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Motivations

The study of Drell-Yan lepton pair production is well motivated:

@ Large production rates and clean experimental signatures:

@ Important for detector calibration.
@ Possible use as luminosity monitor.

@ Transverse momentum distributions needed for:

o Precise prediction for My .
o Beyond the Standard Model analysis.

@ Test of perturbative QCD predictions.
@ Constrain for fits of PDFs.
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The Drell-Yan process

The Drell-Yan process

h (Pl ) Fony (X1, 17)

4
Lo

a(ap1) V(M)

hi(p1) + h(p2) — V(M)+X — bi+b+ X
where V:'y*,ZO,Wi and 10y =410ty
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The Drell-Yan process

The Drell-Yan process

h (Pl ) Fony (X1, 17)

4
Lo

a(ap1) V(M)

hi(p1) + h(p2) — V(M)+X — bi+b+ X
where V:'y*,ZO,Wi and 10y =410ty

According to the QCD factorization theorem:

1 1
do(M,s) =3 / d / s iy (51, 12 g (52, 12) 06 (M, 8 x5, 12 12):
a,b
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The Drell-Yan process

State of the art: fixed order calculations

Historically the Drell-Yan process [Drell,Yan(’70)] was the first
application of parton model ideas developed for deep inelastic scattering.

@ QCD corrections:

@ Total cross section known up to NNLO
[Hamberg,Van Neerven,Matsuura(’91)], [Harlander,Kilgore(’02)]

@ Rapidity distribution known up to NNLO
[Anastasiou,Dixon,Melnikov,Petriello(’03)]

@ Fully exclusive NNLO calculation completed
[Melnikov,Petriello(’06)], [Catani,Cieri,de
Florian,G.F.,Grazzini(’09)]

@ Vector boson transverse-momentum distribution known up to NLO
[Ellis,Martinelli,Petronzio(’83)], [Arnold,Reno(’89)1,
[Gonsalves,Pawlowski,Wai(’89)]

@ Electroweak correction are know at O(«)
[Dittmaier,Kramer(’02)], [Baur,Wackeroth(’02)],
[Carloni Calame,Montagna,Nicrosini,Vicini(’06)]
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LO and NLO calculations

@ In general LO calculations give the order of magnitude of cross sections and
distributions, NLO corrections provide reliable estimate.
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The Drell-Yan process

LO and NLO calculations

@ In general LO calculations give the order of magnitude of cross sections and
distributions, NLO corrections provide reliable estimate.

@ At NLO the presence of infrared singularities in real and virtual corrections
prevent the straightforward implementation of numerical techniques. This is
a problem especially for fully exclusive quantities.
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The Drell-Yan process

LO and NLO calculations

@ In general LO calculations give the order of magnitude of cross sections and
distributions, NLO corrections provide reliable estimate.

@ At NLO the presence of infrared singularities in real and virtual corrections
prevent the straightforward implementation of numerical techniques. This is
a problem especially for fully exclusive quantities.

@ The NLO subtraction method consists in the introduction of auxiliary QCD
cross section in a general way exploiting the universality of the soft and
collinear emission [Giele et al.(’92),Frixione et al.(’96),
Catani,Seymour (’97)]. It allows (relatively) straightforward calculations,
once the QCD amplitudes are available

oMo — dof(e) + /mdav(e)

- /m B {doR(e);c:(e)} . + /m {dav(e)Jr /1 daA(e)LO
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The Drell-Yan process

Fully differential NNLO calculations

@ NNLO corrections are needed to have a good control of theoretical
uncertainties. At NNLO, due to the IR divergences in the double real,
real-virtual and two-loops virtual corrections, the situation is more
complicated and still challenging.
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The Drell-Yan process

Fully differential NNLO calculations

@ NNLO corrections are needed to have a good control of theoretical
uncertainties. At NNLO, due to the IR divergences in the double real,
real-virtual and two-loops virtual corrections, the situation is more
complicated and still challenging.

@ Several groups worked on NNLO extension of the subtraction method:
[Kosower (’98) , Weinzierl1(’03), Frixione, Grazzini(’05),A.&
T. Gehrmann, Glover et al.(’05), Somogyi, Trocsanyi, Del Duca(’05)], and on
different methods (sector decomposition): [Binoth,Heinrich(’00),
Anastasiou, Melnikov, Petriello(’04)]
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The Drell-Yan process

Fully differential NNLO calculations

@ NNLO corrections are needed to have a good control of theoretical
uncertainties. At NNLO, due to the IR divergences in the double real,
real-virtual and two-loops virtual corrections, the situation is more
complicated and still challenging.

@ Several groups worked on NNLO extension of the subtraction method:
[Kosower (’98) , Weinzierl1(’03), Frixione, Grazzini(’05),A.&
T. Gehrmann, Glover et al.(’05), Somogyi, Trocsanyi, Del Duca(’05)], and on
different methods (sector decomposition): [Binoth,Heinrich(’00),
Anastasiou, Melnikov, Petriello(’04)]

@ Some fully completed NNLO computations exist:
ete” -3 jets [A.& T.Gehrmann, Glover, Heinrich(’07) ,Weinzierl1(’08)],
Higgs production in hadron collision [Anastasiou,Melnikov,Petriello(’04),
Catani,Grazzini(’07)],
vector boson production in hadron collision [Melnikov,Petriello(’06),

Catani,Cieri,de Florian,Ferrera,Grazzini(’07)],
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A NNLO extension of the subtraction method

A NNLO extension of the subtraction method

@ A NNLO extension of the subtraction formalism valid for the
production of colourless high-mass system in hadron collisions was

proposed and applied for Higgs boson production in
[Catani,Grazzini(’07)].
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A NNLO extension of the subtraction method

A NNLO extension of the subtraction method

@ A NNLO extension of the subtraction formalism valid for the
production of colourless high-mass system in hadron collisions was
proposed and applied for Higgs boson production in
[Catani,Grazzini(’07)].

@ Using this method we have performed a fully exclusive NNLO
calculation for vector boson production

[Catani, Cieri ,G.F., de Florian, Grazzini(’09)],
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A NNLO extension of the subtraction method

A NNLO extension of the subtraction method

@ A NNLO extension of the subtraction formalism valid for the
production of colourless high-mass system in hadron collisions was
proposed and applied for Higgs boson production in

[Catani,Grazzini(’07)].

@ Using this method we have performed a fully exclusive NNLO
calculation for vector boson production

[Catani, Cieri ,G.F., de Florian, Grazzini(’09)],

@ Our calculation is implemented in a parton level Monte Carlo and
includes the «-Z interference, finite-width effects, the leptonic decay
of the vector bosons. An analogous computation exist
[Melnikov,Petriello(’06)].
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A NNLO extension of the subtraction method

hi(p1) + h2(p2) — V(M,q7)+ X

V is one or more colourless particles (vector bosons, leptons, photons, Higgs
bosons,...) [Catani,Grazzini(’07)].
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A NNLO extension of the subtraction method

hi(p1) + h2(p2) — V(M,q7)+ X

V is one or more colourless particles (vector bosons, leptons, photons, Higgs

bosons,...) [Catani,Grazzini(’07)]. .

=0
@ Key point I: at LO the gt of the V is exactly zero. qT
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A NNLO extension of the subtraction method

hi(p1) + h2(p2) — V(M,q7)+ X

V is one or more colourless particles (vector bosons, leptons, photons, Higgs

bosons,...) [Catani,Grazzini(’07)]. .

qr = —kr

@ Key point I: at LO the gt of the V is exactly zero.
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A NNLO extension of the subtraction method

hi(p1) + h2(p2) — V(M,q7)+ X

V is one or more colourless particles (vector bosons, leptons, photons, Higgs

bosons,...) [Catani,Grazzini(’07)]. .

v = —k

@ Key point I: at LO the gt of the V is exactly zero. v i
g

v Vtjets b k

donneolar#0 = dU(NJ;JLe(f ) T

for g7 # 0 the NNLO IR divergences cancelled with the NLO subtraction method.
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A NNLO extension of the subtraction method

hi(p1) + h2(p2) — V(M,q7)+ X

V is one or more colourless particles (vector bosons, leptons, photons, Higgs

bosons,...) [Catani,Grazzini(’07)]. .

v = —k

@ Key point I: at LO the gt of the V is exactly zero. v i
g

v Vtjets b k

donneolar#0 = dU(NJ;JLe(f ) T

for g7 # 0 the NNLO IR divergences cancelled with the NLO subtraction method.

@ The only remaining NNLO singularities are associated with the g7 — 0 limit.
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A NNLO extension of the subtraction method

hi(p1) + h2(p2) — V(M,q7)+ X

V is one or more colourless particles (vector bosons, leptons, photons, Higgs

bosons,...) [Catani,Grazzini(’07)]. .

v = —k
@ Key point I: at LO the gt of the V is exactly zero. v i
g

% _ V+tjets b kT
do(mncolar+0 = doipyio

for g7 # 0 the NNLO IR divergences cancelled with the NLO subtraction method.
@ The only remaining NNLO singularities are associated with the g7 — 0 limit.

@ Key point Il: treat the NNLO singularities at gr = 0 by an additional subtraction
using the universality of logarithmically-enhanced contributions from gr
resummation formalism [Bozzi,Catani,de Florian,Grazzini(’00), (’06)].
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A NNLO extension of the subtraction method

hi(p1) + h2(p2) — V(M,q7)+ X

V is one or more colourless particles (vector bosons, leptons, photons, Higgs

bosons,...) [Catani,Grazzini(’07)]. .

=—k
@ Key point I: at LO the gt of the V is exactly zero. v i

% _ V+tjets b kT
do(mncolar+0 = doipyio

for g7 # 0 the NNLO IR divergences cancelled with the NLO subtraction method.
@ The only remaining NNLO singularities are associated with the g7 — 0 limit.

@ Key point Il: treat the NNLO singularities at gr = 0 by an additional subtraction
using the universality of logarithmically-enhanced contributions from gr

resummation formalism [Bozzi,Catani,de Florian,Grazzini(’00), (’06)].
oo 2n

0 as\" oy M? 1 M?
doymo ™= dolo®%(qr/M) dq27=d02/o®22(;5) s Mk 1?$d2qT

2
n=1 k=1 ar

rlo Ferrera — Universita di Firenze RADCOR 2009 - 29/9/09
on to vector boson production 9/16




A NNLO extension of the subtraction method

hi(p1) + h2(p2) — V(M,q7)+ X

V is one or more colourless particles (vector bosons, leptons, photons, Higgs
bosons,...) [Catani,Grazzini(’07)].

= —k
@ Key point I: at LO the gt of the V is exactly zero. v i
g
V+jet b k
dU(N NLo‘qT#O = dU JLecf , T

for g7 # 0 the NNLO IR divergences cancelled with the NLO subtraction method.
@ The only remaining NNLO singularities are associated with the g7 — 0 limit.

@ Key point Il: treat the NNLO singularities at gr = 0 by an additional subtraction
using the universality of logarithmically-enhanced contributions from gr
resummation formalism [Bozzi,Catani,de Florian,Grazzini(’00), (’06)].

oo 2n
—0 n M M
doNmo = dolo@%(qr/M) dqQT:deO@zzz(%) 5 (nik - M= ke A M 2
n=1 k=1

do" T dolo © T(qr/M) do
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A NNLO extension of the subtraction method

The final result is:

V+jets
dU(\7\/)NLO = [dU( <§‘]t dO'( )LO:| +dJLO®H( )NLO 5

2
where HxNLo = {1 + %’va + (%) ’HV(Q)}
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A NNLO extension of the subtraction method

The final result is:

V+jets
dU(\7\/)NLO = |:d0'( <§‘]t dO'( )LO:| +dJLO®H( )NLO 5

2
where HxNLo = {1 + %HV(U + (%) ’HV(Q)}

@ doC regularizes the gr = 0 singularity of do¥°*: double real and real-virtual

NNLO contributions, while two-loops virtual correction are contained in H ¥y o0-
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A NNLO extension of the subtraction method

The final result is:

V+jets
dU(\7\/)NLO = |:d0'( <§‘]t dO'( )LO:| +dJLO®H( )NLO 5

2
where HxNLo = {1 + %HV(U + (%) ’HV(Q)}

@ doC regularizes the gr = 0 singularity of do¥°*: double real and real-virtual

NNLO contributions, while two-loops virtual correction are contained in H ¥y o0-

@ The choic% of the counter-term has some arbitrariness but it must behave
doT =" doly @ £(gr/M)dg%. Note that ¥(gr/M) is universal.
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A NNLO extension of the subtraction method

The final result is:

V+jets
dU(\7\/)NLO = |:d0'( <§‘]t dO'( )LO:| +dJLO®H( )NLO 5

2
where HxNLo = {1 + %HV(U + (%) ’HV(Q)}

@ doC regularizes the gr = 0 singularity of do¥°*: double real and real-virtual

NNLO contributions, while two-loops virtual correction are contained in H ¥y o0-

@ The choic% of the counter-term has some arbitrariness but it must behave
doT =" doly @ £(gr/M)dg%. Note that ¥(gr/M) is universal.

@ Final state partons only appear in doV/73°% so that NNLO IR-safe cuts are
included in the NLO computation: process- and observable-independent NNLO
extension of the subtraction formalism.
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A NNLO extension of the subtraction method

The final result is:

V+jets
dU(\7\/)NLO = |:d0'( <§‘]t dO'( )LO:| +dJLO®H( )NLO 5

2
where HxNLo = {1 + %HV(U + (%) ’HV(Q)}

@ doC regularizes the gr = 0 singularity of do¥°*: double real and real-virtual

NNLO contributions, while two-loops virtual correction are contained in H ¥y o0-

@ The choic% of the counter-term has some arbitrariness but it must behave
doT =" doly @ £(gr/M)dg%. Note that ¥(gr/M) is universal.

@ Final state partons only appear in doV/73°% so that NNLO IR-safe cuts are
included in the NLO computation: process- and observable-independent NNLO
extension of the subtraction formalism.

@ NLO calculation requires do‘wrJetS and HY® [de Florian, Grazzini(’01)].
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A NNLO extension of the subtraction method

The final result is:

V+jets
dU(\7\/)NLO = |:d0'( <§‘]t dO'( )LO:| +dJLO®H( )NLO 5

2
where HxNLo = {1 + %HV(U + (%) ’HV(Q)}

@ doC regularizes the gr = 0 singularity of do¥°*: double real and real-virtual

NNLO contributions, while two-loops virtual correction are contained in H ¥y o0-

@ The choic% of the counter-term has some arbitrariness but it must behave
doT =" doly @ £(gr/M)dg%. Note that ¥(gr/M) is universal.

@ Final state partons only appear in doV/73°% so that NNLO IR-safe cuts are
included in the NLO computation: process- and observable-independent NNLO
extension of the subtraction formalism.

@ NLO calculation requires do‘wrJetS and HY® [de Florian, Grazzini(’01)].

@ At NNLO we need also doy, /3" [Giele et al.(’93), McFM] and V().
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A NNLO extension of the subtraction method

@ General relation between H"® and the IR finite part of the two-loops correction
to a generic process is unknown: work in progress.
We explicit computed it for the Drell-Yan process with the following method:
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A NNLO extension of the subtraction method

@ General relation between H"® and the IR finite part of the two-loops correction

to a generic process is unknown: work in progress.
We explicit computed it for the Drell-Yan process with the following method:

V,(sing. V,(fin.
gVt _ /oo qz dUI‘\?LO dU/‘\fLo _ dUNL(os ¢ dUNL(o :
e T T

where the “sing.” term contains all the singular contributions at g7 = 0 while the
“fin.” term is free of such contributions.
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A NNLO extension of the subtraction method

@ General relation between H"® and the IR finite part of the two-loops correction
to a generic process is unknown: work in progress.
We explicit computed it for the Drell-Yan process with the following method:

V,(sing. V,(fin.
gVt _ /oo dq2 dUI‘\?LO dU/‘\fLo _ dUNL(os ¢ + dUNL(o :
Lo T dgg da? da’ gy’

where the “sing.” term contains all the singular contributions at g7 = 0 while the
“fin.” term is free of such contributions.

@ We can then write

Qo oo d v
V,tot __ 2 dopnLo
ONNLO = QIJTO {/0 +/Q ] dqT P
(o) T

. @ . e dol
=0lo ® <HXNLO + QI(:TO/D dat Z(qr//\/’)) + lim /QO dq7 d(’;éo-
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A NNLO extension of the subtraction method

@ General relation between H"® and the IR finite part of the two-loops correction
to a generic process is unknown: work in progress.
We explicit computed it for the Drell-Yan process with the following method:

V,(sing. V,(fin.
oV tot ood 2 dU/‘\fLo dU/‘\fLo _ dUNL(os ¢ + dUNL(o :
wio = [ dar g T T

where the “sing.” term contains all the singular contributions at g7 = 0 while the
“fin.” term is free of such contributions.

@ We can then write

Qo e do),
it = fim, | [+ [t Some
0

do},
—UL0®<HNNL0+ |lm/ dqr ¥ (qT/M) |'m/ dq’ d(;V2LO'
2

@ This formula allows us to analytically compute H Yo from the knowledge of
the NNLO total cross section and the NLO gr distribution.
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Numerical results

Numerical results at the LHC and the Tevatron
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Numerical results
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Rapidity distribution for Z production at
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Numerical results
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Numerical results

A DI N
MSTW2008 wrstz00¢ | @ Left panel: MSTW 2008 pdf. Going from NLO to
NNLO the total cross section increase by about

3%: onLo = 2.030 £ 0.001 nb and
onnLo = 2.089 £ 0.003 nb (errors refer to Monte

Carlo numerical errors).

60

NNLO

a(pb/bin)

@ Right panel: MRST 2004 pdf. Going from NLO
to NNLO the total cross section decrease by
about 2%: oy o = 1.992 +0.001 nb and
ONNLO = 1.954 + 0.003 nb.
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Rapidity distribution for Z production at
the LHC (no cuts).
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Numerical results

A DI N
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NNLO the total cross section increase by about

3%: onLo = 2.030 £ 0.001 nb and
onnLo = 2.089 £ 0.003 nb (errors refer to Monte

Carlo numerical errors).
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@ Right panel: MRST 2004 pdf. Going from NLO
to NNLO the total cross section decrease by
about 2%: oy o = 1.992 +0.001 nb and
ONNLO = 1.954 + 0.003 nb.
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Numerical results
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Numerical results
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Numerical results

30 T T T T T T
pp ~(Z+7")+X~e*e +X Vs=1.96 TeV

Ms’rw‘zooe @ Cuts: PT min = 20 GeV; ‘77| <2;

T 1 70 GeV < m_ 4 ,— <110 GeV

@ At LO the distributions are kinematically bounded
by p1 < Qmax/2.

{ @ The NNLO corrections make the pr,_.

distribution softer, and the pr,_  distribution
harder.
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—— NNLO
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] @ Accepted cross sections (errors refer to Monte
Carlo numerical errors ):
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Ms’rw‘zooe @ Cuts: PT min = 20 GeV; ‘77| <2;

T 1 70 GeV < m_ 4 ,— <110 GeV

@ At LO the distributions are kinematically bounded
by pr < Qmax/2-

{ @ The NNLO corrections make the pr,_.

distribution softer, and the pr,_  distribution

harder.

[ Mr=pg=mg

—— NNLO

(pb,/bin)

@ Accepted cross sections (errors refer to Monte
Carlo numerical errors ):
o v L L L v L y = oo = 103.37 + 0.04 pb,
20 30 40 50 60 70O 80 30 40 50 60 70 8O
Prain (GeV) Pmax (GEV) ONLO = 140.43 + 0.07 pb,

Minimum (left) and maximum (right) onnLo = 143.86 +0.12 pb.
lepton pt distribution for Z production at @ opnnLo scales variation:
the Tevatron. —0.6% for ug = up = mz/2,
+0.3% for ur = uF =2 my.
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Numerical results
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production at the Tevatron:
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Cuts: p7r™ss > 25 GeV ; In| < 2;
pr! > 20 GeV
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Numerical results

o 1 T 13 @ LO distribution bounded at my = 50 GeV. At LO
[ ‘;p e ] the W is produced with g = 0 therefore, the
1o | V198 Tev MSTIEC0S - requirement p's* > 25 GeV sets mt > 50 GeV.
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100 1~ =
P N EUE U ER R B
20 40 60 80 100
m, (GeV)

Transverse mass distribution for W
production at the Tevatron:
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Cuts: p7r™ss > 25 GeV ; In| < 2;
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d enze

@ LO distribution bounded at m+ = 50 GeV. At LO
the W is produced with q7 = 0 therefore, the
requirement pT%® > 25 GeV sets mr > 50 GeV.

@ Around this region there are perturbative
instabilities from LO to NLO and to NNLO.
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Transverse mass distribution for W
production at the Tevatron:

mr = \/2P’TP'%’iSS(1 —cos )

Cuts: pr™ss > 25GeV; |n| < 2;
pr! > 20 GeV

d enze

LO distribution bounded at m+ = 50 GeV. At LO
the W is produced with q7 = 0 therefore, the
requirement pT%® > 25 GeV sets mr > 50 GeV.

Around this region there are perturbative
instabilities from LO to NLO and to NNLO.

The origin of such instabilities are (integrable)
logarithmic singularities near the boundary
(Sudakov shoulder [Catani,Webber (°97)1).
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Numerical results

o1 11— ———3 @ LO distribution bounded at my =50 GeV. At LO
[ R WoenX ] the W is produced with g1 = 0 therefore, the

[ Vs=1.96 TeV, MSTW2008

102 . requirement prT“is's > 25 GeV sets mt > 50 GeV.
E Mr=pp=Ty E
i 1 @ Around this region there are perturbative
H — instabilities from LO to NLO and to NNLO.
gt ] @ The origin of such instabilities are (integrable)
f? F ] logarithmic singularities near the boundary
N B 1 (Sudakov shoulder [Catani,Webber (°97)1).
100 —

@ Below the boundary, the O(a?) corrections are

large (e.g. +40% at my ~ 30 GeV). This is not
- unexpected: in this region the O(a2) result is
only a NLO calculation.
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Transverse mass distribution for W
production at the Tevatron:

mr = \/2P’TP'%’iSS(1 —cos )

Cuts: pr™ss > 25GeV; |n| < 2;
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LO distribution bounded at m+ = 50 GeV. At LO
the W is produced with q7 = 0 therefore, the
requirement pT%® > 25 GeV sets mr > 50 GeV.

Around this region there are perturbative
instabilities from LO to NLO and to NNLO.

The origin of such instabilities are (integrable)
logarithmic singularities near the boundary
(Sudakov shoulder [Catani,Webber (°97)1).

Below the boundary, the O(a%) corrections are
large (e.g. +40% at my ~ 30 GeV). This is not
unexpected: in this region the O(a2) result is
only a NLO calculation.

Accepted cross sections (errors refer to Monte
Carlo numerical errors ):

o0 = 1.61£0.001nb

onLo = 1.550 £ 0.001 nb

ONNLO = 1.586 + 0.002 nb
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Transverse mass distribution for W
production at the Tevatron:

mr = \/2P’TP'%’iSS(1 —cos )

Cuts: p7™ss > 25 GeV ;
pr! > 20 GeV
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LO distribution bounded at m+ = 50 GeV. At LO
the W is produced with q7 = 0 therefore, the
requirement pT%® > 25 GeV sets mr > 50 GeV.

Around this region there are perturbative
instabilities from LO to NLO and to NNLO.

The origin of such instabilities are (integrable)
logarithmic singularities near the boundary
(Sudakov shoulder [Catani,Webber (°97)1).

Below the boundary, the O(a%) corrections are
large (e.g. +40% at my ~ 30 GeV). This is not
unexpected: in this region the O(a2) result is
only a NLO calculation.

Accepted cross sections (errors refer to Monte
Carlo numerical errors ):

o0 = 1.61£0.001nb

onLo = 1.550 £ 0.001 nb

ONNLO = 1.586 + 0.002 nb

onnLo Scales variation:
—0.8% for ugp = urp = my /2,
+0.6% for ugp = pF = 2 myy.
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Conclusions and Perspectives

@ We have presented a fully exclusive NNLO QCD calculation for vector
boson production in hadron collisions [Catani, Cieri, G.F., de
Florian, Grazzini: [arXiv:0903.2120]11, based on the [Catani,
Grazzini(’07)] NNLO extension of the subtraction formalism.
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@ We have presented a fully exclusive NNLO QCD calculation for vector
boson production in hadron collisions [Catani, Cieri, G.F., de
Florian, Grazzini: [arXiv:0903.2120]11, based on the [Catani,
Grazzini(’07)] NNLO extension of the subtraction formalism.

@ We have implemented the calculation in a parton level Monte Carlo. The
program allows the user to apply arbitrary kinematical cuts on the final
state and on the associated jet activity computing the required
distributions in the form of bin histograms.
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Florian, Grazzini: [arXiv:0903.2120]11, based on the [Catani,
Grazzini(’07)] NNLO extension of the subtraction formalism.

@ We have implemented the calculation in a parton level Monte Carlo. The
program allows the user to apply arbitrary kinematical cuts on the final
state and on the associated jet activity computing the required
distributions in the form of bin histograms.

@ Our computation parallels, with a complete independent method, the one
by [Melnikov,Petriello(’06)]. In the quantitative studies we have
carried out, the two computations gives results in numerical agreement.
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boson production in hadron collisions [Catani, Cieri, G.F., de
Florian, Grazzini: [arXiv:0903.2120]11, based on the [Catani,
Grazzini(’07)] NNLO extension of the subtraction formalism.

@ We have implemented the calculation in a parton level Monte Carlo. The
program allows the user to apply arbitrary kinematical cuts on the final
state and on the associated jet activity computing the required
distributions in the form of bin histograms.

@ Our computation parallels, with a complete independent method, the one
by [Melnikov,Petriello(’06)]. In the quantitative studies we have
carried out, the two computations gives results in numerical agreement.

@ We presented first numerical results for the Tevatron and the LHC. More
phenomenological studies and applications to other hard-scattering
process will come.
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Conclusions

Conclusions and Perspectives

@ We have presented a fully exclusive NNLO QCD calculation for vector
boson production in hadron collisions [Catani, Cieri, G.F., de
Florian, Grazzini: [arXiv:0903.2120]11, based on the [Catani,
Grazzini(’07)] NNLO extension of the subtraction formalism.

@ We have implemented the calculation in a parton level Monte Carlo. The
program allows the user to apply arbitrary kinematical cuts on the final
state and on the associated jet activity computing the required
distributions in the form of bin histograms.

@ Our computation parallels, with a complete independent method, the one
by [Melnikov,Petriello(’06)]. In the quantitative studies we have
carried out, the two computations gives results in numerical agreement.

@ We presented first numerical results for the Tevatron and the LHC. More
phenomenological studies and applications to other hard-scattering
process will come.

@ A public version of the numerical codes will be available in the near
future.
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F pp ~W+X-ev+X b
Vs=1.96 TeV, MSTW2008
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Transverse mass distribution for W production at the Tevatron:
Cuts: pr™* >25GeV; |n| <2; pr' >20GeV
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Conclusions

Transverse momentum resummation

~ ~ ~ (fi . . 2 de(fin)
doas dagfs) dagén)_ The finite component <|'mQ7—HO fOQT dq%.[ :;g ]f = 0)
2 2 2 . - T .0.
dqr dq7 dqz ensure to reproduce the fixed order calculation at large g1

Resummation holds in impact parameter space:

oy _ o
da7

M? [ b
3 /dbEJo(qu)Wab(b, M), ar <M & Mb>>1, log M2 /q%>1 < log Mb>> 1
0

In the Mellin moments space we have the exponentiated form:

Whi(b,M) = Hn(as) x exp {Gn(as, L)} where L =log (M2b2)

v
by

2
Gnlas, L) :Lg(l)(asL) +g,(\,2)(QSL) + Egl(\l?’)(asL) [T Hy(og) = [1+ EH(I\}) + (ﬁ) H(’i) 4. }
™ ™ s

LL (~all™1): g®), (6 NLL (~a2l): g, HD; NNLL (~antn-1): g, 1@

Note that thanks to the exponentiation the perturbative approach is now valid
for aslL ~ 1

We computed the function HS&) recently. In the study presented here we have

performed the resummation up to NLL matched with the LO calculation.
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Conclusions

The g7 resummation formalism
The main distinctive features of the formalism we are using are [Catani,de
Florian, Grazzini(’01)], [Bozzi,Catani,de Florian, Grazzini(’03,’06,°08)]:
@ Resummation performed at partonic cross section level: PDF evaluated at
F ~ M: no PDF extrapolation in the non perturbative region, study of
renormalization and factorization scale dependence as in fixed-order calculations.
@ Possible to make prediction without introducing non perturbative effects:
Landau singularity of the QCD coupling regularizated using a minimal
prescription [Laenen,Sterman,Vogelsang(’00)].
® Resummed effects exponentiated in a universal Sudakov form factor Gn(as, L);
process-dependence factorized in the hard scattering coefficient Hy(as).
@ Perturbative unitarity constrain and resummation scale Q:

M2 b2 - Q2p? ~ ® 5 (dé L (tot)
In( bg )HL:In(Tngl) = exp{gN(as,L)Hb:O:l = /oqu(Ig,—)NLHL? Bnio

@ avoids unjustified higher-order contributions in the small-b region: no
need for unphysical switching from resummed to fixed-order results.

@ allows to recover exactly the total cross-section upon integration on gt

@ variations of the resummation scale Q@ ~ M allows to estimate the
uncertainty from uncalculated logarithmic corrections_.at higher orders.
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Conclusions

Resummed results: g spectrum of Drell-Yan eTe™ pairs at /s = 1.8 TeV

w0 0 @ Left side: NLL+LO result compared with
Pﬁ”"z’;:f:;;’; MRST2004 NLO 2-loop ag fixed LO result.

B E Resummation cure the fixed order
divergence at g7 — 0.

—— NLL+LO -
---- 10
(fin.);p x10 ]

= NLL+LO
1 @ Right side: variation of factorization and
renormalization scales as in customary
fixed-order calculations: ~ 5% at low g,
~ 9% at g7 ~ 50 GeV.

w0 s @ Finite LO component contribution is:
< 1% near the peak, ~ 8% at
qr ~ 20 GeV, ~ 60% at g1 ~ 50 GeV.
@ Integral of the NLL+LO curve reproduce

the total NLO cross section to better 1%
(check of the code).

do/dqq (pb/GeV)

; -
0 10 2 30 40 50
ar (Gev)

d enze
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Conclusions

Resummed results: g spectrum of Drell-Yan eTe™ pairs at /s = 1.8 TeV

do/dqy (pb/GeV)

30

20

A B
500,”u‘uu‘uu‘uu‘wuw,f

1.00

0.05

100 120

o0t ki L DN
20 40 60 80

=== NLL+LO

For

pp +Z°+XreteT+X
L Vs=1.8 Tev

P S I B
0 5 10 15 20
ar (Gev)
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CDF data: 66 GeV < M? < 116 GeV/,
Otot — 248 +11 pb

[CDF Collaboration (’00)]

DO data: 75 GeV < M? < 105 GeV,
oot = 221 + 11 pb

[DO Collaboration (’00)]

Our calculation implements v*Z interference and
finite-width effects. Here we use the narrow width
approximation (differences within 1% level).

NLL+LO resummed result fits reasonably well
also in the g7 <20 GeV (without a model for
non-perturbative effects).

Suppression in the large-g1 region (g7 <60 GeV)
(strong dependence from the resummation scale).
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Conclusions

Resummed results: g spectrum of Drell-Yan eTe™ pairs at /s = 1.8 TeV

I
30— 5.00 prrrr T T

@ NLL+LO results for different values of the

i resummation scale Q (estimate of higher-order
logarithmic contributions).

— @ Wevary Q=mz/2, mz/4< Q< mgz:

N uncertainty £12 — 15% in the region g7 2 20 GeV
80 100 120 (it dominate over the renormalization and
factorization scale variations).

)
oot bl i
0 5]

il

@ We expect a sensible reduction once the complete
NNLL+NLO calculation will be available.

PP ~Z%+X~eteT+X -
L Vs=18 Tev 3

0 5 10 15 20
ar (GeV)




Conclusions

Non perturbative effects: gt spectrum of Drell-Yan ee™ pairs at /s=1.8 TeV

S O o e e e B LA L S S B

@ Up to now result in a complete perturbative

25 framework.

77777 NLL+10

@ Non perturbative effects parametrized by a NP
form factor Syp = exp{—gnpb?}:

20 ———  NLL+LO gyp=0.8 GeV*

exp{Gn(as, L)} — exp{Gn(as, L)} Snp

do/dgq (pb/GeV)
&

gnp = 0.8 GeV? [Kulesza et al.(’02)]

i

T T S P B P @ With NP effects there is a better agreement with

] 5 10 15 20 25 30
ar (Ge) the data.

@ Quantitative impact of such NP effects is within
perturbative uncertainties.

RADCOR 2009 - 29/9/09
NNLO QCD correction to vector boson production 24/16




	The Drell-Yan process
	A NNLO extension of the subtraction method
	Numerical results at the LHC and the Tevatron
	Conclusions and Perspectives

