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Introduction

Total cross section measurements

at Tevatron and LHC
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NLO4+NLL QCD:

(Nason, Dawson Ellis 88, Bonciani et al. 98)
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— Need higher-order predictions!
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Introduction

NNLO: in progress, several ingredients known

al. 08-11; Korner et al. 05-09, Anastasiou/Mert-Aybert 08;...)

Progress for soft gluon resummation:

massive 2-loop IR singularities
2-loop soft anomalous dimension

(Czakon et al.; Bonciani et

(Becher/Neubert; Ferroglia et al. 09)

(Kidonakis; Mitov/Sterman/Sung; Beneke/Falgari/CS;Czakon Mitov/Sterman 09)

NNLOapp_ (Moch /Uwer(Langenfeld) 08/09, Beneke et al.; Ahrens et al. 09, Kidonakis 10)

NNLL resummation

Status of NNLOgapprox results

(Ahrens et al. 10/11; Beneke et al. 11, Cacciari et al. 11)

(Review: Kidonakis/Pecjak 11)
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22 Threshold resummation 3

SOft corrections: (Resummation in Mellin space: Sterman 87; Catani, Trentadue 89,
Kidonakis,Sterman 97, Bonciani et al. 98, ...)

= o, log*(88?) ,4_\_;-‘\\ = a, log(88?)

Coulomb gluon corrections (Fadin, Khoze 87; Peskin, Strassler 90, NRQCD,. . .)

AL
R SN 1
. = Qg —
~ e o B
e’

Counting of threshold corrections:

Opp! X o0 exp {lnﬁgo(oas lnﬁz—l—gl(as lnﬁl—l—gsgg(as lnﬁl—i—...]
) (LL) (NLL) (NNLL)
>3 (%) « {1(LL,NLL); ., 8(NNLL);...}

k=0
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22 Threshold resummation 4

e Factorization into soft, hard and Coulomb functions
(Beneke, Falgari, CS 10)

A R R
Opp' —HH' |s—anz = E HW"®J
R,i

e can include Coulomb resummation to all orders
((N)LO Coulomb-Green function: Fadin/Khoze 87; Beneke/Signer/Smirnov 99,...)

e RGEs for hard and soft function o "
(Becher, Neubert; Ferroglia et al.;
Beneke/Falgari/CS; Czakon/Mitov/Sterman 09) R @ i
Momentum space solution W ) e

(Becher/Neubert 06) ’

o ., ~ 2my;, Choice of pu,:
— RGE approach: fixed p, (Becher, Neubert, Xu 07)
— Running scale p, ~ m;p? (Beneke, Falgari, Klein, CS 11)

(frozen to pus ~ mB2,; for B < Beut = 0.35 (Tevatron), 0.54 (LHC))
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22 Total top-pair production cross-section 5

oi[pb]  Tevatron LHC (7 TeV) LHC (14 TeV)
+0.364+0.51 +19.5413.9 +107+65
NLO 6.68 —0.75—-0.45 158.1 —21.2—13.1 884—106—58
NLL 73U 17as 0sHits g4 il
+0.27+0.69 +12.3+15.2 +76+464
NNLOaPP 7.06 —0.34—-0.53 161.1 —11.9-14.5 891 —69—63
+0.3140.71 +7.4415.4 +40465
NNLL 7.22 —0.47—0.55 162.6 —7.6—14.7 896 —37—64

(MSTWO08PDFs, m; = 173.3 GeV)
Different uncertainties for NNLL (added in quadrature above):
e Scale variation (us,pn, uc):

+0.21
—0.41"°

+4.2

AponnLL(TeV) = 1o

AHGNNLL(LHC7) =

e Uncertainty in resummation procedure:
(vary Bcu: by 20%, envelope of various approximations, ambiguity E < m:3? )

+0.20
—-0.21"°

+3.9

AResoNNLL(TeV) = s e

AResonnLL (LHCT7) =

e Estimate of missing constant at O(a?)

AconstONNLL (T€V) = £0.10,  Aconstonnie (LHCT) = £4.7
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22 Total top-pair production cross-section

oi[pb]  Tevatron LHC (7 TeV) LHC (14 TeV)
+0.364+0.51 +19.5413.9 +107+65
NLO 6.68 —0.75—-0.45 158.1 —21.2—13.1 884—106—58
NLL 73U 17as 0sHits g4 il
+0.27+0.69 +12.3+15.2 +76+464
NNLOaPP 7.06 —0.34—-0.53 161.1 —11.9-14.5 891 —69—63
+0.3140.71 +7.4415.4 +40465
NNLL 7.22 —0.47—0.55 162.6 —7.6—14.7 896 —37—64

(MSTWO08PDFs, m; = 173.3 GeV)

NNLL results include
e Coulomb effects beyond NNLO

e bound-state corrections below threshold

(take I'; # 0 approximately into account)

— small effect:

Aogg = 0.014pb (Tevatron), 0.67pb (LHCT7),
Aoc = —0.052pb (Tevatron), 0.13pb (LHCT7),

3.1pb (LHC14)
—0.3pb (LHC14)
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2% Prospects of m;-extraction 6

Fit m;-dependence of NNLL-cross-section:

4
th, poley 172.5 pole pole 2 pole 3 b
oz(my )= Sole co+ci(my ~ —172.5) +ca(m; ~ —172.5)" +c3(m; ~ —172.5)° | pb,
m
t
co = 166.5, ¢1 = —1.15, co = 5.1 x 1073, ¢3 =85 x 10~°
aw(my)[pb]
ATLAS-CONF-2011-121: 260"~ _ oNmy
240 X e
o = 179.0+ 11.8 pb : e Pmy
220}
Dependence on mM¢: 200,
180F - = - e T
ex MC MC — TTe-
oo (my~) = (411.9 — 1.35m;" ) pb ol
.. oined likelihood 140
[ . . L . . . L . . L I . i . GeV
maXimize joine IKEIINOO 160 165 170 175 180 m[GeV]
fme) = /fth(0|mt) - fexp(o|me)do,
with normalized Gaussians fy, /e, CMS result from o; = 1699 + 18.4 pb:
Approx. NNLO x MSTWO0SNNLO mFOle / GeV m}\TS / GeV
pole +5.2 Langenfeld et al. [7] 170.377= 1631785
= my = (169.87.7) GeV Kidonakis [8] TP 2, —
Ahrens et al. [9] 167.672% 159.8177
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BURG

z2 Comparison to other NNLO,p, /NNLL predictions

ott—[pb] Tevatron LHC (7 TeV)
+0.364-0.51 +19.5+13.9
NLO 6.68 1575 045 158.1 7515157
NNLO, s 70670208 1g11 TigtIee
NNLOapp+NNLL  7.22 031011 162.6 T1c 1102 (Beneke, Klein, Falgari, CS 11)
NLO+NNLL 6.72 103108 1587 152t (Cacciari et al. 11)

Mellin space: (p = 4m?/3)

(Sterman 87; Catani, Trentadue 89)

1 1
o = / dpp™N"te(4m? /p) / dpp”™ Blog" B ox In" N + . ..
0 0

log N-terms exponentiate: 6V /6N = g exp (GN*1(m?, u?))

Inverse numerical transformation (Catani, Mangano, Nason, Trentadue 96)
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%3 Comparison to other NNLO,p, /NNLL predictions I

ott—[pb] Tevatron LHC (7 TeV)

+0.364-0.51 +19.5+13.9
NLO 6.68 1575 045 158.1 7515157
NNLO, s 706 T03F08 1611 FI2SHE
NNLOapp+NNLL  7.22 031011 162.6 T1c 1102 (Beneke, Klein, Falgari, CS 11)
NLO+NNLL 6.72 103108 1587 152t (Cacciari et al. 11)
Ambiguities in N-space results Cacciari et al. 11

g

® O(a?) constant in threshold expansion from Mellin transform

Aoy = 0.25 pb (TeV), 9.2 pb (LHC 7TeV)

e 1/N suppressed terms ~ (1 _ ﬁ) in NLO go, take 4 =0,2

Aoy = 0.12 pb (TeV), 6 pb (LHC 7TeV)

e Matching to NLO or NNLOgpp: affects 1/N terms at NNLO
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%2 Comparison to other NNLO,p, /NNLL predictions

Resummation for differential cross sections

Pair invariant mass cross sections (Kidonakis,Sterman 97, Ahrens et al. 10)
do(tt) log" (1 — 2) M2~ 1—=z
= , 2= —— PIMgcEgT : log
thf 11—z + S \/E
One particle inclusive cross sections: (Laenen et al. 98, Ahrens et al. 11)
do(t + X) log" (s4/m?)
= s sy =px—m:, 1PlgceT : log (84/\/ m?2 + 84)
dsy S4
+
150 T T T T T T T 50 L | T LR R LR
/s =7 TeV ] P Vs =T7TeV |
. - gg-channel 1 — L/ Q\\ 5 gg-channel
2100 [ Hp=mg e 1 Bl RN wy=any
2| R RN
S L =] H \\ \
9 I 9 N\ \
k3] 50 b3 0 DA i
8 8 N \\ / //
= . - N 4
o} S o5 [ 777 WPlsomr S D7 S
S ~ -~ PIMscpr i S Lh :
L PIM ] [ ——— PIMgcer ’
_50 |....|....|....|....- _50 """" |PIM| 1 |
0 02 04 06 08 1 0 02 04 06 08 1
B B
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Comparison to other NNLO,p, /NNLL predictions

Comparison to other NNLO,pp predictions:

(from Pejack/Kidonakis 11)

Tevatron | LHC (7 TeV)
NLO 6.7410-30 16029
NNLOZ,, [HATHOR] 7131058 164*3
NNLOZR! [Kidonakis] 7.081999 16317
NNLO;IDPFIJ/P“VI SCET | [Ahrens et al.] 6.6570% 156*3
NNLL? [This work] 7.291040 164+
(m: = 173, PDF+a, uncertainties not shown)
CDF — ATLAS
DO CMS
NLO NLO
HATHOR. — HATHOR —
Kidonakis - Kidonakis -
Ahrens et al. —— Ahrens et al. ———
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%% Summary 10

1
7 /Bn

e Factorization of soft and Coulomb corrections

Threshold corrections ~ log" 3

e log 3 resummation from momentum space solution to RGEs

e combined Soft and Coulomb resummation possible

NNLL resummation for ¢t

e Estimate of residual uncertainty

kinematic ambiguities, uncertainties in resummation procedure
e small effects beyond NNLO (2 % Tevatron, 1 % LHC)
e theory uncertainty +4.2/ — 6.5% Tevatron, +4.5% LHC
(PDF+a; uncertainty larger) (Ahrens et al. 10/11)
Mass determination from o,;:

Amt ~ +5 GeV

appears viable
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28 Threshold behaviour 12

Top-pair production: two LO subprocesses:

;

90% Tevatron
20— 10% LHC7 —14
\

.
go — 1T+ 4 10% Tevatron
80 —90% LHC7 —14
\
4m

Behaviour at production threshold 5~ 4m?: = )

qq — tt : <

e ¢g channel: colour octet, spin triplet

& = ™ [1 .

9 9m? 47

272 1
( 2]\7; B + 8Ck log 852 (320}7 +4Nc) 10g8ﬁ2) —+ ...

e g9 channel: colour singlet/octet, spin singlet

5 _ 5m [
799 = T92m?

+ = (QCFW 5 + 8N log? 88% — 32N log 8[32) ]

58 _ w3 as [ =272 1 5 9
= + = — 4+ 8N¢ | 8 32N¢c +4N¢) log 8 + ...
799 96m 2 [ 4t ( 2N¢c B ¢ log” 857 — (32Ne c)log 8P

= Universal behaviour depending on initial /final colour states
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2% Accuracy of threshold approximation 13

NLOg,: only logs, 1/8-terms

NLQOg,pp: also constant terms (hard/soft function)

Ambiguity: E =3 - 2m; ~ m;3?

dogq e ANLO
_ [pb] —_— ANLOgp(8)
_—— ANLOp(E)
4 —_— ANLOsing(B)
r ——— ANLOging(E)
3 g .
2;

1t

02 04 06 W T

do 8/37”2' ~
a5 = sapoyE LB pg)o

dogg _— ANLO
—[pb] — ANLOg(®

g —_——— ANL O (E)

* — ANLOu(p)

08; —— ANLOsng(E)

o6 £

0.4}

0.2}

| | | Sy ﬁ
0.0 0.2 0.4 0.6 0.8 10

( Tevatron, L: parton luminosity (MSTWO08))

= large ambiguities, but exact result covered:

O'NLO’app(TeV) = 6.42 — 7.45pb

oNLO,app(LHCT) =130 — 158 pb

(nf = pr = my = 173.1 GeV)

onLo(Tev) = 6.50pb
onLo(LHC7) = 150 pb

C. Schwinn NNLL resummation for tz-production

Terascale workshop Bonn



i Coulomb Effects 14

Coulomb resummation
in Coulomb Green function: (Fadin, Khoze 87; Peskin, Strassler 90)

G,:(8) ~ Z o5 (5)Im GE(0,0; E + T
: k=18 :
Singlet channel, neglecting decay width:

—1
W (e—ﬂ'CFas o 1) E >0
Im G&(0,0; B) =

Y S(E— En)R, E <0

n=1

E:\/§—2mt%mt62. 3:

Bound-state poles at

do / dM [pb/GeV]

B a2C%my .
n — — '
2
4n 0335 340 345 350 355 360 365 370 375 380
M [GeV]
smeared out by It #0. (Hagiwara et al. 08, Kiyo et al. 08)
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22 PDF uncertainties 15

Hadron collider cross sections from QCD factorization

(Collins, Soper, Sterman)

O'NN’(S) - Z/d:cldwz fN/p(xl,uf)fN//p/(xg,uf) &pp/(sxlxg,,uf)
pp’

® 5,,: partonic cross section: compute in perturbation theory

e f,n(z): Parton distribution function for parton p in hadron N :

PDF uncertainties for top: (Watt, 11 )
NLO tt cross sections at the LHC (\'s = 7 TeV) NNLO (approx.) tt cross sections at the LHC (\'s = 7 TeV)

= 190 T T T [N = 200~ T T T T T T T
e ] - pals _ = £ C pals _ .
[« % - omp =171.3 GeV - [« % o om =171.3 GeV =
~ s . .-..T: - 190 = =
! L Ot . ! - =
bﬂ S R h oo . bﬂ 180 =
170 s = = ]
- - 170 -
160 e 90% C.L. PDF — 160 3
» .,.-JI ''''' . MSTwos 3 = 90% C.L. PDF 3
150 ;_...:::_, --| W cTECss — 150~ @ wstwoe E
- A cTio . - 3
o 2 140 B HerAPDF10 |
140 () NNPDF2.1 ] = 3
- [J HERapDF10 | 130 A ABKMOS E
130 - Vertical error bars ) ABKMog | ] - Vertical arror bars GJROS/JROS |
n Inner: PDF only - —_ Inner: PDF only = 3
- Outer: PDF+a SJRoe ] 120 - Outer: PDF+a, g:;"::n‘:r:::sﬁrgl_o_:
1205 MR AR PRI IR ST RS M BT, | oAU R RS NI R
0.114 0.116 0.118 0.12 0.122 0.124 0.11 0.115 0.12 0.125 013

og( M;) g M;)
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x-J Approximate N3LO results 16
Expand NNLL to O(a?), e.g.
Ac'® —12945.410g® B — 37369.11og” B + 27721.4log* B + 41839.410g® B

1
3 (—6278.51og B + 3862.5log” B + 2804.7log® B — 2994.5 log" )

N 153.91og? B + 122.91og B — 145

32 + {10g B2, 1/5,0(3)} +scale dep.

TV
not known exactly

N3LO,4: keep all terms, including k-dependence and constants

N*LO5: only keep terms known exactly

dorgq dAoyy

—[phl —— [pb]
ds dg
250 .. 15-
r //"‘\’\ ANNLOapp [~ ANNLOapp
200 j \\ — — —— N3LOA(kh=2ks=1) N — — —— N3LOA(kh=2ks=1)
L \\\‘ ....... N3LOB 10 :
15F \
r I \ '\
g N i
107 X 05-
| N |
B NN
0.5¢ N
X P
‘‘‘‘‘‘‘ \ n " —— ,8 10
02 04 o6~ — - 08 10
-05" _osl
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NNLL resummation 17

RGE approach: fixed p, that minimizes

soft corrections to hadronic ¢ (Becher, Neubert, Xu 07)

Application to tt:

e ambiguities in soft scale from minimising oNLO (1)) (e LHC?):

ps = 58GeV  (logmiB%/p) < ps =99GeV  (log E/p = log(Vé — 2my) /1)

e does resum logarithms on avarage; appropriate for < g8 >~ 0.57

Ot Tevatron LHC (7 TeV) LHC (14 TeV)
NLO 6.6870%%  158.173)5  8satl

NLL 6.00 705 15767307 87611
NNLOwp  7.06 75355 16117555 89175
NNLL - 7.08%05¢ 1574750 868

(MSTWO8PDFs, m; = 173.3 GeV, PDF+a,-uncertainty not included,

(N)NLL error includes puy, /pus, ps,pc variation, m; 32 < /s — 2m, difference )
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22 Resummation: ambiguities

18

Soft scale choice in momentum-space resummation
e RGE approach: fixed p,, vary by 0.5...2 (Becher, Neubert, Xu 07)
) Running scale with cutoff (Beneke, Falgari, Klein, CS 11)

m¢B2,,  fors < Beut

m¢B%,  forB > Beut

Hs ™~

O(a?) constant in threshold expansion

(2) Cy7) 0(2)8 0(2)1
A 7TeV) = |1.70 49 4.31 [ 2= 1.31 ( 2= b
i ( ) [ (1000) + (1000) * (1000)] P

Estimate

Co~C2:  AcP) ~+5 pb
Kinematic ambiguity

lOgﬁ ~ lOg((\/7 — th)/mt) : Aoy ~ 1 pb
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22 Resummation: ambiguities 19

Running scale: Introduce ABcut

e allow for different implementations

B < Beut : NNLL (us = ksm:82,,) with /without constant at O(a?)

cut

B > Beut - NNLL (,LLs = ksmtBQ); NNI—Oapprox; NNNL3(A/B)

o(A,B,Bcut)

150

T S S S [ S S S (N S S T ST Sl AN SO SO E N
040 ' 045 050 055 060 065 0.70

e Choose Bt so that not too sensitive to
— ambiguities for g — 1
— breakdown of perturbation theory for 3 — 0

(E.g. LHC7: ps = 2m:B?, Beut = 0.54 = pus > 100 GeV)
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