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Top production partonic processes at LO

Top-antitop pair production

oq@—wﬁf q t

dominant at Tevatron
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Single top quark production
e ¢t channel: ¢b — ¢'t and ¢gb — 't ¢ ()

dominant at Tevatron and LHC

e s channel: ¢¢ — bt q
small at Tevatron and LHC 4

e associated tW production: bg — tﬂg_

very small at Tevatron, significant at LHC

Related process: bg — tH™
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Higher-order corrections

QCD corrections significant for top pair and single top quark production

Soft-gluon corrections from emission of soft (low-energy) gluons

Soft corrections: [lnk(ssi/m%} with k < 2n —1, s4 distance from threshold
_|_

Soft-gluon corrections are dominant near threshold

Resum these soft corrections - factorization and RGE

Complete results at NNLL—-two-loop soft anomalous dimension
NK, PRD 82, 114030 (2010); PRD 84, 011504 (2011) (tf)

NK, PRD81, 054028 (2010); PRD 82, 054018 (2010); PRD 83,091503 (2011) (single top)

Approximate NINNLO cross section from expansion of
resummed cross section
This is the only calculation for partonic threshold at the double differential

cross section level using the standard moment-space resummation in pQCD
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Threshold approximation

Approximation works very well not only for Tevatron but also for
LHC energies because partonic threshold is still important

pp->tf a LHC S"=7TeV p=m Top quark p; distribution at LHC S'’=8TeV p=m=173 Gev

qq + gg channels  first-order corrections
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——— O(a) approx corrections
—— O(a) exact corrections
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only 1% difference between first-order approximate and exact corrections
— less than 1% difference between NLO approximate and exact cross sections

Also true for differential distributions

For best prediction add NNLO approximate corrections to exact NLO cross

section
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Factorization and Resummation

Resummation follows from factorization properties of the cross section
- performed in moment space
o= (]]%) Hrr Scr ([[J) H: hard-scattering function
S: soft-gluon function
Use RGE to evolve soft-gluon function

0 0
(M@ + ﬁ(gs)ags) Srr = —(FTS)LBSBI — Spa(ls)ar

['s is the soft anomalous dimension - a matrix in color space and a
function of kinematical invariants s, t, u
Resummed cross section

ZE&N»

g “°(N) exp
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collinear and soft radiation from incoming partons

1 UNi—1 _ (1—2)2
E;(N;) = / dz=—— ! / %Ai (s (As)) + Di |as((1 = 2)%s)]
0 1

N-1_4
1—

N—-1

purely collinear: replace by —=z

factorization scale ;1 dependence controlled by
Yisi = —AiInN; + 5

Noncollinear soft gluon emission controlled by the soft anomalous dimension [ g

determine [ 5 from coefficients of ultraviolet poles in dimensionally regularized
eikonal diagrams

I'¢ is process-dependent; calculated at two loops

We are resumming In® N - we can expand to fixed order
and invert to get In*(s4/m?2)/s4
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Eikonal approximation

Feynman rules for soft gluon emission simplify

u(p) (—igsTr)

Perform calculations in momentum space and Feynman gauge

Complete two-loop results for

» soft (cusp) anomalous dimension for ete™ — tt
e tt hadroproduction

¢ t-channel single top production

¢ s-channel single top production

o bg —tW ™ and bg — tH™

e direct photon production

e W and Z production at large pr
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Typical two-loop eikonal diagrams
e
Single-top s-channel e >‘§ >ﬁ
e T
j e g E)’i, g ?ﬁ% !, PEE g% !, P

tW production

N. Kidonakis. DESY. Hambura. Julu 2012



NNLO approximate cross sections

NLO expansion

Deﬁne Dk(84) — |:11’1k(34/M2)i|
+

S4

51 _ B (MR

{63 D1 (84) + c2 DO(S4) + c1 5(84)} + [Ac D0(84) + Tlc 5(84)]

2
where c3 = Zz 2A§1) — Zj Aé.l) and co = cg + T2, with ¢, = — Z A(l)l ( )
and

M2
2
T, — Z 24D 1y (Mt ) + DD — AWy (MT) +Z

B 4 pt — Al 1y (%2)]
7 J

S

Also A€ — tr (H<0>r<1> 19(0) 4 F(0) 5<o>p<51>)
c1 = Cl + 171, with

4 2 2
c = {Agl) In (Ft;) _%_(1)} In (%) —I—d%% In (%)

7
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NNLO expansion

2
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where

FC = tr |:H(O) (FS) T)Q 5(0) 4 (0) 5(0) (FS))2 + 2H(O)Fg) TS(O)FS)}

G¢ =  tr [H(l)f‘g) T5(0) 4 H(l)s(o)rg) + H(O)Fg) Ts(1) 4 H(O)s(l)rg)

0)~(2) T o(0 0) «(0) ~(2)
+H()FS S()+H()S()FS]

and cs3, c2, c1, etc are from the NLO expansion
Two-loop universal quantities A?), B, D® known

recently calculated for several processes

Two-loop process-dependent Fg)

Additional purely collinear corrections of the form (In* N)/N provide very
small contributions and do not improve the threshold approximation
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tt cross section at the Tevatron

pp->tt a Tevatron

s"%=1.96 Tev pp->tt a Tevaron S"°=1.96TeV m=173GeV
10r T | i L AL L
[ NNLO approx 12F ---- LO ]
+ - scale and pdf AN —— NLO
9—\ ACDF 10'_ '\\ _——_—— NNLOappI’OX 1
L ¢ DO L ’
8- T~
3 ~
g [
o] 7_— <>
51 ] [
[ [ L. [ | ]
165 170 175 180 9z 1 10
m (GeV) p/m
NNLOapprox 0.004-0.36
o,y PPIOX (1, = 173GeV, 1.96 TeV) = 7.087090"

NNLO approx:

scale dependence greatly reduced

used MSTW 2008 NNLO pdf
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Comparison of various resummation/NNLO approx approaches
Tevatron 1.96 TeV, scale uncertainty included;

pdf uncertainty not shown - same for all if same assumptions are used
use my = 173 GeV unless otherwise indicated

NLO 6.747 ¢
Kidonakis, PRD 82, 114030 (2010) 7.08792%

—0.24
Aliev et al, CPC 182, 1034 (2011) 7.13703]
Ahrens et al, PLB 703, 135 (2011) 6.65103%
Beneke et al, NPB 855, 695 (2012) (m; = 173.3) 7.227021 — 7.29 at m; = 173
Cacciari et al, PLB 710, 612 (2012) (m; = 173.3) 6.72705] — 6.78 at m; = 173

[See also

Moch et al (2012) 7.27tg'ié threshold + high-energy terms

Brodsky & Wu (2012) (m; = 172.9) 7.626 — 7.602 at my; = 173 PMC ]

partly exact NNLO (exact for ¢qq plus approx for gg)

Barnreuther et al (2012) (m; = 173.3) 7.005f8:§% — 7.07 at my = 173

The PRD 82 result is very close to the partly exact NNLO:
7.08 vs 7.07 with similar scale uncertainty
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tt cross section at the LHC

pp->tt a LHC S"*=7Tev

i T T T T T T [ [ [T [ [ T ]
220 =]
[ N NNLO approx ST
F~ + - scale and pdf _/_:v;‘// ]
2 N ® ATLAS 1OF T :
.. \\\ m CMS /‘/‘//.///
180F e TSol _ /,-:'//
g g L NNLO
~ L e approx
o 160 - . o} 0 ‘ . /// . ggF |
.. >~ .. - - /7 A -
T TS T : / - CMS
140} el TS « ATLAS
120
F L L L L 1L P TR T SR S AN SN WO TN T (T SN ST SN T ST TR SO NN SO N M
10065 170 175 8 4 .0 6 !
m (GeV) S (TeV)
NNLO
ppORPPIOX (i = 173 GeV, TTeV) = 1631 £9pb
NNLO
jp o OOPPIO(my = 173GeV, 8TeV) = 2347.° +12pb
NNLO
o PRI (my = 173GeV,14TeV) = 920750722 pb

tt cross section at pp and pp colliders

NNLO approx: enhancement over NLO (same pdf) is 7.6% at 7 TeV;
7.8% at 8 TeV; 8.0% at 14 TeV
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do/dp,. (pb/GeV)
o
&

Top quark pr distribution at Tevatron

Top quark p; at Tevatron s2=1.96 Tev m=170 GeV
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I Do 1
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i .\\\\ NLO p=m ] 60 ---- NNLO approx m/2<p<2m,
J N\ NLO p=m/2, 2m 4 i -.- NLO |
-~ NNLO approx u:m i 10 TTTT TTTT TTTT TTTTTq
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Excellent agreement of NNLO approx results with DO data
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Top quark p; distribution at LHC NNLO approx m=173 GeV

10"

=
o|

do/dp,. (pb/GeV)
|_\
ol

Top quark pr distribution at the LHC

Top quark p; distribution at LHC u=m=173 GeV
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Top quark rapidity distribution at Tevatron

Top quark rapidity at Tevatron S"=1.96 Tev m=173 GeV

do/dY (pb)

-=-= NLO p=m/2,2m
— —  NNLO approx p=m
——- NNLO approx p=m/2,2m

Top Forward-backward asymmetry

oY >0)—-0o(Y <0)
oY >0)+0o(Y <0)

ArB

Asymmetry significant at the Tevatron

Theoretical result at Tevatron: Appg = 0,052J_F8:882

smaller than observed values
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Top quark rapidity distribution at LHC
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t-channel cross sections at LHC

Singletop LHC t-channel  NNLO approx (NNLL) p =m, Single antitop LHC t-channel  NNLO approx (NNLL) p=m,
180_ T T T T I T T T T I T T T T ] 180_ T T T T I I i
160F ~ TTime—— o . 160 .
5 = - — 14TeV ]
140_— -] 140_— — 8TeV -]
C ] C —— 7TeV ]
120 - 120 -
C T 1;3‘3& ] C ]
g 100f — 8T . R i 3
b 80 - b 80fF -
60F . 60 ]
afF T T T T e = ao0f 3
20k A 10| .
%5 170 ' 1I75 ' 180 %65 170 1I75
m, (GeV) m, (GeV)
LHC t t
7TeV | 43.071¢+08 | 229+0.5M27
For m,; = 173 GeV _g? _0'3
8 TeV | 56.4%214+1.1 | 30.7+0.7797
14 TeV 15477 4+ 3 94727+2
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o (pb)

t-channel total cross section at LHC

LHC t-channel total NNLO approx (NNLL) p=m, t-channel total crosssection  m=173 GeV
30— L B A [~ T T " T T " T " T " T " T " T " T " T " T T "]
250 T T T e 100
200f- -

[ — 14TeV 1 i
C — 8TeV ] =
150 i 1 . % 10¢ NNLO approx E
[ 1 F + - scale and pdff
100f - [ 2 2BF
______ - = CMS
[T T T T T T T T T e e e e e 1 o ATLAS
50_— - 15_ f i
:1 11.1..111..: :1111111111.1.1.1.111.11
965 170 175 180 o 1 2 3 4 5 6 7 8 9 10 11 12 13 14
m, (GeV) s (Tev)
NNLOapprox, total L _ +2.141.5
T, bennel (my =173GeV, 7TeV) = 6597577 pb
NNLOapprox, total o _ +2.842.0
T, honnel (my =173GeV, 8TeV) = 87.277,"755 pb
NNLOapprox, total o - +6+45
O, Lonmel (my =173GeV, 14TeV) = 24877/ pb

Small O(1%) corrections over NLO
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t-channel top and antitop pr distributions at LHC

t-channel top quark p, distributionat LHC p=m=173 GeV
NNLO approx (NNLL)

— 8TeV
———T7TeV
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=% 40 60 80 100 120 140
p. (GeV)
t-channel top quark p;. distribution at LHC p=m=173 GeV
NNLO approx (NNLL)
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t-channel antitop quark p,. distributionat LHC p=m=173 GeV

NNLO approx (NNLL)
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0.6 — 8TeV -
L ——— 7TeV J

do/dp; (pb/GeV)
o
S

o
N

=% 40 60 80 100 120 140
p. (GeV)
t-channel antitop quark p; distribution at LHC p=m=173 GeV
NNLO approx (NNLL)
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N. Kidonakis. DESY. Hambura. Julu 2012

29



t-channel top quark production at Tevatron

Single top Tevatron t-channel NNLO approx (NNLL) p=m, t-channel top quark p; distribution at Tevatron p=m=173 GeV
NNLO approx (NNLL)
T T T T I T T T T I T T T T T I T T T I T T T I T T T I T T T I T T T I T T T I T T T I T T T I T T T

— 1.96 TeV

T
1

14

LENLEL I

1.2_ _: 0.01 -;
1\ 3 ]
X ] Q L |
08 . 2
: I 2 ook !
0.6F ] <3 - 3
C ] o) r ]
C ] S
0.4_— . - -
0.2f E 0.0001F 3
L ) ) ) ] ) ) ) ) ] ) ) ) P :111.11”.11.111..1.1.11.11”.11”1”1-
965 170 175 180 20 40 60 80 100 120 140 160 180 200
m, (GeV) p; (GeV)
NNLOapprox, to 0.00
o PPTOX, tOP (1, = 173 GeV, 1.96 TeV) = 1.0472%0 4+ 0.06 pb
t—channel 0.02
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s-channel cross sections

Singletop LHC s-channel  NNLO approx (NNLL) p=m, Single antitop LHC  s-channel  NNL O approx (NNLL) p =m,
10 T L 10 L L |
ol i
—- 14TeV
I — 8TeV T
__5F —— 7TeV ]
= ]
£
b b T
aF T T T e ]
2+ _- 2: ________ -
965IIII1|70IIII1I75IIII18O 965IIII1|70IIII1I75IIII18O
m, (GeV) m, (GeV)
LHC t t
+0.12 +0.06
For m, — 173 GeV 7TeV | 3.144+0.067. 2 1.42 4+ 0.017 2

8 TeV 3.79 £0.07 £0.13 1.76 & 0.01 £ 0.08

+0.31 +0.14
14 TeV | 7.87+0.14%931 | 3,99 +0.0570-14

At Tevatron VS = 1.96 TeV: 0.523f8:88éf8:8“;’g pb for top; same for antitop
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s-channel total

LHC s-channel total NNLO approx (NNLL) p =m,

cross section at LHC

s-channel total cross section

mt:173 GeV

10

o (pb)

P |

m, (GeV)

NNLOapprox, total
s—channel

NNLOapprox, total
s—channel

NNLOapprox, total
s—channel

NNLO approx: enhancement over NLO is ~ 10%

180

(my = 173 GeV, 7TTeV)
(m¢ = 173 GeV, 8 TeV)
(my = 173 GeV, 14 TeV)

NNLO approx

P B |

|

7 8

|
6
s (Tev)

5.55 £ 0.08 &+
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4.56 +0.0770

11.86 +0.19"

lll lll
9 10 11 12 13 14

15 pb
0.21 pb

0.45

0.49 Pb
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Associated tIV~ production at the LHC

tW productionat LHC  NNLO approx (NNLL) p=m,

tW cross section mt:173 GeV

50 o T ] ET
40:‘ ......................... ]
L ] 10
30k ]
g | ey =
= | —— 7TeV ©
20| ]
[ 15_
oe_
[ I , \ \ ) ] 1 1 1 L | Oll_l ™
965 170 175 180 ot
m, (GeV)
NNL
NN Oappl"OX( . = 173 GeV, 7TeV)
NNL
R Oapprox(mt — ]_73 GeV, 8TeV)
NNL
NN Qapprox i, — 173 GeV, 14 TeV)

NNLO approx

1 P T | 1 1
4 5 6 7 8 9 10 11 12 13 14
1/2
S (TeV)

7.840.270°2 pb

11.14 0.3+ 0.7 pb
+1.5
41.84+1.0712 pb

NNLO approx corrections increase NLO cross section by ~ 8%
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Associated production of a top quark with a charged Higgs

bg->tH at LHC NNLO approx (NNLL)

0.1F

o (pb)

0.01F

0.001k

200

NNLO approx corrections increase NLO cross section by ~ 15 to ~ 20%
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FCNC processes

Single-top production via flavor-changing neutral currents
Anomalous couplings in Lagrangian, e.g.

1 _
ALSST = X Ktqv €t oy q F"'}V + h.c.

qu — tZ4
g>_ﬁ_<t 97T T ——t
t A
u 7 U ——p—I N7
u—1i
Y v 9>_ﬁ_<t 97 T T ——t
t A
u Yy Y e NNN\ Y
eu — et . _ -

e | | e e |

decrease of scale dependence, significant corrections over Born at Tevatron and
HERA (e.g. 15 to 20% for eu — et at HERA)

Future studies for LHC energies and other couplings

\ 4
-
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W and Z production at large pr - parton processes

W and Z hadroproduction useful in testing the SM and in estimates of
backgrounds to Higgs production and new physics (new gauge bosons)

pr distribution falls rapidly as pr increases

Partonic channels at LO

q(pa) + 9(pp) — W(Q) + q(pe)
q(pa) + @(py) — W(Q) + g(pc)

Define s = (pa +pb)°, t = (pa — Q)%, u=(pp —Q)* and s = s+t +u— Q*

At threshold s; — 0

l 2
Soft corrections [m (3:4/pT)}
_|_

New approximate NNLO from NNLL resummation:
N. Kidonakis and R.J. Gonsalves, arXiv:1201.5265 [hep-ph]
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Two-loop soft anomalous dimension

Two-loop eikonal diagrams for qg — Wq

q

i q
g
q

E q
g
q
9

Determine Fg) from UV poles of two-loop

dimensionally regularized integrals

Also for qg — Wy
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NNLO approx for W production at the LHC

W production at LHC NNLO approx  S"°=7 TeV
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NNLO approx for W production at the Tevatron

W production at Tevatron NNLO approx S"°=1.96 Tev
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Summary

NNLL resummation for top quark pair
and single top production

tt production cross section

top quark pr and rapidity distributions
single top cross sections and pr distributions
W production

NNLO approx corrections are significant
at the LHC and the Tevatron

good agreement with LHC and Tevatron data

future work on more differential distributions
and on NNNLO soft-gluon corrections
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