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For the planned International Linear Collider (ILC) one needs NLO
corrections to unpolarized and polarized structure functions in top

quark pair production eTe™ — t(7)t.
It would be very useful to partition the NLO corrections into

e NLO corrections in the soft gluon region (tests of QCD;
comparison with non-SM physics)

e NLO corrections in the hard gluon region (additional tests of QCD
and comparison with non-SM physics)

The two regions are separated by a cut on the energy of the gluon. It
is best to have the results in the two regions in analytical form. This is

the subject of my talk.



tree diagrams



First on the list of agenda is to enumerate the number of structure

functions

Twelve Invariant Structure Functions

HMV - g,uquc ‘|‘]91,u]91yH§C + ie(,uyplq)Hgv

(- 8) [—9uw G + P1up1o Gy +ie(urp1q) G5

(S,uplu + Supl,u)va + (pl,uie(yqpls) N pll/ie(:quls))Gz’;c
te(prgs)Gy" + ie(uvp1s) Gy

+ - -

(S,uplu - Supl,u)Gﬁ?E)) + (pl,uie(yqpls) +p1ui€(ﬂqp18)> Gﬁjg
o HY° HY® HEY" unpolarized
o GV . GY GY GEY,GE LGS, Gy ° polarized; T-even

o Gy, G5 polarized; T-odd (imaginary part of 1-loop)



Ten Helicity Structure Functions

pc prpc pypv :
e H; ,H, ,Hy unpolarized

o Hy, H}, Hy,, H/ H" polarized; T-even

o [\, H/, polarized; T-odd (imaginary part of 1-loop)

Invariant structure functions are overcounted because of two nontrivial
identities in four space-time dimensions due to Schouten's identity :

(prq)ie(prgs) = —(gs) ie(prp1q) + ¢*ie(pvps)

m?ie(urgs) = (pluie(quls)—plyie(qu15)>



Differential unpolarized and

polarized rate distributions

unpolarized differential rate distribution : (¢ := oy +or)

d 3 3 3
dcoUSG = —(1+cos?0) oy + ZSiHQQO'L + ZCOS@O'F

longitudinally polarized rate: (¢} =0 at LO)

do’ 3 3 3
chSG = g(l + cos2 6) ol + 1 sin® § ol + 1 cos 0 ol
transversely polarized rate:
do+ 3 3
2 = - sinfcosfo; — ——sinfoy
dcos6 V2 V2

normally polarized rate (normal defined w.r.t. beam plane):

doN 3 3
d :——siné’coseafv——siné’ag

dcos6 V2 V2




Figure 1: Definition of polar angle 6




Some technical details on the calculation. Most difficult is the tree

graph integration up to a given gluon energy cut.

Three-particle final state — two-dimensional phase space
integration with a cut on the gluon energy (A = Eg“t/\/qz)

there are three mass scales in the problem: /¢, m;, E&"

—— many different square roots, logs, dilogs ....in the final result
infrared singularity regularized with a (small) gluon mass m¢

For A — A\,ax we obtain the cut independent known NLO results
S. Groote, A. Pilaftsis, M.M. Tung, JGK (96, 97)
W. Ravindran, W.L. van Neerven (2000) and others

For the tree graph contribution we took the limit A — A\.;, and
obtained the usual soft gluon expressions
o™ (s0ft; A = Amin) — o™ (Born) x soft-gluon-factor



e Comparison of cut—dependent unpolarized structure functions
oy,o0r,0r With
A.B. Arbuzov, D.Y. Bardin, A. Leike (92)
J.B. Stav, H.A. Olsen (96)

Closed form expressions for agm)(soft; A) are too long to be shown in
this talk. The corresponding hard rates ng)(hard; A) can be obtained
by subtraction, i.e. o(hard) = o — o(soft).
(i=UL,F,I,A;m=0,l,1,N)

(m) [ 1 1 1 _1 _N _N
O-’L 'O-U7O-L7O-F7O-U7O-L7O-F7O-I70—A70-I7O-A



Eikonal and soft gluon approximation

Eikonal approximation:

2 2

i : 251 2(p1p2) 25 i
H' (eik) = g>Cp — H,  (Born)
g (p1p3)?  (p1p3)(p2ps)  (p2p3)? )

A 7
"

eikonal amplitude Agjx

Integrate the eikonal amplitude A up to a given gluon energy cut

Egt = )\\/q?:



The result is

hoiek = —O‘jij{<2v—(2—g)1n(1+”>>1n<ﬁ>+4<M\/1—2A— —v)

2_1
+2v (ln (Z—A> + 21n (ZO—>> —Inzg +4X1Inzy +
20 Zxzo — 1
1. 5 [ 2 zZxzo — 1 L. 2

2
4 Lis < ! ) + Lig (1 - 3) + Liz(1 — 2x20) — Liz2(1 - zg))}
14w <0

14w V1—=2\+ /1T =2\ —=¢
, Z\ = :
1— v AT T2 —JI—2)—¢

where

20 =

A is scaled gluon energy cut, A is scaled gluon mass (A = mea/\/q?)



A — 0 limit gives the usual soft gluon factor:

hSGA:_a;(jF{ <2v+(2—§)1n<1lz>>ln (j—%)
1—w 1. 5 /1—w , 2v
+1n1—|—v+(2_£)<zln (1—|—’U>+L12<1—|—’U>>}

Infrared (IR) singular piece

hin :—O‘jr(jF{ <2v+(2—§)1n(1:—z>>1n%}.

cancels against the corresponding loop contribution. The remaining IR

finite pieces are then hl,, = heix — hir and hioa = hsga — hig.



The eikonal approximation is an excellent approximation to the exact
NLO result for the total rate 0 = oy 1, even in the hard gluon region:
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Some numerical examples:

Hard gluon rate
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NLO Polarization—type observables

agm)(Born) + agm)(as)
o(Born) + o(as)
agm) (Born)(1+ hl, (as))
o(Born)(1 + hgik(as))

P™(NLO) =

= Pz.(m) (Born)

approximately (/) means
e neglecting non-Born like hard tree contributions

e neglecting non-Born like loop contributions

P (NLO) ~ P™ (Born) good to O(1% — 3%) depending on the
polarization observable and on the value of the cut parameter .



Example: Longitudinal polarization of top quark P! = ¢!/o
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NLO Polarization—type observables in the

hard region

(m)
m o, (ag; hard)
Pi( )(NLO) B o(ag; hard)

P (NLO) deviates from P\"™ (Born) by approximately
O(5% — 10%) depending on the polarization observable and on the

value of the cut parameter ).



Example: Longitudinal polarization from a longitudinally polarized
initial gauge boson (v*, Z*): P!. This polarized structure function is
interesting since P! (Born,one — loop) = 0 (due to the absence of
second class currents in the SM and having a two-body final state, i.e.

also no one-loop contribution).
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Summary and Conclusion

e We calculated the NLO corrections to three unpolarized structure

functions and seven polarized structure functions up to a given
gluon energy cut.

e We checked our calculations by taking the soft and hard gluon
limits of our results which afforded a comparison with known
results

e Polarization-type observables show little dependence on the cut
parameter up to high values of the cut parameter. The deviation
from the LO Born term results is small O(1% — 3%) depending on
the polarization observable and on the value of the cut parameter

A



e In the hard gluon region the polarization-type observables deviate
from their Born term values by O(3% — 10%) depending on the
polarization observable and on the value of the cut parameter .



