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Soft and collinear gluon corrections

Incomplete cancellations of infrared divergences between virtual diagrams and real
diagrams with soft (low-energy) gluons

For the process p1 + p2 — p3 + pa

define s = (p1 + pz)z, t=(p1— p3)2, u=(p2— pg,)2 andsg =s+t+u— m% — mﬁ,

z = Q?%s
At threshold s4 — 0 (1P1) or z — 1 (PIM)

k 2 keq_
Soft corrections [h‘ (5544/M )} or [%}
_I_

k < 2n — 1 for the O(a?) corrections
Resum (exponentiate) these soft corrections

At NLL accuracy requires one-loop calculations in the eikonal approximation

Also purely collinear corrections In* (s4/M?) or In*(1 — z2)
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Soft and collinear gluon corrections

The n-th order corrections in the partonic cross section

2n—1 k 2n—1
(1) (N — (1) 5(1 (n) | In* (1 — z) (n) 1 k(g _
o\ (z)=VWi1—-2z)+ kgo Sy [ s ) -+ kgo C, ' In"(1— z)

Near threshold soft corrections are dominant and provide excellent approximations to
the full cross section

Examples: top pair and single top production

jet, direct photon, or W production at high pt

In other cases purely collinear corrections also have to be included to get a good

approximation (e.g. Higgs production).

The hadronic cross section

o= Z/dxlde ¢f1/p(x1nu1:) ¢fz/ﬁ(x21VP) o(s t, U,UF, UR/, os)
f
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Resummed cross section

Resummation follows from factorization properties of the cross section
- performed in moment space

.
G (N) = exp [ZEff(Ni)} exp [ZE”‘]‘(N»] exp [22 / "Z’ m(Nnas(y))]

i i i Jwr

I V's
X exp ZZde/ p ,B(ocs(y))} H/i (as(pr))
wr M
VsIN; = V/sIN;
X exp /\/g GZl rtfifi (as(,u))] Sfifi (as (%)) exp [/\/E CZl l"f’f] (as(p))

where

ZEf’(N)— Zc/dz o {/(11_2)2 d;“sgs)+“5((1;2)zs)}+0(a§)

ZE’f](N]) — Z/ dz i_z {C]/( - QO&S (/\S) _B(l) Dés((l—Z)S) _C]“S((l;z) S) } +O(0€§)

1-z)2 A T J T

C; = Cr = (N2 —1)/(2N,), B{" = 3C¢/4 for quarks; C; = C4 = N, B{") = Bo/4 for gluons

I's is the soft anomalous dimension - a matrix in color space
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NNLO expansions of resummed cross section
Invert back to momentum space and expand to arbitrary order

NLO soft and collinear gluon corrections

1
1—z

+cid(1—z2)

+

s prts(R) {C3 lln(l_Z)
7T 11—z

—I-Cz[

_|_
+c5In(1—2) +c5}

NNLO soft and collinear gluon corrections

2(.,2 3 .
&(Z)ZFBM{]'CZ lln (1 z)jl +°°°+%C3C§1n3(1—2)+°°°}

72 P 1—z
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Top quark production
Dominant process is pair production gq — tf and gg — tf

Very good agreement of theory (with soft-gluon corrections) with Tevatron
data

Recent evidence for single top production - cross section consistent with
theory

Opportunities for study of electroweak properties of the top

Top quark mass value lowered to ~ 172 GeV
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Top quark cross section at the Tevatron

pp->tt a Tevatron Sﬂ2=1.96 TeV  MRST2006 pdf pp->tt a Tevatron S]J2=1.96 TeV  CTEQ6.6 pdf
10 T T T T I T T T T I T T T T i 10 | T T T T I T T T T I
}\"\ 0 ] _ 0
[ % —— NLO p=m ] i —— NLO p=m ]
9 \‘\ ——— NLO p=m/2, 2m - 9;\\: ——— NLO p=m/2, 2m —
C N .—.— NNLO approx p=m ] Y .—.— NNLO approx p=m ]
\\ ------- NNLO approx p=m/2, 2m 1 i \\ ------- NNLO approx p=m/2, 2m 1

NNLOapprox _ _ +0.03 4-0.23 _ +0.39
i (1.96 TeV,m = 172GeV,MRST) = 7.80 +0.31 ,5 79 pb = 7.80 "z pb
NNLOapprox _ _ —0.03 4-0.48 _ +0.57
st (1.96 TeV,m = 172GeV,CTEQ) = 7.39 £0.30 _;59 o3 Pb = 7.39 "2, pb
Kinematics uncertainty, scale variation, pdf errors (NK, R. Vogt)
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Top quark cross section at the LHC

pp->tt a LHC S"’=14Tev MRST2006 paf
1400 T T T

pp->tt a LHC S"=14Tev CTEQ6.6 pdf
| 1400

L
—— NLO p=m T r ——— NLO p=m
[ ——— NLO p=m/2, 2m 7 r ——— NLO p=m/2, 2m
1200—\\\*.._“.. -—-— NNLO approx p=m 1200f.. -—-— NNLO approx p=m -
I~ \\\"n..-..,. ------- NNLO approx p=m/2, 2m| \\\ ------- NNLO approx p=m/2, 2m
g R
£ 1000 £ 1000
o 8 o
800_ e 800-
T T V) 75 180 065
m (Ge
NNLOapprox
PP (14 TeV, m = 172GeV,MRST) = 968 +4 T70 722 pb = 968 15 pb
pp—tt
NNLOapprox
pp—tt

(14 TeV,m = 172GeV,CTEQ) =

919 +4 170 127 pb =919 T7% pb
Kinematics uncertainty, scale variation, pdf errors

(NK, R. Vogt)
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Eikonal approximation

H— -
p+k p
lk—>0
_ v (P HE+m) - cop_ Ptm - ¢ UF
i(p) (—igsTg) v (o + k)2 — i + ic > i(p) gsTry 2p -k + ic u(p)gSTPv-k+ie

with p o v, T generators of SU(3)

Perform calculation for massive quarks in Feynman gauge (NK, P. Stephens)
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One-loop diagram

=& / a'k_(—i)g" of (Z7)
S (27T)" k2 vi + k (—v]--k)

Using Feynman parametrization, this can be rewritten as

2 Yi*Yj

1 1—x A"k
I = —2ig; n/ dx/ dy/ S
(270)" Jo 0 (xk2 +yv; - k+ (1—x —y)v; - k|
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which, after the integration over k, gives

111 = gg Ui+ 0j 26—2n i F / dxx "
1—x 12—3
X/ dy [—yzv,-z—(1—x—y)zv]g—2yvi-v]-(1—x—y) !
0
After several manipulations, and withn =4 —e and g = V1 — 4m?/s,
1
L, = & (_1)—1—e/2 n5e/2 el2 (1 + E) (1+ ,BZ)/ dxx~1Te(1 — x)~ 1€
In [4z8%(1 —z) +1 — B >
{/ dz [4zp*(1—z) +1— B /d 1202 F1- B + O (%)

integral over x contains both UV and IR singularities - isolate UV singularities

1
1
/ dyx1Te (1—x)"17¢ = - + IR
0

Then

Y = ljts(l-zl_ﬁﬁz){ In (1;§) —(41n2+1n7t ')'E—Ht)ln(l;'[g)

(14 ) — § In?(1— ) — _Lis (14;15) + 2L <_ﬁ)}
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Two-loop diagrams

Pi
pi + k1

Ilzgs :

4/ d'ky d'k, (—i)g" (—i)grf® of of (—v}) (—v7)
(27T)" (27T)" k% k% v;i - k1 v; - (k1 + k2) —v; - k1 —0j - (k1 + k2)

I1 is symmetric under ki <+ k, as is crossed diagram I, in the next section. Then

1
I = > (Iy)* — I,

(color factors must also be included in final result)
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Izzg

4
S

Two-loop diagrams

d'ky d'k, (—i)g" (—i)gf® of of (=) (—v7)

1

(2T)" (2mT)" k% k% vi + k1 v; - (k1 + k) —vj (k1 + k2) —v;j - ko
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We can set € = 0 in the k» integral since it is UV finite. Then

2 1 1
7t 0 Jo 22 (1—y)*z> —2B*(1—y)z — >
X/ d"kq
k3vi-ki[(vi—vj)z+v]] - k1

Now we proceed with the k; integral. Isolate UV and IR poles.

After many steps

L' = - fz a Iﬁlf)z% {ln (%) [2Liz <%> +4Li, (%) +2Li, (—_§1+_/3ﬁ))

—In(1+ ) In(1— B) — G2

— 21n? (%) In (%) + %1n3(1 —B) — %1n3(1—|—,3) — Liz (%) +§3}

ok
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'k _d"l (=i)g" (=i)g" (=i)gr* o] (=7))

— 4
L= 78 | Gy oy k2 K2 Z 5k (=v;-K)

% [gu’p’ gV g P g gV gpp’]
This can be rewritten as

_ 2gs(n—1) ' / d"k a"l
'="Gor YY) o ko k) T

But [ d"1/I> = 0 and thus I = 0.
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ka1 o (=) (—i)gh (—i)gP? il
— (_ 4 i J 8 8 PV Sy
I = ( 1)Tlfgs (27‘(’)” (27'()" ;i - k (—7)] . k) k2 k2 Tr 1y 12 ( l)ly

After a few manipulations involving the trace we can write this integral as

4
ngs a b c d e
I:—mumﬂM{l+IﬂdW+I+I]

7

(I—K)
(I —k)?
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where

d"k dl "k 1k

a __ e . b:— TRy . n

F=u v]/v,--kvj-kk4 i-r2 ! v v’/vi-kvjokk‘l/dllz(l—k)z
d"k vi-lo;-l d"k

c _ __ n J _ np

= z/vi-kvj-kk‘l/dllz(l—k)z /v, kk4/d 12(1—k)2

/ dk /d"
) v kK 12(1—k)2

Now I* =0, I? = 0, I¢ = 0.

After many steps extract UV poles

o= o e () el (p) - () e s
—1n2(1—,[3) + (% —|—51n2—|—1n7'c—'yg> In (%)]}
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1, [ dk a1 o (=7)) (—i)gm (—i)gPr' (—i)g"" (—i)g"”

2% | @m)r @r)t ik (—ovj k) K2 2 (k=12 k2
X [g#'P(k + 1)0' —|—gp‘7(k _ 21)#' —I—g””,(—Zk + Z)P]

x 8¢ (1+K)7 + g7 (—2k+ 1) + g7 (k — 21)"']
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After several manipulations we can write this integral as

1 4/ d"k 4v; - vj (n—6) / d'l
I = —g _|_—
*J) (2m)? | [vi-kvj-kk? k4 12(k —1)2

— (21’1—3) v:'/l 4 v;.l /dnl l,u 4+ (41’1—6) 7)?7)] /dn
K \v-k vk Ek—10)2 " v -ko;-k K 12(k—1)2

Calculate UV poles

e BRSO () () - 2) s
—1n2(1—,3) + (; -|—51n2—|—1n7t—'yg> In (%)]}
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Then

I=(-1)g:

IUV

iy L4

2m)" 2m)" v; -k (—v;-k) B (1= k)2

2
Ks

'k dl o (=v)) i (l_k)a(—i)g’“’ (—1)g"”

k2

T2

() 2 )

1-p

k2

)+1n2(1+ﬁ)

—1In*(1- B) + <§+51n2—|—1n7r—'yg> ln(l_ﬁ>]}

1+5
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Summary

e Soft and collinear corrections important in cross sections
e Resummation and NNLO expansions

e Top pair cross section at the Tevatron and the LHC

e Two-loop calculations in eikonal approximation

e Massive quarks involve further complications

e UV poles calculated for several diagrams

e Include self-energies, counterterms, color factors

e Work is ongoing ...
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