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@ 0(qq — qqH) ~ 0.2 -0(gg — H) at the LHC
@ Clean experimental signature

— two highly energetic outgoing jets
— large rapidity interval between jets
— no hadronic activity in the rapidity interval between jets

@ NLO QCD corrections moderate (5-10%)

[Han,Valencia,Willenbrock (1991) ]
[Figy,Oleari, Zeppenfeld (2003) ]

— Very promising channel at the LHC
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VV production via VBF (V = W=, Z)

@ Background to Higgs production via VBF

e o(qq — qgW*W~) between 3.5% and 15% of the Higgs signal for
115 GeV < My < 160 GeV

[Kauer,Plehn, Rainwater, Zeppenfeld (2001) ]
e similar features as H production — irreducible background
@ New Physics

e possible signal: enhancement of g — qqVV over SM predictions

at high /s
e subprocess V.V, — V.V, intimately related to EWSB

— Need accurate predictions for EW VVjj production!
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@ Multi-parton process: huge number of Feynman diagrams
e 24 for qq — qqVV
e 26 for qq — qqlt I~ vz, qqlt = It 1=, qqlt I~ Ity
— how to speed up the evaluation?
@ Suitable treatment of pentagon contributions
— how to solve numerical instabilities?

— Build a fully-flexible partonic Monte Carlo program allowing for

e computation of jet observables at NLO-QCD accuracy
e straightforward implementation of cuts

WW: [Jaeger,Oleari, Zeppenfeld (2006) ]

ZZ: [Jaeger,Oleari, Zeppenfeld (2006) ]
WZ: [gb, Jaeger,Oleari, Zeppenfeld (2007) ]
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Elements of the calculation Tree-level features

Leptonic tensors

Example: Ty built up from

w* % w* % w*
N ) Fw“ * *
vz (2) z (b Y.Z (©)

)

@ Sum of sub-amplitudes involving EW bosons and leptons only

@ Use them for diagrams with same topology but differences in
quark propagators
@ Develop modular structure to speed up the calculation:

— compute common building blocks of several diagrams only once per
phase-space point

— straightforward (future) implementation of new-physics effects in the
bosonic/leptonic sector
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@ Attach a gluon to the quark lines in all possible ways
@ Crossing diagrams: initial gluon splitting in a gg pair
@ Soft and collinear singularities
— standard Catani-Seymour dipole subtraction
[Catani, Seymour (1997) ]

@ Divergences only depend on the colour structure of the external
partons

— subtraction terms identical to Higgs production via VBF

4mp2 \ 2 3 4
/ _ QOés(MR) 137=] & 9 -
< I(e) >= |Mg| o Cr 2 F(1+e¢) 2t +9 37

[Figy,Oleari, Zeppenfeld (2003) ]

(Q=momentum transfer between initial and final state quark)
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@ EW bosons exchanged in the t—channel are colour-singlet
— no contributions from gluons attached both to upper and lower
quark lines!
— consider radiative corrections to single quark line only
@ Regularization performed in the Dimensional Reduction scheme
— PV reduction performed in d = 4 — 2¢ dimensions
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Elements of the calculation NLO: virtual contributions

Virtual corrections

@ Add interference between Born and virtual amplitudes
@ EW bosons exchanged in the t—channel are colour-singlet
— no contributions from gluons attached both to upper and lower
quark lines!
— consider radiative corrections to single quark line only
@ Regularization performed in the Dimensional Reduction scheme

— PV reduction performed in d = 4 — 2¢ dimensions
— algebra of ~, p, e performed in d = 4 dimensions

[Siegel (1979)]
@ Three classes of contributions: virtual corrections along a quark
line with 1,2,3 vector boson(s) attached — up to pentagons!
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quark line with 2 bosons attached

w0
L
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" et 3
qQ Q. a Q2
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(a) (b)
SO0, 522,
T . £
: .
qQ Q2. q. Q2
v, v, v, v,

©

@ self-energies
@ triangles
@ boxes
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VV via VBF @ NLO

quark line with 3 bosons attached
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Elements of the calculation NLO: virtual contributions

Finite contributions

Summing up:

42\ 2 3 —
MV:MBQS(ZR) CF< g’ZR> r(1+6) |:_€2_6+Cvirt:|+MV
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Elements of the calculation NLO: virtual contributions

Finite contributions

Summing up:

as(iR) A2\’ 2 3
My = Mp—,— CF< Q2 (1 +e¢) — — +Gin| + My

@ divergent part proportional to Born amplitude
— exactly cancels the phase-space integral of the dipole terms
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Elements of the calculation NLO: virtual contributions

Finite contributions

Summing up:

as(ig) 42\ 2 3 ~
MV:MB 347T CF< 02 r(1+6) —?—;+Wirt +MV

@ divergent part proportional to Born amplitude
— exactly cancels the phase-space integral of the dipole terms

@ finite term porportional to Born amplitude
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Elements of the calculation NLO: virtual contributions

Finite contributions

Summing up:

as(ur) o (471h )\ 2 3 -
— r(1 5 — irf
My =Mgp . CF< o2 (1+¢€) 2 6+Cvt + My
@ divergent part proportional to Born amplitude

— exactly cancels the phase-space integral of the dipole terms

@ finite term porportional to Born amplitude

@ finite non-universal term My,

— can be computed in d = 4 dimensions
— given in terms of the finite parts of the Passarino-Veltman
Bj, Cjj, Dy, Ejj coefficient functions
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Elements of the calculation NLO: virtual contributions

Evaluation of Mvv

@ Divergent contributions in the expression of scalar integrals can
generate finite terms by multiplying tensor coefficients with a
(d —4) in the numerator
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Elements of the calculation NLO: virtual contributions

Evaluation of Mvv

@ Divergent contributions in the expression of scalar integrals can
generate finite terms by multiplying tensor coefficients with a
(d — 4) in the numerator
— keep track of how the divergent contributions feed into the
expression of tensor coefficients
[Oleari, Zeppenfeld (2003) ]
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generate finite terms by multiplying tensor coefficients with a
(d —4) in the numerator

— keep track of how the divergent contributions feed into the
expression of tensor coefficients
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@ Two-, Three-, Four-point tensor integrals
— computed through Passarino-Veltman reduction procedure
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Elements of the calculation NLO: virtual contributions

Evaluation of /\7\/

@ Divergent contributions in the expression of scalar integrals can
generate finite terms by multiplying tensor coefficients with a
(d —4) in the numerator

— keep track of how the divergent contributions feed into the
expression of tensor coefficients

[Oleari, Zeppenfeld (2003) ]
@ Two-, Three-, Four-point tensor integrals

— computed through Passarino-Veltman reduction procedure
— numerically stable in phase-space regions relevant for VBF

[Passarino,Veltman (1979) ]
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Elements of the calculation NLO: virtual contributions

Evaluation of /\7\/

@ Divergent contributions in the expression of scalar integrals can
generate finite terms by multiplying tensor coefficients with a
(d —4) in the numerator

— keep track of how the divergent contributions feed into the
expression of tensor coefficients

[Oleari, Zeppenfeld (2003) ]
@ Two-, Three-, Four-point tensor integrals

— computed through Passarino-Veltman reduction procedure
— numerically stable in phase-space regions relevant for VBF

[Passarino,Veltman (1979) ]
@ Five-point tensor integrals
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Elements of the calculation NLO: virtual contributions

Evaluation of /\7\/

@ Divergent contributions in the expression of scalar integrals can
generate finite terms by multiplying tensor coefficients with a
(d —4) in the numerator

— keep track of how the divergent contributions feed into the
expression of tensor coefficients

[Oleari, Zeppenfeld (2003) ]
@ Two-, Three-, Four-point tensor integrals

— computed through Passarino-Veltman reduction procedure
— numerically stable in phase-space regions relevant for VBF

[Passarino,Veltman (1979) ]
@ Five-point tensor integrals

— numerical instabilities if kinematical invariants (Gram determinant)
become small
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Elements of the calculation NLO: virtual contributions

Evaluation of /\7\/

@ Divergent contributions in the expression of scalar integrals can
generate finite terms by multiplying tensor coefficients with a
(d —4) in the numerator

— keep track of how the divergent contributions feed into the
expression of tensor coefficients

[Oleari, Zeppenfeld (2003) ]
@ Two-, Three-, Four-point tensor integrals

— computed through Passarino-Veltman reduction procedure
— numerically stable in phase-space regions relevant for VBF

[Passarino,Veltman (1979) ]
@ Five-point tensor integrals

— numerical instabilities if kinematical invariants (Gram determinant)
become small
— use Dennar-Dittmaier reduction formalism

[Dennar,Dittmaier (2005) ]
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Elements of the calculation NLO: virtual contributions

Electromagnetic Ward Identities

Gauge invariance: a pentagon can be reduced to box integrals
1 1

SSOUY, LY
r@/g@’h Dbaaa fés@’h Dbaa
N )
(§ % % % k2 (§ % % k2
Wy Mz us Wy 3]

Giuseppe Bozzi (ITP Karlsruhe) VV via VBF @ NLO Manchester, 19.07.2007



Elements of the calculation NLO: virtual contributions

Electromagnetic Ward Identities

Gauge invariance: a pentagon can be reduced to box integrals
1 1

RSONL) SOVU0Y
Sy, &% D%
& % S
K, &, E) K, (G K,
Wy Up u3 Wy Up
()
a9 1 1 1 1 1

o

£ (k1,91 92, 9) = [ —= i i K K
HyK2 K3 S R T R N N T ey
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Elements of the calculation NLO: virtual contributions

Electromagnetic Ward Identities

Gauge invariance: a pentagon can be reduced to box integrals
1 1

rég@mfm‘m%%a é@,@fm‘mbbaa
k; (é§ aa) k, (§ k,
TEE I
W ) U3 W [
(a) (b)
ar 1 1 1 1 1

£ (k1,91 92, 9) = [ —= i i K K
HyK2 K3 S R T R N N T ey

&G g upng (K15 a1, @25 d8) = Dpppug (ki G + G2, 3) — Dupug (k1 + a1, G2, Gs)
%2 E oy (K15 a1, G2 d8) = Dpypug (i, G152 + a3) — Dpuq g (k1> 61 + G2 Gs)
953 €y upng (k15 a1, @0 G8) = Dpyup (i, G1,2) — Duqpo (i, 1, G2 + 3)
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Elements of the calculation NLO: virtual contributions

Electromagnetic Ward Identities

Gauge invariance: a pentagon can be reduced to box integrals

1 1
SSOUY, SOVU0Y
/@/S@’h Dbaaa fés@’h Dbaa
S 2 S
k—C K, & K,
Wy Up u3 Wy Up
()
ar 1 1 1 1 1

Enqnong ki, G, 02, q3) =

@m3 " Tk e Tk e K Tk

&G g upng (K15 a1, @25 d8) = Dpppug (ki G + G2, 3) — Dupug (k1 + a1, G2, Gs)
q;2£M1M2”3(k1 , 91,92, d3)

Dyqng (ki G152 + 83) — Duypug (ks a1 + G2, G3)

qs3£u1u2u3(k1!q1:'721q3) = ’Du1u2(k1,q1,q2)7’Du1uz(k1,q1,CI2+Q3)

Express &, 15 (Dyuyy,) @s a sum of coefficients up to E; (D;) and
verify the Ward identities — strong check of the code!

Giuseppe Bozzi (ITP Karlsruhe) VV via VBF @ NLO
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Elements of the calculation NLO: virtual contributions

“True” pentagons

@ Loop amplitudes eventually contracted
with leptonic currents

iy, SO,
& &
(a) (b) (c)
T €% )
[ (e) [0}
5 5
& 1)
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Elements of the calculation

“True” pentagons

NLO: virtual contributions

@ Loop amplitudes eventually contracted
with leptonic currents

o Example: W*(q;), W=(q-), 7/Z(q0)
N = with leptonic decays J;, J_
L S&%m és(;n;& mém
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VV via VBF @ NLO
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Elements of the calculation NLO: virtual contributions

“True” pentagons

@ Loop amplitudes eventually contracted
with leptonic currents

@ Example: W*(q.), W=(q-), v/Z(qo)
with leptonic decays J,, J_

PN p N @@m@a
. Y. YN 5
: : : — M1 M2 ( )
Wd 43w w$ af o w$ af o o M5 = J+ J 73“1;1,2/1,3 k‘l »d+,9-, 0
ViV Y ViV Y DA
(a) (b) ©
W £ £
wf wf o wf wf o wf wf o
ViV Y ViV Y VooV
(d (e) (0]
&, —
03 0w 03w o
Wouow A
® »
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Elements of the calculation NLO: virtual contributions

“True” pentagons

@;ﬁmm%‘ éém@ @éﬁm@%‘
{ 3 { 3
af @ o af e @ af @ a
LA LA LA
® ® ©
£ £ &
af @l o af e @ af @l a
() (e) ()

Giuseppe Bozzi (ITP Karlsruhe)

@ Loop amplitudes eventually contracted
with leptonic currents

® Example: W*(q4), W=(q-), v/Z(qo)
with leptonic decays J,, J_

o M5 = J«T Jﬁzpﬂﬂlz#:&(lﬁ »+,4—, qO)

@ Project J1. on the respective momenta
(JY = x3 gL + r¥), so that the vectors
r+, in the center-of-mass system of the
W pair, have zero time component
(re - (q+ +9-)=0)
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Elements of the calculation NLO: virtual contributions

“True” pentagons

@ Loop amplitudes eventually contracted
with leptonic currents

@ Example: W*(q.), W=(q-), v/Z(qo)

o . with leptonic decays J,, J_
l af @f o . ‘w @ 1 - a “v @ o o MS = JT Jﬁzpu1y2u3(k17q+7 q-, qO)
et et e @ Project J; on the respective momenta
3 £ £ (% = xx gL +rll), so that the vectors
ry, in the center-of-mass system of the
W pair, have zero time component
IR 10 R 6 % B (re-(q+ +9-)=0)
R o — Ms = rﬁ‘ rﬁzﬁm uops T boxes
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Elements of the calculation NLO: virtual contributions

“True” pentagons

@ Loop amplitudes eventually contracted
with leptonic currents

@ Example: W*(q4), W™(q-), v/Z(qo)
with leptonic decays J,, J_

I UIT I e Me = U Py (K, G4, 9, o)
e e @ Project J. on the respective momenta

: : : (JY = x3 gL + r¥), so that the vectors

i §R r+, in the center-of-mass system of the

W pair, have zero time component

RS IR I T O (re-(q+ +9-)=0)

Ms = r'!" rﬁzﬁmuzus + boxes

Ward Identities reduce magnitude of

coefficients multiplying pentagon loops

and thus, the overall pentagon

contribution to cross section

l

l
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Elements of the calculation NLO: virtual contributions

Numerical stability of pentagon contributions

@ Gauge-check procedure
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Elements of the calculation NLO: virtual contributions

Numerical stability of pentagon contributions

@ Gauge-check procedure

o Identify the fraction f of events for which numerical pentagon
reduction violates Ward identity by more than 10%
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Elements of the calculation NLO: virtual contributions

Numerical stability of pentagon contributions

@ Gauge-check procedure
o Identify the fraction f of events for which numerical pentagon
reduction violates Ward identity by more than 10%
e Discard these points for the calculation of the finite parts
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Elements of the calculation NLO: virtual contributions

Numerical stability of pentagon contributions

@ Gauge-check procedure
o Identify the fraction f of events for which numerical pentagon
reduction violates Ward identity by more than 10%
e Discard these points for the calculation of the finite parts
e Correct the remaining pentagon contributions by a factor 1/(1 — f)
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Elements of the calculation NLO: virtual contributions

Numerical stability of pentagon contributions

@ Gauge-check procedure
o Identify the fraction f of events for which numerical pentagon
reduction violates Ward identity by more than 10%
e Discard these points for the calculation of the finite parts
e Correct the remaining pentagon contributions by a factor 1/(1 — f)
e Error induced by this approximation: far below numerical accuracy
of Monte Carlo program
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Elements of the calculation NLO: virtual contributions

Numerical stability of pentagon contributions

@ Gauge-check procedure
o Identify the fraction f of events for which numerical pentagon
reduction violates Ward identity by more than 10%
e Discard these points for the calculation of the finite parts
e Correct the remaining pentagon contributions by a factor 1/(1 — f)
e Error induced by this approximation: far below numerical accuracy
of Monte Carlo program

@ PV formalism: f ~ 15%
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Elements of the calculation NLO: virtual contributions

Numerical stability of pentagon contributions

@ Gauge-check procedure
o Identify the fraction f of events for which numerical pentagon
reduction violates Ward identity by more than 10%
e Discard these points for the calculation of the finite parts
e Correct the remaining pentagon contributions by a factor 1/(1 — f)
e Error induced by this approximation: far below numerical accuracy
of Monte Carlo program

@ PV formalism: f ~ 15%
@ DD formalism: f ~ 0.1%
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Elements of the calculation NLO: virtual contributions

Numerical stability of pentagon contributions

@ Gauge-check procedure
o Identify the fraction f of events for which numerical pentagon
reduction violates Ward identity by more than 10%
e Discard these points for the calculation of the finite parts
e Correct the remaining pentagon contributions by a factor 1/(1 — f)
e Error induced by this approximation: far below numerical accuracy
of Monte Carlo program

@ PV formalism: f ~ 15%
@ DD formalism: f ~ 0.1%
— Pentagons under control using DD formalism!
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Selected results Differential distributions at the LHC

Outline

e Selected results
@ Differential distributions at the LHC
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Selected results Differential distributions at the LHC

VBF cuts

Tagging Jets pri > 20 GeV, |y| <45

Ayj = |y/1 —ng‘ > 4,
Yip Y < 0

Charged Leptons pr >20GeV, |n] <25

Yj,min <11 < Yj max
ARj/ >04

Higgs on/off Myy > My + 10 GeV

(WW,ZZ continuum only)
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Selected results Differential distributions at the LHC

Scale dependence - total o (WZ case)
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3 3

@ Two possible scales
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@ Two possible scales
@ My = (mz + mw)/2
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Scale dependence - total o (WZ case)
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@ Two possible scales
@ My = (mz + mw)/2
e Q=momentum-transfer of exchanged vector boson in VBF graphs
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Selected results Differential distributions at the LHC

Scale dependence - total o (WZ case)

0.15 1 1 1 1 1 11 1 1 1 1 1 U 015
01 02 05 1.0 20 5.0 10001 02 05 1.0 2.0 5.0 100

¢ ¢
@ Two possible scales
@ My = (mz + mw)/2
e Q=momentum-transfer of exchanged vector boson in VBF graphs
@ K-factor ~1 (+ few percent) in both cases
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Selected results Differential distributions at the LHC

Scale dependence - total o (WZ case)

0.15 1 1 1 1 1 11 1 1 1 1 1 U 015
01 02 05 1.0 20 5.0 10001 02 05 1.0 2.0 5.0 100

¢ ¢
@ Two possible scales
o my=(mz+my)/2
e Q=momentum-transfer of exchanged vector boson in VBF graphs
@ K-factor ~1 (& few percent) in both cases
@ LO depends on ug only — ~10% dependence (0.5<¢<2)
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Selected results Differential distributions at the LHC

Scale dependence - total o (WZ case)

0.15 1 1 1 1 1 11 1 1 1 1 1 >| 0.15
01 02 05 1.0 20 5.0 10001 02 05 1.0 2.0 5.0 100

3 3

@ Two possible scales
@ My = (mz + mw)/2
e Q=momentum-transfer of exchanged vector boson in VBF graphs
@ K-factor ~1 (& few percent) in both cases
@ LO depends on ug only — ~10% dependence (0.5<¢<2)
@ NLO improvement — ~2% dependence (0.5<£<2)
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Selected results Differential distributions at the LHC

K-factor - p7%; (WW case)
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Selected results Differential distributions at the LHC

K-factor - p7%; (WW case)
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@ Strong change in shape — shift to smaller pr at NLO
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Selected results Differential distributions at the LHC

K-factor - p7%; (WW case)
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@ Strong change in shape — shift to smaller pr at NLO
@ Mainly due to extra parton from real emission
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Selected results Differential distributions at the LHC

K-factor - p7%; (WW case)

T T T
0.010 @+ 1.2
5
o solid: NLO 1.1
~ 5
) dashes: LO o
I‘:l -
w g1.0
% £ 0.005 -
Ao X
cl
I 0.9
=]
o
0.8
0.000 | | | | | |
100 200 300 400 100 200 300 400
Pr, tag [GeV] PT tag [GeV]

@ Strong change in shape — shift to smaller pr at NLO
@ Mainly due to extra parton from real emission
@ K-factor varying between 1.2 and 0.8 (20 GeV < pr < 400 GeV)
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Selected results Differential distributions at the LHC

Invariant mass - lepton pairs (ZZ case)

T T T T T T T T
(a) (b)
— __0.0010 b
E 0.00015 - E
X solid: NLO <. 0.0008 | solid: NLO ]
.i dashes: LO ,i dashes: LO
g 0.00010 go‘oooe & B
B S 0.0004 3
o g
0.00005
0.0002 | 3
0.00000 0.0000 ==t L L
200 400 600 800 200 400 600 800
Mgz [GeV] Mgz [GeV]

Giuseppe Bozzi (ITP Karlsruhe) VV via VBF @ NLO Manchester, 19.07.2007



Selected results Differential distributions at the LHC

Invariant mass - lepton pairs (ZZ case)
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@ Continuum ZZ (left) vs. Higgs contribution (right): puo = Mz
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Selected results Differential distributions at the LHC

Invariant mass - lepton pairs (ZZ case)
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@ Continuum ZZ (left) vs. Higgs contribution (right): puo = Mz
@ Pronounced resonance behaviour for My < 800 GeV

Giuseppe Bozzi (ITP Karlsruhe) VV via VBF @ NLO Manchester, 19.07.2007



Selected results Differential distributions at the LHC

Invariant mass - lepton pairs (ZZ case)

T T T T T T T T
(a) (b)
— __0.0010 3
3 0.00015 - E
X solid: NLO <_0.0008 | solid: NLO ]
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@ Continuum ZZ (left) vs. Higgs contribution (right): puo = Mz
@ Pronounced resonance behaviour for My < 800 GeV
@ LO and NLO virtually indistinguishable — excellent stability!
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Summary
Summary

@ Fully-flexible parton-level Monte Carlo program with NLO QCD
cross sections and distributions for
pp— WHW-jj  pp— ZZj pp— W*Zj
including leptonic decays

Giuseppe Bozzi (ITP Karlsruhe) VV via VBF @ NLO Manchester, 19.07.2007 25/25



Summary
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@ Fully-flexible parton-level Monte Carlo program with NLO QCD
cross sections and distributions for
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including leptonic decays
@ Modular structure: separate (one-time) computation of leptonic
tensors and decay width
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Summary
Summary

@ Fully-flexible parton-level Monte Carlo program with NLO QCD
cross sections and distributions for
pp— WHW-jj  pp— ZZj pp— W*Zj
including leptonic decays
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@ Modular structure: separate (one-time) computation of leptonic
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@ Fast evaluation and good numerical stability

@ NLO corrections under excellent control
(modest K-factors and scale dependence)

@ Outlook: VBFNLO
Monte Carlo program of relevant VBF processes at NLO QCD
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