E(pa mt)
p2=m3 t

s heavy-quark self-energy X(p, m¢) receives contributions from
regions of all loop momenta — also from momenta of O(Agcp)

# Pole mass measurements are strongly order-dependent

» e.g. threshold scan of 14 — .
cross section in 12 .
eTe” collision 10| S :

0.8 -
& -
0.6 -
0.4 o
0.2 7;'_'_'._';‘-_—_1:1'-‘-“"
s LO (dotted), NLO (dashed), ., =

NNLO (solid) 344 345 346 347 348 349 350 351 352

! 2
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Tevatron analyses

# Total cross section and different channels of Tevatron analyses
(theory uncertainty band from scale variation)

# Determination of m; from total cross section (slope do/dm.)
s eg. . NLO m; = 165.5785; NNLO m; = 169.1723; ...

~
0 o 1
g 14k DA, L=1fb
SR
12—
S~
10 I~ =~ ! ‘~.
. =,
8 __ '~.~... ~.:..'
6 U, S
- =@ Measuredo, e A
4__ Cacciari et al., JHEP 09, 127 (2008) "---.__...::ZI::::':-
B Moch and Uwer, PRD 78, 034003 (2008)
2 B | | | | | | | | | | | | | | | | | | | | | | | | |
150 160 170 180 190

Top Mass (GeV)
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o [pb]

The running top-quark mass

# M S mass definition m(u ) realizes running mass (scale dependence)
» short distance mass probes at scale of hard scattering

s conversion between pole mass and M S mass definition in
perturbation theory: m; = m(up) (1 +as(ug)dt + as(uR)Zd(z))

# Scale dependence greatly reduced

1000
900 — I
800
700 |

MSTW 2008 NNLO
m(m) = 163 GeV

600 |

S
-

500 L

M b

Sven-Olaf Moch

o [pb]

Tevatron
MSTW 2008 NNLO

m(m) = 163 GeV

Wit
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o [pb]

The running top-quark mass

# M S mass definition m(u ) realizes running mass (scale dependence)
» short distance mass probes at scale of hard scattering

s conversion between pole mass and M S mass definition in
perturbation theory: m; = m(up) (1 +as(ug)dt + as(uR)Zd(z))

# Pole mass scheme for comparison

1000 [ . — . — 85
950 [ = 8
900 [ I _ - 75 F
850 [ p ' . 7
800 F 3 65 [

E 1 = .
750 F 1 2 6 F

[ ] e}
700 ¢ MSTW 2008 NNLO .7 55 ¢

F 3 o Tevatron
650 F m = 173 GeV ] 5 r ]
550 L E 4 b m =173 GeV E
500 C 35

1 1
M/ Wiee
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o [pb]

Mass dependence in M S mass scheme

# Total top-quark cross section as function of m

» theoretical uncertainity (band) due to variation of up € [m/2,2m)|
for fixed set up € m/2,m,2m

1800 g r— 1 1 1 1 [rrrrrrrr LA I BLUNLELELES BLUELELELES B DA
16 -
1600 n L
I LHC ] 14 Tevatron A
1400 - MSTW 2008 NNLO i _ MSTW 2008 NNLO
L - [ ]
B NLO ] 12 ¢ NLO ]
— B NNLO
S i
1200 E— NNLoapprox ] & r PP
i b 10
1000 |- g F--- + ,,,,,,,,,,
800 6 L
600 -||||I||||I....I....I....I....I....I. 4-||||I||||I||||I|||||.I....I....I...
140 145 150 155 160 165 170 175 180 140 145 150 155 160 165 170 175 180
m(m) m(m)

LHC 14 Tevatron

# First direct determination of m(m) Langenfeld, S.M., Uwer ‘09
e MS mass m(m) = 160.0733GeV

s conversion to pole mass m; = 168.975:2GeV
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Implications for indirect Higgs searches
» Electroweak precision data constrains My

T | T T T T .
N /AN Sfitter]-.)
; £
7| E
= =
5 | E
JHAEEe— e E
3| p = 173.1+ 1.3 Ge
' _ +3.5 =
2 —my,, = 168.9°3; GeV
LEX N S A =
O | - | 1 1 | 1 1 1 1 | 1 1 1 1 =
50 100 150 200 250 300
M, [GeV]

# pole mass m; = 168.9737GeV
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Summary

# Top quark theory
» much recent progress for Tevatron and LHC phenomenology

s Improved understanding of theory and application of new concepts

# Total cross section
» NNLO,pprox prediction with exact scale dependence ur # pr

(In(pr/m), In(pp/m)-terms)
cross check on systematics with NLO correction to ¢+ jet

electroweak corrections
bound state effects for tt-system

°

°

°

# M S mass definition
s running top-quark mass of m(u = m) = 160.0755 GeV

» greatly reduced scale dependence
» much improved convergence of perturbation theory
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Extra dides
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Other recent developments
# Total cross section from invariant mass distristribution do /dM,;

s resummation of threshold logarithms in In(1 — M t/s)/( Mff/s)

# Cross section numbers significantly lower

e opgc =146 pb T pb (scale) TS pb (MSTW2008)

® oTey = 6.48 pb +8 g pb (scale) J_rggg pb (MSTW2008)

# Open issues:
» Impact of scale choices ps, up, py

) compatlblllty at hlgh energy (BFKL asymptotics at small-z)
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