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W Pair Production

The process

W Pair Production in the quark-anti-quark annihilation
channel — Tree level diagrams

W wr
\(\/\/\/\J 7, 7

q

WK

ltis a2 — 2 process with massive particles

Goal: Calculate this process at NNLO (two-loop) in QCD
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One Is bound to ask:

Do we really need to go up to NNLO?
NNLO is needed when

 NLO corrections are large
e For benchmark measurements

Theoretical uncertainty smaller or matching

the experimental errors

State of the art (for LHC):
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Motivation |

W pair production important as a signal in searches for
New Physics. Testing ground for non-abelian structure of
SM, triple gauge couplings, YWW, ZWW

olpp — WTW7™) =
14.672% (stat) T4 (syst) £ 0.9(lum) pb| CDF
13.8%5 5 (stat) T o(syst) £ 0.9(lum) pb| D@
V5 =2 TeV W+w- V5 =14 TeV WrWw-
(pp) MRS98 | CTEQS (pp) IRS98 | CTEQS
Born [pb] 10.0 10.3 Born [pb] \\%.8 86.7
Full [pb] 13.0 13.5 Full [pb] 120.6 | 127.8

Tevatron

Campbell, Ellis ('99)

LHC
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Motivation ||

The 'elusive' Higgs boson
Higgs:
* Only constituent of the SM not experimentally
observed yet.

» Electroweak symmetry breaking
* Description of particle masses

Discovery by itself is not enough!
Properties of the Higgs needed
to exclude or verify
alternative models
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at

LHC Higgs production ...

Gluon Fusion channel is the dominant production
mechanismuptoM ~1TeV:gg— H

Motiv

on |l

Sub-dominant production process is

Vector Boson Fusion:qq—VV —qqH
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Motivation ||

... and decay

Once the Higgs is produced it will eventually decay into different
particles depending on its mass. In the Higgs mass range
140 — 180 GeV the main decay mode is into W pairs
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Motivation I

Going after the Higgs: Main discovery Channels

M : 140 — 180 GeV
H—WW —2/+missing Energy E_

*Pick up the signal process

*Avoid or suppress the usually large background
*Accurate theoretical predictions for both signal and
background

—» Main background (irreducible): W pair production
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Mini Summary

W Pair Production is important at the
LHC:

eSearches for New Physics

eIrreducible background to Higgs
production
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All these are nice but still ...

... do we really need to go up to
NNLO?

The answer Is

YES!
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Signal known to NNLO

QCD corrections to :
gg— H
NLO: Contribute ~ 70%
Dawson ('91); Djouadi, Graudenz, Spira, Zerwas (' 95)
NNLO: Contribute an additional 20% for LHC
Harlander, Kilgore ('02); Anastasiou, Melnikov ('02)
Ravindran, Smith, van Neerven ('03)
With a Jet veto at NNLO: corrections ~ 85%
Catani, de Florian, Grazzini ('02)
Davatz, Dissertori, Dittmar, Grazzini, Pauss ('04)
Anastasiou, Melnikov, Petrielo ('04)

NNLO H—-oWW-—>/vl/v

Anastasiou, Dissertori, Stockli, Webber ('08)
Grazinni ('08)
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Background

* gg—>WW
70% enhancement at NLO. With a jet veto the

enhancements fall to 20-30%
Dixon, Kunszt, Signer ('98, '99)

* loop induced gg—WW

Contributes to the quark annihilation channel at O(a3) .
Enhanced by the large gluon flux. After Higgs search
cuts it increases the background by 30%,

with no cuts by 5%

Glover, van der Bij ('89); Kao, Dicus ('91)
Binoth, Ciccolini, Kauer, Krdmer ('05)
Duhrssen, Jackobs, v. d. Bij, Marquard ('05)

« EW corrections Accomando, Denner Kaiser('05)
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1980 1990 2000 Present

Brown, Mikaelian ('79)

Ohnemus ('91); Frixione ('93);
Ohnemus('94);

Dixon, Kunszt, Signer ('98,'99):
Campbell, K. Ellis ('99)

O Anastasiou, Glover, Tajeda-Yeomans ('02)
less

mation Grazzini ('06)

The p p — W W story till recently...
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We would now like to have...

... Cross sections for W Pair production at
NNLO

with full mass dependence...
... Then start with the amplitudes...
... The difficult part on the amplitude level is

the virtual corrections, in particular the two-loop
diagrams contracted with the Born ones
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Well, that means... many diagrams

__________ real ...........

""" virtual real--—-

(one loop) O (one loop)*

2 loop virtual
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So what Is at stake?

* ANNLO (4 legs, 2 loops) calculation of a process
with massive particles (similarities to “heavy quark
production”)

Czakon, Mitov, Moch('07), Czakon ('08)

* Color and spin averaged amplitudes

» Kinematical region: all kinematical invariants large
compared to the W mass: MW2 <s, t,u

- We expand with respecttom =M _*/s

e Exact analytic result in the high energy limit (up to
terms suppressed by powers of m)

» Reconstruct (numerically) full mass dependence for
the whole phase space
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The main difficulty

For the 2-loop amplitude
the difficult part here Is to compute the
Feynman Integrals

We choose to do that using the
Mellin-Barnes representations
technique
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Mellin-Barnes: a simple example
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Mellin-Barnes

Do a reduction a la Laporta into Masters, then starting
from the Feynman parameters representation of

a master, “walk” the following Steps:

e produce representations (MBrepresentations.m)

 analytically continue in € to the vicinity of 0 and expand Iin
mass (MB.m)

» perform as many as possible integrations using Barnes
lemmas (BarnesRoutines.m, Kosower)

* resum the remaining integrals by transforming  into
harmonic series (Xsummer)
* resum remaining constants by high-precision numerical

evaluation (quadprec.m) and fit them to a transcendental
basis (PSLQ)
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Software

MBrepresentations.m (6C, Czakon)

Produces representations for any multi-loop, planar
or non-planar, scalar or tensor integral of any rank!

MB.m (Czakon)
Determination of contours, analytic continuation,
expansion in a chosen parameter, numerical
Integration

ASummer (Moch, Uwer)

Evaluation of harmonic sums
PSLO (Bailey)
Fitting to a transcendental basis
quadprec.m (Czakon)
High precision numerical evaluation with up to 64 digits
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A tensor example:
(k1.p3) x kg

g (p2)

//ddklddkz h13
k$k3(ky + ko)2(ky + ko — p1)2 (ko — p1 — p2)2 (k1 + ko — p1 — p2)2(ke — p1 — P2 + p3)?

{ (M27178P~23 g-2-ep-zl1 (21425 (_M2 4 S + U) Gamma[-ep + z1] Gamma[2 + z2] Gamma[-1 - ep - z2

Gamma[-2z3] Gamma[l - z1 + z2 + z3] Gamma[-1-ep -2zl + 23 - z4] Gamma[-z1 + 22 + Z
Gamma[-z4] Gamma[l + z1 + z4] Gamma[2 + ep + z1 + z4] Gamma[l -z3 +
dZ1 ..d25 Gamma[-zl1l - z5] Gamma[l -ep -zl + z2 + z4 - z5] Gamma[l + e G%&na[zl -z2 +
(2 Gamma[l - 2 ep] Gamma[l - z3] Gamma[l—zl+z2+23—z

Gamma[l -2 ep+ 2zl + z4] Gamma[2 - z1 + z2 + 24])

(M27178P-25 g-1-ep-zl j21+25 Gamma[-ep + z1] G Ga.mma[ 1l-ep-2z2-23] Gamma[-23]
Gamma[l -zl + z2 + z3] Gamma |- ep 4] Gamma|[-zl1l + z2 + z3 - z4] Gamma[-z4]
P Gamma[l + z1 + z4] Ga:mna[z + ep ] Gamma[l -2z3 +2z4] Gamma[-zl - z5]
1

Gamma[l—ep—zl+zz +ep+ 25] Gamma [zl - z2 + z5]) /
(2 Gamma[l - 2 ep] G Gamma[l -zl +2z2 + 23 -2z4]
a

mma[2—zl+z2+z4]),

Gamma [l 6
[
(M (2 M7 - 8) 82-°P-21 UyZ1*Z5 Gamma[l - ep + z1] Gamma[2 + z2] Gamma[-1 - ep - 22 - 23]
6; [-z3] Gamma[l - z1 + z2 + z3] Gamma[-1-ep -2zl + 23 -z4] Gamma[-z1l + z2 + z3 - z4]
amma[-z4] Gamma[l + z1 + z4] Gamma[2 + ep + z1 + z4] Gamma[l - z3 + z4]
Gamma[-2zl - z5] Gamma[l -ep - zl1 + 22 + z4 - z5] Gamma [l + ep + z5] Gamma [zl - z2 + z5]) /
(2 Gamma[l - 2 ep] Gamma[l - z3] Gamma[l - z1 + 22 + 23 - z4]

Gamma[2 -2ep+2z1l+z4] Gamma[2-2z1+2z22+24]), @ @ © 11 terms |n tOtaI
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A tensor example: | — g3 g
(k1.p3) x K,

— 2 e I A T B S AN
(ms =M_ /s, x = -t/s) =3

1
480 (1 - x)

(40 71* - 132 7* x+ 3607 H[O0, 1, x] -807m* xXH[O0, 1, x] +160m% H[1, 0, x] -160 xH[1, 0, X] +
620 712 H[1, 1, x] - 4007 xH[1, 1, x] +240H[0, 0, 1, 1, x] +480H[0, 1, 1, 0, X] -
480xH[O, 1, 1, 0, x] +720H[0, 1, 1, 1, x] +480H[1, 0, 1, 0, xi—480xH[l, 0, 1, 0, x] +
960H[1, 0, 1, 1, x] +480H[1, 1, 0, 0, x] -480xH[1, 1, 0, 0 +2400H[1, 1, 1, 0, %] -
2400xH[1, 1, 1, 0, x] +1800H[1, 1, 1, 1, x] +100 r* 1—1[1 g[ms] -

240 7 xH[1, x] Log[ms] - 240H[0, 1, 1, x] Log[ms] +14 1, 0, x] Log[ms] -
1440xH[1, 1, 0, x] Log[ms] -600H[1, 1, 1, x] O;rT Log ms] —30031’2 xLog[ms]2 -
180H[1, 1, x] L:::g[ms]2 +260H[1, x] Log ms.] Qrc% +130xLog[msj +

160 7% H[0, Xx] Log[1l-x] -160 7% xXHJ[O, x x +807T HI X] Log[l-Xx] -

80 /° xH[1, x] Log[l-x] +480H] - ]—480:{1-1[0 1, 0, x] Log[l-x] +
480H[1, 0, 0, x] Log[l-x] -480x Log [1-x] +480H[1, 1, 0, x] Log[l-x] -
480xH[1, 1, 0, x] Log| l x *@};‘ms Log [1-x] +680 xLog[ms] Log[1 -x] +
1440H[1, 0, x] Log[ms] -1440xH , X] Log[ms] L:::g[l x] +

4OLDg[ms]3Log[l—x —40:{L [ms 3Lc:g 1-x] +300x Log[l - x] -

300 @ xLDg[l—x]2 +240H[O0, O, X | Log[l—x] -240xH[0, 0, x] LDg[l—:ac]2 -

720H[1, 0, x] Log[1-x]° +720xH[1, 0, x] Log[l-x]° + 720H[0, x] Log[ms] Log [l - x]? -
720xH[0, x] Log[ms ] Log[l—x]2 - 60 Log[ms]2 Log[l—x]2 + 60xLog[ms]2 Log[l—x]2 -
560 H[0, x] Log[l-x]° +560xH[0, x] Log[1l-x]’ -200Log[ms] Log[l-x]> +

200 x Log[ms] Log [l - x]  +190Log[l-x]° -190xLog[l-x]" -
6320H[1, x] Zeta[3] + 1920xH[1, x| Zeta[3] + 1280 Log[ms] Zeta[3] -
1120 xLog[ms] Zeta[3] - 2080 Log[1l-x] Zeta[3] + 2080 x Log[1l - x] Zeta[3])
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Catanl's recipe: An important test

One loop: For the IR pole structure of the
renormalized amplitude you need the tree level

amplitude and 17 : (Catani, Seymour '98)

M (1P A{p))ns = T (e, 1% {p}) IME (1P {p}))ns + MDD (17 {p})) ks

Two loop: Now you need tree and one loop level
amplitude: (Catani '98)

|M£§)()u2;{p})>m — I(l)(ea#2§{p}) ’M%)(#Z{P}»Ra
+ I (e, {ph) IMW (2 p)) s + M (12 {pH) ) rs

Singular dependence embodied in the operators
M and /°
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Check list:

Campbell, Ellis, Zanderighi ('07)
Dittmaier, Kallweit, Uwer ('08,'09)

%

(one-loop) O (one loop)F

oy

2 loop virtual
G.C., Czakon, Eiras ('08)

G.C., Czakon, Eiras ('08)
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Mid talk summary

. We have the full (virtual) result up to O(mSO) in the

high energy limit for the virtual corrections.

* Mellin Barnes representations approach is a
powerful technique though not an easy one
(especially for the non-planar graphs).

Nevertheless, ready for the next step:
Full mass dependence
Similar to M. Czakon [arXiv:0803.1400] using

*Numerical Differential Equation method
Caffo, Czyz, Laporta, Remiddi ('98)
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Full mass dependence-how to

Numerical solution of differential equations: an example from
Top pair production

223
200
175
150
125

0.5
/ | 0

s/ am? ) -1 2

Plot stolen from M. Czakon's paper “Mass effects and...” '08
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Towards a numerical solution

 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 m_ obtaining the power corrections

deLM (m,,x,€) Z C;(mg,x,e)M;(m,X,€)
m

 Evaluate the expansions form,<<1 to obtain the desired
numerical precision of the boundaries

4 m mg, Im x

* Evolve the functions from the boundary
point with differential equations first in

m_ and then in X (ZVODE) /\1 S 6

>

Mso, Lo Ms1, T1 Re m.,Re x




W Pair Production

ts-Numerics works!

Phase space and some sample
poin

HKHXAXHKAAKXAKAKXAAX AKX HKAAKAXKXAXRE XX KX

RN AR IAR IR R AR AR

OO IHAIOOOH ORI

ORI IR KKK IR KKK A KKK KA OO

KX XX XXX AKX X
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SOOI R RHKAHKKK

PP 000 00 T 0P VPP OO 00000 T OO PO SO0 .9.0.0.9.9.0.9:.0.9.4

PR KKK KKK KKK K KRR A KK KKK KKK KK X

I~ XXXXXXXXXXXXXXXXXXXXXXXXXXXXX*T*XXXXXXXX
2KRRRRKRRRRR KRR KRR KRR K R IR PO KKK XX
KK KRR XX XX XX X X R XX XXX XX XX

XHXAKARKAAKXKAKAXKXAKXHKAKAK KKK K KKK KKK KKK AKX KK KX KKK

= XXXXXXXXXXXXXXXXXXXXKkaXXXXXX HKAHAHKKAKAHKAXXK

KXHXHKAAKXAAKXKAXAKAXAXAKAAKXAKAKXK AKX AKX HKXHKEPHK AKX XK KX KX

HAHXAHKHKHXAHKHXAX AKX KKK AKX AK KKK KX HKXKPEXAKXKX XX KK XX
HKAXKAKAARXAKARXKAXKXAXHKKAHXEHKAAKAKA KR X KKK KX KK XK XX

]
0.9
8
7
06
0.5
04 F
03 |

0
0

.t\
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Start
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DE numerics

* Find the optimal set of masters

* Solve the differential equations for a grid of
points

 Run numerical checks (e.g. use different
contours) and control errors

« Renormalize
* Pass once more through Catani's purgatory

 |nterpolate
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Conclusions - Outlook

* Working numerics for full mass dependence-
further checks need to be done though!

* The first steps have been done, many more are to
follow for the full NNLO corrections in the

gqgq— W W channel
Next: gg - W W channel

and Z pair production
* The ultimate goal is to have a
NNLO Monte Carlo generator

for gauge boson pair production
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Mellin-Barnes representations

Under the assumption that n>0 and that the contour

\
L4 )

separates the poles of the Gamma functions . | Res |

| | o AZ f
— dz I'(—2)'(n + 2) h :

(A+ B)» 2mil'(n) Joico B2 S

Behaviour of the Gamma functions around non-positive arguments
I'(1+ 2) (—)™1

2I(2) = T(1 + 2) =  I(-n+2)= Cratald w2

Take residues depending on the values of A and B

For A>B = 2z2<0 = 2z=-N-n, N=0,1,...

i(—)NF(N+n) B~ i (N 4+n—1)! (_E)N T S

N—0 N! F(n) ANJrn N: n_l N A An (1+%)n— (A+B)"
For A< = :>0 = z=N, N=0,1,...

i(—)NF(N+n) AV 1 i (N +n—1)! (_éy’\f T S

N—0 N! F(n) BN—l—n Bn n_l I NI B o B (1+§)n — (A+B)n



I1st Barnes’ lemma

70 dzT'(a 4 2)['(b

— 200

['(a + ¢)

2\ (e— 2)I'(d — 2)

[(a + d)T(b+T(b+d)




“nd Barnes’ lemma




€Y 1 3 12\ "
(D () — _E
) CFF(I—E) (82 " 28) ( 5)
| 2B0\ e (1 —2¢) [ Po
1(2) — __1 1(h - K112
() 1) (I (e) +——= | + RS -t (2¢)
+H (),
K= 67_=m c,- Y7
“\18 6 ) A g
2€
el 1r m’ 3
2) _ e o~ v 2
H® (e 248F(1—e)( 5) {(2 6G3 S)CF
13, 245 23, 25 mt
+ (7C3+ 516 48ﬂ )CACF—I— (—54 + 12) CFTFHf}



ms =

107 51157(1—x)x 659 44
i 2 N _
{;}15 {240 O = (1 = x)am 1206 36 (Lo MGl mxals
107 51157(4£—4x+3) 659
4 —dx4+ 3\t - (442 —4x4 31t — 4x° — dx+3
o [240 x+3)n = x+3)m 1296 + =5 x+3)Cs

31 4 107 2 5115 _E11%
?(4;;2 4x+3) L, +[ ﬁ(xz x+1)n +T(x2 x+1)mn +m(311ﬂx2 51157x
+ (—23724x% +23724x— 23724) {3+ 51157) — 176 (2 — x+ 1) L] }
f 1] 11 29, 5255
+Cr {msz 90(1 x)xm’ +12(l X) T (1 —x)x—15(1 — x)x(3
+%[ 5 — (44 — 4x+3) 1’ (4£—4x+3)n2+%(4£—4x+3)—15(4x2—4x+3)f;3]

i {% (& —x+1)n* =29 (¥ — x+ 1)n2+§ (—17x 4+ 17x+ (164" — 16x+ 16) {3 — 17)”

1|7 » 4085 1 . 16
+HfTFCF{msZ { (1 — x)xm“ + 371 (1 —x)x— g(l— x)xC3 ?(l X}XLS}
L (4x2 dx+3)m? | 2085 = (42— dx+3)+ : — (—4x +4x-3) (3 n (4% — 4x+3) L
ms | 18 324 9 - 3

+ {—% (¥ —x+ )"+ % (—4085x" + 4085x+ (36x* — 36x+36) {3 — 4085) + 64 (x* — x+ 1) LS} }

Lm=1log(ms), Ls=1log ’{% . Ly=log(x), L,=log(l—x)
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