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Plan

Review of recent theory activities

# This talked is based on work with:

. , : : and on
(top-quark cross section calculator Hathor)
Y and on
(top-quark pair-production with one jet and parton showering)
Y and on
(top-quark running mass)
. and on

(benchmark cross sections and parton distributions)

#® Goal (for the next 20 minutes)
» transfer knowledge, initiate discussions, identify open issues, ...
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Top quark production

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

o LI K

® QCDfactorization o, ,;;=> fi® f;® G454
]
» NLO in QCD for 5,,_,,; accurate to O(15%) at LHC

Challenge

# Improve theory predictions and reduce theoretical uncertainty
» hard scattering cross section 6, ,_,,;

» nonperturbative parameters:
top-quark mass my, strong coupling as, parton luminosity f; ® f;
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Total cross section

# Standard currency for comparisons: o, .7 (S, m¢)

# Simplest observable for theorists

# l|deal playground for theory improvements:
» higher orders
# resummation
# Benchmark for dependence on nonperturbative parameters
s top-quark mass m:
» strong coupling as
s parton luminosity f; ® f;
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Total cross section

# Standard currency for comparisons: o, .7 (S, m¢)

# Simplest observable for theorists

# Ideal playground for theory improvements:
» higher orders
# resummation

# Benchmark for dependence on nonperturbative parameters
s top-quark mass m:
» strong coupling as
s parton luminosity f; ® f;

# ... and of course, we all know that acceptance cuts are important
(from an e-mail)
Dear Sven, [...] And a final remark that ny
col | eagues know very well: unfortunately for us,
the total cross section [...] 1is totally useless!!
[...] ~cheers [nane undi scl osed]
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NLO

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

s

Gijrti = 2{f<0> (p) + (dmas) £ (p, iy fmve, v J )

# 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 b dFE, dsin 6
/ p—|—k 043/ g @5 Yag 2E4FE (1 — cosfqq)
—  as In?(...)
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Beyond NLO: all-order resummation
» Cross section for heavy-quark hadro-production (scaling functions f;;)

&ij—>t17 — 2 fz(]O) (p) + (47T045) fz(jl) (p7 ,uf/mta ,Ur/luf)

resummed N s fme, pr/pig) + O(N " In™ N) )

» All order resummation of large logarithms o In*"(3) +— a& In*"(N)

s Sudakov logarithms in heavy-quark velocity 5 = /1 — 4m?2 /s
» resummation in Mellin space (renormalization group equation)
» long history

# Upshot:

N eresummed ~ exp (as In? N) + O(N~1In"™ N)
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Beyond NLO: NNLO ,pprox

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

As

Gijstt = 2{f<0> (p) + (dmas) £ (p, g /e, o 117)

+(4mas) £ (p, g e, e f1g) + Olas®)}

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

Ly = In(p3/mi) and Lg = In(u7/u})
£ g fme, pefme) = f5O + LarfS Y + 280 LR 1
£ oopgme, prfme) = £ 4 Larf 5D + LA £ + 360Lp S
+350LRLMf7;(j11) + 251LRf7;(jQ) + 353L23f7;(](-))

s only unknown: fz.(fo) (but knowledge of threshold logarithms)

» all other function known through renormalization group equations
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Results

o Comparision of NLO and NNLOapprox

# Theoretical uncertainty from scale variation: pu,, pn s € [my¢/2, 2my]
» scale dependence reduces from NLO to NNLOapprox

® Sjzeable difference between the ABKM09/MSTWO0S8 sets at NNLO well
outside the 10 PDF uncertainty

» due to value of as and shape of gluon PDFs at (x) = 2m/+/s
» potential to discriminate with LHC data

400 o 1 LI 1 I LI 1 1 I LI LI I 1 LI 1 I LI LI 400 o 1 LI 1 I LI 1 1 I LI LI I 1 LI 1 I LI LI =
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Results

o Comparision of NLO and NNLOapprox

# Theoretical uncertainty from scale variation: pu,, pn s € [my¢/2, 2my]
» scale dependence reduces from NLO to NNLOapprox

® Sjzeable difference between the ABKM09/MSTWO0S8 sets at NNLO well
outside the 10 PDF uncertainty

» due to value of as and shape of gluon PDFs at (x) = 2m/+/s
» potential to discriminate with 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)

Top quark theory for the LHC —p.8


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

Mass dependence of cross section

# Pole mass based on (unphysical) concept of top-quark being a free
parton

g

Zé — m¢ — E(pa mt)
p?=mj t

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

# Pole mass measurements are strongly order-dependent

» e.g. threshold scan of

Cross section in
eT e collision

14 —
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o [pb]

Running top-quark mass

400

350

300

250

200
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# M S mass definition m(u,-) realizes running mass (scale dependence)

# conversion between pole and M S mass in perturbation theory
» scale dependence greatly reduced and convergence of

perturbative expansion improved

# Total top-quark cross section as function of m = m(m)
» theoretical uncertainity (band) due to variation of u, € [m/2, 2m]

for fixed set py € m/2,m, 2m
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MSTW 2008 NNLO
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Cross sections for LHCS8

(NNLOapprox With pole mass my)

my ABM11 ABKMO09 JR0O9 MSTW NN21

165 | 2438113, 7100 | 2475117, 1138 | 289373, 1183 | 298119¢, 177 | 3075197, 178
166 | 236819 Tg7 | 2392197 1133 | 27951306 7179 | 2892705 173 | 2983197, 174
167 | 229635, *g5 | 2318197, 150 | 2712745, 1174 | 280575 o0 | 289219, 177
168 | 2225137, 753 | 2249117, 177 | 2632715, 1107 | 2722707, o5 | 2806 1355 TG
169 | 2157137 Tgg | 2180 3, 173 | 2554 152 1ige | 2641157, Tog | 27221355 T
170 | 200213p, 187 | 2115113, 1170 | 2480751 g3 | 2564 112 107 | 2641797, 28
171 | 2029139, 157 | 2051 155, To7 | 2407 fgg ey | 24881755 157 | 2563135 Tes
172 | 1968155755 | 1990753 107 | 2337155 Tids | 2416135, 157 | 2488197 53
173 | 19097356 760 | 19317527107 | 2270755 121 | 2346 705, Tog | 2415107, 57
174 | 185313, 778 | 1874755755 | 2204753 1947 | 2278717, 17 | 2345115, 55
175 | 1797155178 | 1819739768 | 2140175 1445 | 2213797 128 | 227.9 Mg, 23
176 | 17453779 | 1766 g9 %9 | 20797787195 | 2149 9P, 25 | 2213145, 27
177 | 1694753 175 | 1716753753 | 20201573 143 | 208813, Tof | 21601, og
178 | 1644757770 | 1665737 *gg | 19627771132 | 2029 g, *23 | 2089 Tgg 127
179 | 159633 g5 | 1618137787 | 1909135713y | 1972155, 127 | 2031755 23
180 | 1550 *37 *88 | 157192 *32 | 1856 7587178 | 191799, a5 | 1973755721
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HATHOR

C++ package

# Cross section evaluation done in Hathor class (now version 1.2)

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 ("abmll_5n_nnl o"); <— PDF choice

Hat hor XS( pdf)

XS. set Sgrt Shad(8000); XS. set Preci si on(Hat hor:: MEDI UM ; y
XS. get Xsection(nt, nur, muf); ——+c7::202&[5%?3pb(suﬂeunc) 4
XS. get Resul t (0, val , err, chi 2a) ;

XS. set Schene(schene | Hat hor:: PDF_SCAN) ; «+— with PDF error scan 55
XS. set Sgrt Shad(8000); XS. set Preci sion(Hathor::LOW; =
XS. get Xsection(nt, nur, nuf); 43 +

XS. get Pdf Er r (up, down) ; } — 0 =202.9777;pb (sc) T pb (PDF unc)
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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
(MY

1
i Tevatron
: M, = 120 GeV :
0 pb—————-_-—-—-—-—-———-——~
T M, = 200 GeV 1
M, = 1000 GeV
165 170 175 180
m, [GeV]
Tevatron

o LHC: O(2%) with respect to o1, negative contribution to total cross

section, e.g. at LHC14 Aogw ~ O(10 — 15) pb

# Electroweak corrections to be implemented in Hathor soon
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Top-quark pairswith one | et

Production of tt+jet at fixed order
# LHC: large rates for production of ¢¢-pairs with additional jets
# Scale dependence at LO large

e o R
SIS

#® Feynman diagrams (sample) for ¢tt+ jet production at LO
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Production of

ti+ jet at NLO

1500 &
opb] pp — tt+jet+X
Vs = 14 TeV
DT jet > 20GeV
1000 - |
500 |
— NLO (CTEQ6M)
,,,,,,,,, LO (CTEQSL1)
0 — -
0.1 1 10
i/ m

pp — tt +jet + X

[ s = 14TeV
1000 E L“’l__1_-_ vs E

10 F
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20 T T T T T T

- —— K =NLO/LO .
1.5 | .
1.0
05 1 1 1 1

0 100 200 300 400 500 600 700

pT,t [GGV]

® NLO QCD corrections Dittmaier, Uwer, Weinzier| ‘07-08
» scale dependence greatly reduced at NLO

» corrections for total rate at scale p, = ur = m; are almost zero

» transverse-momentum distributions of top-quark pr ;
along with K-factor and scale variation m;/2 < u < 2my

Sven-Olaf Moch
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Monte Carlo and parton showers at NLO

# Merging of fixed order NLO with parton shower Monte Carlo

» combining accuracy of exact hard matrix elements for large angle
scattering at NLO with soft/collinear emission of parton shower

# POWHEG BOX as standard interface to parton shower programs
PYTHIA or HERWIG

# Production of ¢+ jet and parton showers

Implementation
» Event generation with cut on p¥*" ~ 1 GeV

# Alternative option for soft and collinear divergences at Born level:
generation of weighted events with Born suppression factor

Bsum) = B X F(pt)

i "
F(pt) = ( : )
p? + (p;"PP)2
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Quality check

» Independence of NLO cross section on generation cut p¥“" and on
Born suppression factor p; """ for analysis cut pi"
s Inclusive k:-algorithm with R = 1 for iy = py = my = 174 GeV and
CTEQ6M PDFs

Pt [GeV]l p[GeV] pi"[GeV] o™-© [pb]

0 20 20 1793+ 0.002
2 0 20 1790+ 0.001
TEV 1.96 TeV 2 20 20 91+ 0.002
2 200 20 1793+ 0.002
5 0 20 1782+ 0.001
5 20 20 1785+ 0.001
0 400 50 556+05
5 400 50 527 £0.5
LHC 7 TeV 5 100 50 53 +0.2
10 0 50 520+04
10 400 50 55+01
15 0 50 526+0.4
0 400 50 378B+1.6
LHC 14 TeV 5 100 50 3784+0.2
5 400 50 372+1.6

Top quark theory for the LHC —p.17


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

Production tt+ jet and parton shower

» Differential distributions in top-quark’s transverse momentum p-- and
rapidity y; at LHC7
o comparision of NLO, LHEF for POWHEG hardest emission

without showering, and POWHEG with shower/hadronization with
HERWIG or PYTHIA

do/dpr | pb/GeV|
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Asymmetries for ti+ jet

o Top-quark charge asymmetry Aq in tt+ jet sample at LHC7

s inclusive k;-algorithm with R = 1 and p;* > 50 GeV minimum jet
cut

o Alzx| = |x¢| — |xz| and x = n (pseudo-rapidity) or x = y (rapidity)

(A/ do — do
| >0 Alx |<O

LHC7TeV NLO[%] LHEF[%] PWG+HER[%] PWG+HER+UE [%] PWG+PYT[%] PWG+PYT+MPI [%]

Ag 0.19+0.09 018+0.06 046+0.10 026+0.11 040+0.11 057+0.11
Ac 0.51+0.09 047+0.06 073+0.10 052+0.11 066+0.11 076+0.11

# Sizeable effects on asymmetries in ¢+ jet sample due to parton show-
ers
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Summary

# Top quark theory
» much recent progress for LHC phenomenology
s Improved understanding of theory and application of new concepts

# {t production

» NNLO,pprox prediction for total cross section controls theoretical
uncertainty

» Electroweak corrections are important for precision predictions
#® Sizeable (correlated) differences due to non-perturbative parameters

s top-quark mass m; (advantage of M S mass definition)
» strong coupling as and gluon PDF

® {t+jet production
» merging with parton showers shows good stability
» important effects for asymmetries
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