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Motivation

 NNLO priority list:

DONE 1, DreII D
2. nggs productlon 3 two jet
In gluon fu5|on productlon

ALMOST THERE

4. top quark pair
production 5. gauge boson pair
productlon

NEW RESULTS




Motivation CMS study

on tops
 What to expect from experiment: /

Channel Selected evenfs for
10fDb;

tt — WhWb — lvbbjj /MK

tt — WbWb — lvbhjj high Pt sample// 3,6K

8 million

pairs per tt — WbWh — Ivblvb / 20K
year tt — WhWh — Mligh Pt sample 3,4K
Single top tfﬁannel 2,5K

Single top/W't channel 1,5K

Single t(:f s channel 0,5K

¢ A Top mass measurement with a precision of the order or below 1 GeV.
e A tt production cross section measurement with a precision below 10%.

e Tests of the Top production and decay mechanisms with W polarisations (Top
spin correlation) at the level of 1-2% (3-5%).

e Studies on the tt invariant mass.



Motivation

| Adag/Gigy

1! 5" 10f
Simulation samples (esim) 0.6%
Simulation samples (Fyip) 0.2%
Pile-Up (30% On-Off) 3.2%
Underlying Event 0.8%
Jet Energy Scale (light quarks) (2%) 1.6%
Jet Energy Scale (heavy quarks) (2%) 1.6%
Radiation (Agcp, @) 2.6%
Fragmentation (Lund b, g,) 1.0%
b-tagging (5%) 7.0%
Parton Density Functions 3.4%
Background level 0.9%
Integrated luminosity 10% 5% | 3%
Statistical Uncertainty 12% | 06% | 04% |
Total Systematic Uncertainty 13.6% 105%  9.7%
Total Uncertainty 13.7% 105% @ 9.7%
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Status quo of the theory

« Until now:
« NLO QCD corrections with expected precision ~10-15%

 NLO QCD corrections to tt + jEt (S.Dittmaier, P.Uwer, S.Weinzierl '07, see P.Uwer's talk)

Phys. Lett. B651 (2007) 147

e results for NNLO virtual corrections: amiov. s.Moch, m.c. 07)

e quark-antiquark annihilation (10% contribution to the X-section)

e gluon fusion (90% contribution to the X-section)
e both processes in the high energy limit . 2 t '/
> log"| —-|f [—=
arxiv:0707.4139 [hep-ph] soon in NPB - S S




* We computed color and spin averaged amplitudes
(can be changed in the future)

e color decomposition for the annihilation channel

from factorization (A.Mitov, S.Moch '06, see S.Moch's talk)

common

* and the fusion channel directcomputation

@@ n2H,+Nn, 0 H, +Nn2H. + - IHE'D))




* The leading color coefficient in quark annihilation
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* The leading color coefficient in gluon fusion
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 Functional basis

log(ms),log

log(1—x),Li,(x),Liz(X),S(x),Li, (X
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Particle fluxes at the LHC

30 B 1 IIIIIIII 1 IIIIIII| 1 IIIIIIII 1 IIIIIIII I 1 1rrrm
- (a) 7
5 E 2 — . 1
& F 0/l @z (1) ] convergent high-energy expansion
20 | - 2
C . . mt
5 E 3 IN msz? ?
3 s "_:;/—— what about the rest of events ?
U - L ol Lol m Lt
ot 1wt 10t 1wt 10 30
n= s/(4mz) -1 -
. L. 20
what about the angular variation ?
15
t
=—— € [1/2(1-B8),1/2(1+B)| W
S 5
2 : ]
_\/1 4mt [] _4I L.LLLLLL _3 (1] _2I L111lll _ll L1111l L1111
— _ 10 10 10 10 | 10
S N = s/(4m°) - 1




Direct computation

Statistics

annihilation channel

- 190 diagrams expressed through 2812 integrals

- 145 master integrals in the full result

- 69 master integrals needed In the present calculation
fusion channel

- 726 diagrams expressed through 8676 integrals

- 422 master integrals in the full result

- 174 master integrals needed in the present calculation



Direct computation

e Reduction to masters as a first step (s.Laporta '00)
e The real problem is how to compute the masters

 We know the functions in the solution after expansion, but that
doesn't help much

* We even have an idea of the functions in the full result, but that
doesn't help much either

* One of the methods to proceed:

Mellin-Barnes representations



Steps

e construct representations (MBrepresentation.m, G.Chachamis, M.C.)
 perform an analytic continuation in € to the vicinity of 0 mB.m, m.c)

» expand in the mass by recursively closing the contours in the
multifold integrals (MBasymptotics, M.C.)

» perform as much of the integrations with the help of the
Barnes lemmas

* resum the remaining integrals with non-trivial kinematic dependence
by transforming into harmonic series (xsummer, S.Moch, P.Uwer)

* resum the remaining constants by high-precision numerical evaluation
(~ 80 digits) and subsequent fit to a transcendental basis (psLQ, b.Bailey)

* as a last resort expand in x and resum by fitting to a basis



Non-planar graphs

 on-shell graphs have no Euclidean domain of definition

* need to extend the integral by using U as an independent parameter
to have a properly defined MB representation

* loop-by-loop integration produces more compact representations in
the case of massive integrals, but the expansion falls back on the
massless case

 the massless loop-by-loop Is six-dimensional and the U parameter
regulates part of the divergence

Ai4+Bi3Iog(S+T+U)+...

€ €

e necessary to construct representations by directly integrating the
two-loop Feynman parameter integral



 Example non-planar integral
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* Working with non-planar tensor integrals
KH

tensors rank 2 unavoidable

\

\ it's wiser to replace tensors
by inverse denominators (K*)

-

» generates an 8-fold representation, but double analytic continuation

* reduces the number of 4-folds atthe end (~400 — ~ 10)

 simpler structure of the result
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1440 =H[0, 1, 1, x] Log[ms] - 360xH[1, 1, 1, x] Log[ms] + 180 =* Lu:ug[ms]z + 240 =7 ang[ms]z +180=H[1, 1, =) Lu:ug[ms]z - 60 IP1 Lcu;[[ms]3 -15 Lu:u;{[ms]‘fI +
Ql:leu:u;[[ms]dI + TRO0IP1iH[L, 1, =] Log[x=] - 1440==H[0, 0, 1, =] Log[x=] - 1440H([0, 1, 1, =] Log[=] - 360=H[0, 1, 1, =] Log[x] -2880H([1, 0, 1, =] Log[x=] -
3e0xH[1, 0, 1, =] Log([=] + 1440H[1, 1, 1, =] Log[x] + T20xH([1, 1, 1, =] Log([x] - 120 o #xLog[ms] Log[x] + T20H([1, 1, =] Log([ms] Log[=] +360xH([1, 1, %] Log[ms] Log[x] -
360 IPixLDg[ms]z Log([=] - 180 xLDg[ms]3 Log[=] + 60 o XLDQ‘[X];: +720H[1, 1, =] Lng[x]z +180xH[1, 1. x] Lu:ug[x]z + 540 IP1i xLog[ms] Lng[x]z + 9DXLDQ‘[II‘LS]2 Lu:ug[x]z -
240 IPi % Log[x]” + 60 xLog[ms] Log[x]” - 45 xLog[x]? + 120H[0, 1, x] (4 =" -6 IPi (2 - %) Log[x] + 9xLog[x]” + 6 Log[ma] (IPi - 2xLog[x])) + 2880 IPi Beta[3] -
1800 IPi x Zeta[3] + 2880 Log[ms] Zetal3] + 2880 xLog[ms] Beta[3] - 1800 xLog[x] Zeta[3] + 60H[1, x] (10 IPin" - IPi =" x+ 6 IPixLog[ms]” + 3 xLog[ms]” +

(-8B -5x) Log[x] + 3 IPi (4 - 3 Log[x]” - 6xLog[x]” -Logns] (22" (-5 -3) + 12 IP1 (1 - x) Log[x] - 9xLog[x] ") + 48 Zeta[3] + 36 x Zeta[3]1)



Power corrections

» Let's consider the expansion in ms of the bare 2-loop leading
color contribution to quark annihilation

2
(0)
40(5

27T

(MM, =N A+ .

11 terms up to ms'®

e atx=1/2andwithr =4 ms

36.4466 +36.6376r -2.11948 1% +0.318695r> +1.8244r" + '(//
3.2533271r° +4.547121r°% +5.73099r" +6.82737r® +7.85347r° +8.82223r'0 +
(-7.13933-13.2047r-1.6791r% -1.793361r°> -0.6824621r* +0.344393r° +

1.31353r® +2.23685r’ +3.12317r% +3.97884r” +4.80856r'") Log[ms] +
(4.44113+2.67214r-1.97207r? —0.387011r> - 0.0835894r* + 0.0520038 " +

0.164006r® +0.287566 1 +0.4288351% +0.5859r? +0.755209 r'%) Log[ms]? +
(-0.608904-1.10606r +0.155183r? +0.298532r> +0.425373r? + 0.543219r° +

0.651184r° +0.75001r’ + 0.840853 % +0.924882r° +1.00314r'%) Log[ms]” +
(0.0625+0.0833333r+0.0208333r? +0.00260417r> -0.0078125r% -0.0157064 > -

0.0222168r° - 0.027832r’ - 0.032814r° - 0.0373214r° - 0.0414581 %) Log[ms]"

« The series is derived under the assumption that m’ <s,|t|,|u] .

what happens at the edge of the phase space ?
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Full mass dependence

* A practical prescription for
Implementation in MC:

- construct a dense grid
- use interpolation
- renormalize at the end
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Merging ideas for workable numerics

sector decomposition integration by contour deformation
T.Binoth, G.Heinrich '00 D.Soper '98, Z.Nagy, D.Soper '06

K.Melnikov, A.Lazopoulos '07, Ch.Anastasiou, A.Daleo '07

see also R.Boughezal's talk

o o —
_— o~

MB representations /ﬁpansions from DEQs e

E.Boos,A.Davydychev '91 ST
V.Smirmov '99, B. Tausk '99 M.Caffo, H.Czyz, E.Remiddi '98

M.C. '07 umerical integration of DEQs /e

M.Caffo, H.Czyz, E.Remiddi '98 /

\/




Steps

Compute the high energy asymptotics of the master integrals
obtaining the leading behaviour of the amplitude

Determine the coefficients of the mass expansions using
differential equations in ms obtaining the power corrections

d _
ms%Mi(ms,x,e)—zj C,(ms,x,e)M(ms,x,e)

Evaluate the expansions for ms <1 to obtain the desired
numerical precision of the boundaries

T Im(ms)

Evolve the functions from the boundary
point with differential equations first in /\

ms and then in X (obepPAcK)

Re(ms)



e starting point
ms=0.002, x=0.25

« singularities of coefficients Ap

of DEQs:

B=0
x=1/2(1%B)
ms =X
X=1/2

e interpolation necessary

* relative errors required
107" (ms), 107" (x)

 contour deformation
A..=0.01, A =0.01

. . time: 1s
Eﬁ|C|ency precision: 10 digits
stability: 12 digits
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200
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150
125

250 A
200
13

0.5
1
1.5

s/4m’) - 1 2 )
_ ’1,62\
,Bi10 1 . %00052%@«
x=1/2(1-8)+10 & ~
time: 22's 00@\0(‘@0
precision: 8 digits \@6@{‘
stability: 8 digits & 7




W pair production

* Accurate knowledge needed

- signal: to study the gauge structure of the Standard Model

- background: for Higgs boson production and decay in the mass
range M, € [140,175| GeV

* Large enhancements at the NLO level in the
dominant quark annihilation channel

- 70% with general LHC cuts
- 20 — 30% with Higgs boson search cuts

* Necessity to study scale variation in the case of
gluon fusion (leading order error determination)

- 30% enhancement with Higgs boson search cuts, otherwise 5%



W pair production

* Leading color contribution at 2-loops in t-channel production in

qguark annihilation
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e full result soon to follow (G.Chachamis, M.C., D.Eiras)



Conclusions

 Leading high energy behaviour of the 2-loop virtual corrections
available for both production channels in the case of top pairs

 Leading high energy behaviour of the 2-loop wvirtual corrections
almost complete in the quark annihilation channel for W pairs

* Power corrections and full mass dependence in both cases are
feasible

e Lots to be done from here...



