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 Outline

● relevance of Drell-Yan processes and motivation for precision studies

● Charged Current  and  Neutral Current    processes

● EW O(α) corrections   matched with  higher order QED corrections
● photon induced processes

● combining QCD and EW radiative corrections

● preliminary study to extract MW from the ratio of  W and Z distributions
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● impact of the EW corrections on several observables
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 The Drell-Yan processes

Motivations

Drell-Yan-like production of singleW (Z) bosons is one of the cleanest processes with a large

cross section at hadron colliders. It can be used
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• to derive precise measurements of the W -boson mass MW and width ΓW . Relevant

observables: leptons’ transverse momentum p!
T , W transverse mass MW

T , ratio of the

W /Z transverse mass distributionsMW
T /MZ

T , ratio of leptonic rates ...

• to monitor the collider luminosity and determine the parton distribution functions (PDFs).
Relevant observables: total cross section,W rapidity yW , charged lepton pseudorapidity

η! ...
M. Dittmar, F. Pauss, D. Zurcher, Phys. Rev. D56 (1997) 7284

V.A. Khoze et al., Eur. Phys. J. C19 (2001) 313
4

● easy detection
   high pt lepton pair  or  high pt lepton + missing pt

   typical cuts at the LHC   (central detector region)

p⊥,l and p⊥,ν > 25GeV, |ηl| < 2.5

● large cross section
  at LHC  σ(W) = 30 nb i.e.  3 10^8    events with L=10 fb^-1
  at LHC  σ(Z) =  3.5 nb i.e.  3.5 10^7 events with L=10 fb^-1

Challenges of LHC to QCD and vice versa. LHC X-sections as a figure.
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no statistical limitation to perform high precision EW 
measurements

● W mass and width

● pdf validation
   collider luminosity

lepton distributions
W transverse mass
ratios  W/Z distributions   

total cross section
W, Z rapidity
lepton pseudo-rapidity
acceptances
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● detector calibration W, Z mass distributions
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 Relevance of a precise W mass measurement
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Sensitivity to the precise value of the Higgs boson mass or to SUSY particles

4



 Relevance of a precise W mass measurement
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C. Hays, University of Oxford

Supersymmetry now preferred at 1! level...

Effect on New Physics Models

New world average:
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Sensitivity to the precise value of the Higgs boson mass or to SUSY particles
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C. Hays, University of Oxford

Supersymmetry now preferred at 1! level...

Effect on New Physics Models

New world average:
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Top-Quark Mass   [GeV]

mt   [GeV]
140 160 180 200

χ2/DoF: 9.2 / 10

CDF 170.1 ± 2.2

D∅ 172.0 ± 2.4

Average 170.9 ± 1.8

LEP1/SLD 172.6 +  13.2172.6 −  10.2

LEP1/SLD/mW/ΓW 178.9 +  11.7178.9 −   8.6

W-Boson Mass  [GeV]

mW  [GeV]
80 80.2 80.4 80.6

χ2/DoF: 1.1 / 1

TEVATRON 80.429 ± 0.039

LEP2 80.376 ± 0.033

Average 80.398 ± 0.025

NuTeV 80.136 ± 0.084

LEP1/SLD 80.363 ± 0.032

LEP1/SLD/mt 80.360 ± 0.020

∆mW ∼ 0.7 × 10
−2

∆mt

To ensure that top and W mass measurements have the same weight in the SM EW fit,
the experimental errors should be related as:

Sensitivity to the precise value of the Higgs boson mass or to SUSY particles
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 Precision measurement of EW observables
W-Boson Mass  [GeV]

mW  [GeV]
80 80.2 80.4 80.6

χ2/DoF: 1.1 / 1

TEVATRON 80.429 ± 0.039

LEP2 80.376 ± 0.033

Average 80.398 ± 0.025

NuTeV 80.136 ± 0.084

LEP1/SLD 80.363 ± 0.032

LEP1/SLD/mt 80.360 ± 0.020

error target at the LHC     15 MeV
●            measurementMW

●                     measurementsin
2
θ

lep
eff

ΓW
●           measurement

C. Hays, University of Oxford

New projection with 1.5 fb-1 of data:
!m

W
 < 25 MeV with CDF

New W Mass Projections

New projected Tevatron precision as a function of luminosity: 

28

error at Tevatron:  87 MeV                error target at the LHC:  30 MeV

world average: 0.23122±0.00015        error target at the LHC:  0.00014
Alessandro Vicini - University of Milano                                                                                                                                    Firenze,  October 1st 2007
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 Constraining the pdfs
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 Luminosity monitoring (?)
AW (ηmax

l ) =
1

σ(tot)

∫ ηmax
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−ηmax
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dηl
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dηl
(cuts)

∫
Ldt =

1

BR(W → lν)

1

σth(W )
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AW

the recent set CTEQ6.5 throws some shadows on this approach because of the large (8%) induced theoretical uncertainties
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Fig. 16: Left: pseudo-rapidity distribution of the decay lepton from inclusive W production and right: pT spectra of W and

Z. The bands represent the PDF-uncertainty. The lower inserts show on the left side the ratioW +/W− resp. the double-ratio

CTEQ/MRST and on the right side the ratios forW +/Z0.
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Fig. 17: Left: pseudo-rapidity distribution of the decay lepton from inclusive W/Z production for different values of xµR and

xµF = 1, centre: the ratio of predictions with respect to xµ = 1 and right: double ratio V/V ′ of cross sections for actual scale

settings normalised to the nominal scale.
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Fig. 18: Left: pseudo-rapidity distribution of the decay lepton from inclusive W+jet production and right: pseudo-rapidity of

the associated leading jet. The bands represent the PDF-uncertainty.

Table 5: Total cross-sections and systematic uncertainties within the experimental acceptance forW/Z + jet processes.

W+ + jet W− + jet Z0 + jet
CTEQ61 [pb] 1041 784.5 208.1

∆CTEQ
PDF [pb] ±44.1 ±34.3 ±9.01

∆CTEQ
PDF [%] ±4.2 ±4.4 ±4.3

MRST [pb] 1046 797.7 211.3

∆MRST
PDF [pb] ±17.6 ±14.8 ±3.67

∆MRST
PDF [%] ±1.7 ±1.9 ±1.8

∆pert [%] +8.7 +8.9 +7.6
−9.8 −10.0 −9.1
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H.Stenzel - HERA-LHC workshop

A. Cooper-Sarkar - DIS2007
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The need for high-precision predictions
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Precision measurements ofW -boson parameters, collider luminosity and PDFs require high-

precision predictions, including higher-order QCD and electroweak radiative corrections

7

The quest for precision (I)    i.e. “how do we measure MW”?

●Detector response effects strongly affect the distributions
●QED Final state radiation  distorts the lepton       
                                         and transverse mass distributions
                                       affects the determination of MW

p⊥

∆MW = 168 ± 20 MeVmuons
electrons ∆MW = 65 ± 20 MeV

         corrections:O(α)

transverse mass MW

⊥ =
√

2pl
⊥

pν
⊥

(1 − cos φlν)
● reconstructed in the transverse plane 
● jacobian peak at the W mass
● rather insensitive to QCD initial state radiation (e.g. ptw modeling)
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      Systematics Table

MW systematics !W systematics

M
W

!
W

What is the effect of QED higher orders on the MW extraction?
C.M. Carloni Calame et al., Phys. Rev. D69 (2004) 037301
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FIG. 2: The ∆χ2 = χ2−χ2
min distributions from a fit to the MT distribution, including O(α) QED

corrections (left) and higher-order QED corrections (right), as a function of the W mass shift, at
√

s = 2 TeV. The results for the W → eν and W → µν channels are shown.

as a function of ∆MW ≡ MW − M ref
W , for the fit with O(α) corrections (left) and the fit

with higher-order corrections (right). The mass shift observed for O(α) corrections amounts

to about 20 MeV for the W → eν decay (dashed line) and to 110 MeV for the W → µν

decay (solid line), as a consequence of the different identification requirements. These shifts

are in reasonable agreement with the results of the CDF and DØ collaborations, even in

the absence of a complete detector simulation. The mass shift due to higher-order effects

is about 10 MeV for the W → µν channel (solid line) and a few MeV (dashed line) for the

W → eν channel. We performed the same analysis for the LHC collider (using the cuts and

pseudo-detector simulation of the Tevatron collider) and found that the same conclusions

do apply to the LHC.

In conclusion, we have evaluated the impact of higher-order final-state QED corrections

on the determination of the W mass at hadron colliders, in view of future improved measure-

ments with an accuracy of 15-30 MeV. In the presence of realistic selection criteria, we have

found that the shift due to these corrections is about 10 MeV in the W → µν channel and

practically negligible in the W → eν channel. The calculation, if included in future experi-

mental analyses, would reduce the uncertainty in the precision measurement of the W mass

at hadron colliders. To this end, the Monte Carlo program HORACE is available for data

8

Shift induced in the extraction of MW
from higher order QED effects
(very simplified detector for muons
  and electrons)

∆M
α
W = 110 MeV

∆M
exp
W = −10 MeV

The quest for precision (II)

In agreement with CDF estimates
S. Malik@DIS2007

Alessandro Vicini - University of Milano                                                                                                                                    Firenze,  October 1st 2007
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 QCD approximations and tools

● NLO/NNLO corrections to W/Z total production rate

●Fully differential NNLO corrections to        (FEWZ)ll̄
′

●Fully differential NLO corrections to        (MCFM)ll̄
′

● resummation of LL/NLL                  logs (RESBOS)

● NLO ME merged with HERWIG PS (MC@NLO)

● LO Matrix Elements Monte Carlos (ALPGEN, SHERPA,...) matched with PS
M.L.Mangano et al., JHEP 0307, 001 (2003)

F. Krauss et al., JHEP 0507, 018 (2005)

S. Frixione and B.R.Webber., JHEP 0206, 029 (2002)

C.Balazs and C.P. Yuan, Phys.Rev. D56 (1997) 5558

C. Anastasiou et al., Phys.Rev. D69 (2004) 094008
K. Melnikov and F. Petriello, hep-ph/0603182

J. M. Campbell and R.K. Ellis, Phys.Rev.D65:113007

G. Altarelli, R.K.Ellis, M. Greco, G. Martinelli, Nucl.Phys.. B246 (1984) 12
R. Hamberg, W. L. van Neerven, T. Matsuura, Nucl.Phys. B359 (1991) 343
W. L. van Neerven and E.B. Zijstra, Nucl.Phys. B382 (1992) 11

pW

⊥ /MW

Alessandro Vicini - University of Milano                                                                                                                                    Firenze,  October 1st 2007
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  EW results and tools
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W production

O(α2

S) ≈ O(αem) Need to worry about EW corrections

D.Wackeroth and W. Hollik, PRD 55 (1997) 6788
U.Baur et al., PRD 59 (1999) 013002

Z production

Pole approximation

Exact O(alpha) V.A. Zykunov et al., EPJC 3 (2001) 9
S. Dittmaier and M. Krämer, PRD 65 (2002) 073007     DK
U. Baur and D. Wackeroth, PRD 70 (2004) 073015       WGRAD2
A. Arbuzov et al., EPJC 46 (2006) 407                          SANC
C.M.Carloni Calame et al., JHEP 0612:016 (2006)         HORACE

Multiple-photon radiation C.M.Carloni Calame et al.,PRD 69 (2004) 037301, JHEP 0612:016 (2006)   HORACE
S.Jadach and W.Placzek, EPJC 29 (2003) 325                                              WINHAC

Multiple-photon radiation C.M.Carloni Calame et al., JHEP 0505:019 (2005)      HORACE

only QED

Exact O(alpha)

U.Baur et al., PRD 57 (1998) 199

U.Baur et al., PRD 65 (2002) 033007                        ZGRAD2
V.A. Zykunov et al., PRD75 (2007) 073019
C.M.Carloni Calame et al., to appear                         HORACE

Photon-induced processes S. Dittmaier and M. Krämer, Physics at TeV colliders 2005
A. B.Arbuzov and R.R.Sadykov, arXiv:0707.0423
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The HORACE event generator

●  exact O(α) radiative corrections   matched with
    multiple photon radiation via QED Parton Shower

● http://www.pv.infn.it/hepcomplex/horace.html

● developed by: C.M.Carloni Calame, G.Montagna, O.Nicrosini,  A.Vicini

● true, fully exclusive event generator
    events saved in a Les Houches compliant form
    interfaced to LHAPDF package
    easy to interface to QCD showering programs like HERWIG or PYTHIA

Alessandro Vicini - University of Milano                                                                                                                                    Firenze,  October 1st 2007
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Basics of the HORACE code (both CC and NC channels)

● LO calculation + QED LL corrections to all orders via Parton-Shower 

Alessandro Vicini - University of Milano                                                                                                                                    Firenze,  October 1st 2007

● The input parameters scheme, i.e. renormalization, 
   ➔ gauge boson masses as input parameters which can be fitted from the data

● exact  O(alpha)  EW radiative corrections

● matching of Parton-Shower and exact results  (no double countings)

● use MRST2004QED:  consistent description of initial state QED radiation
                                   photon density in the proton ➔ photon induced processes

● subtraction procedure of IS collinear divergences to all orders 

(α, mW , mZ)

● numerical evalution in the         scheme (CC) or (                       ) scheme (NC)Gµ Gµ + α(q2)
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Partonic processes at  O(α)

● virtual corrections
             checks:    ● UV finiteness
                           ● IR finiteness (when combined with soft photon emission)
                           ● use of two different gauges (Feynman and background)
             ● fixed W decay width necessary to describe the resonance region
                 included in all tree-level propagators and at 1-loop in all the
                 resonant logs:                               ➔
             ● on-shell renormalization scheme
             ● large negative EW Sudakov logs
● real bremsstrahlung corrections
             checks: ● independence of total cross section of soft/hard separator
                        ● e.m. gauge invariance
              ● initial state collinear logs regulated by quark masses
              ● large ISR corrections: radiative return to the W resonance
● photon-induced process:    additional IS collinear divergences to be subtracted

log(s − m
2

W ) log(s − m
2

W + iΓW mW )
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ud̄ → l+νl(1γ)

qq̄ → l+l−(1γ)
● similar computational path as in the CC case
● delicate treatment of the Z decay width in the virtual corrections
● photon-induced process:    further additional IS collinear divergences to be subtracted
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Matching exact         and parton-shower resultsO(α)

number of photons, chosen with a random variable, whereas the subtraction term could be
introduced at fixed order, removing only a subset of the initial state collinear divergences.
Second, the naive iteration of eq.15 does not remove in higher orders the dependence on
the quark masses, because it has already been integrated over the photon angle.

Instead, the subtraction at parton level proposed at O(α) in eq.17 can be easily em-
bedded in the parton showers formalism and iterated to all orders. We propose to modify
the emission factor and subtract, when necessary, an initial state contribution, in fully
differential form. The “subtracted single-photon emission” is now proportional to

d3k

(2π)32k0

(

N
∑

i,j=1

ηiηj
pi · pj

(pi · k)(pj · k)
−

∑

i=1,2

Q2
i P+(x)

1

k · pi

)

≡
d3k

(2π)32k0
I(k) (21)

The advantage of the fully differential formulation is that it can be iterated any number
of times and is, by construction, independent of the quark masses which regularize the
collinear singularities.

3.4 Matching O(α) and higher order QED corrections

We have seen how to build a subtracted, i.e. free from initial state mass singularities,
exact electroweak O(α) and, separately, QED parton-shower cross-section. We would like
to combine both calculations, using the exact results for the first emission and the parton
shower approximation for all higher order corrections.

We need to remove from the parton shower formulation the O(α) terms and replace
them with the exact expressions.

The exact NLO O(α) cross-section can be written

dσα,ex ≡ dσα,ex
SV + dσα,ex

H (22)

where SV and H label respectively soft+virtual and hard contributions.
Truncating the expansion at O(α) , the parton shower approximation is

dσα,PS =
[

ΠS(Q2)
]

O(α)
dσ0 +

α

2π
P (x)I(x)dx dc dσ0 ≡ dσα,PS

SV + dσα,PS
H (23)

where the single photon emission factor I(k) has been defined in eq.21. The resummed to
all orders expression, matched with the exact O(α) calculation is

dσ∞
matched = ΠS(Q2) FSV dσ0

∞
∑

n=0

1

n!

n
∏

i=0

[ α

2π
P (xi)I(ki)dxi dci FH,i

]

(24)

FSV = 1 +
dσα,ex

SV − dσα,PS
SV

dσ0
, FH,i = 1 +

dσα,ex
H,i − dσα,PS

H,i

dσ0

3.5 Effective energy of the hard scattering process

We should discuss, in eq.19, the value of the squared center of mass energy of the hard
scattering process dσ0. As we already mentioned, the parton shower approximation is
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● exact              partonic cross-section

● parton-shower (PS)  

● resummed PS

O(α)

O(α)

dσ
∞

PS =

ΠS(Q2)
∞
∑

n=0

dσ̂0

1

n!

n
∏

i=0

( α

2π
P (xi) I(ki) dxi d cos θi

)

I(ki) = (k0

i )2
N∑

j,l=1

ηjηl
pjpl

(pjki)(plki)

ΠS(Q2) ≡ exp

(

−

α

2π
log

(

Q2

m2

)
∫ 1−ε

0

dx P (x)

)

photon angular spectrum

Sudakov form factor
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Matching exact         and parton-shower resultsO(α)

number of photons, chosen with a random variable, whereas the subtraction term could be
introduced at fixed order, removing only a subset of the initial state collinear divergences.
Second, the naive iteration of eq.15 does not remove in higher orders the dependence on
the quark masses, because it has already been integrated over the photon angle.

Instead, the subtraction at parton level proposed at O(α) in eq.17 can be easily em-
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3.5 Effective energy of the hard scattering process

We should discuss, in eq.19, the value of the squared center of mass energy of the hard
scattering process dσ0. As we already mentioned, the parton shower approximation is

12

number of photons, chosen with a random variable, whereas the subtraction term could be
introduced at fixed order, removing only a subset of the initial state collinear divergences.
Second, the naive iteration of eq.15 does not remove in higher orders the dependence on
the quark masses, because it has already been integrated over the photon angle.

Instead, the subtraction at parton level proposed at O(α) in eq.17 can be easily em-
bedded in the parton showers formalism and iterated to all orders. We propose to modify
the emission factor and subtract, when necessary, an initial state contribution, in fully
differential form. The “subtracted single-photon emission” is now proportional to

d3k

(2π)32k0

(

N
∑

i,j=1

ηiηj
pi · pj

(pi · k)(pj · k)
−

∑

i=1,2

Q2
i P+(x)

1

k · pi

)

≡
d3k

(2π)32k0
I(k) (21)

The advantage of the fully differential formulation is that it can be iterated any number
of times and is, by construction, independent of the quark masses which regularize the
collinear singularities.

3.4 Matching O(α) and higher order QED corrections

We have seen how to build a subtracted, i.e. free from initial state mass singularities,
exact electroweak O(α) and, separately, QED parton-shower cross-section. We would like
to combine both calculations, using the exact results for the first emission and the parton
shower approximation for all higher order corrections.

We need to remove from the parton shower formulation the O(α) terms and replace
them with the exact expressions.

The exact NLO O(α) cross-section can be written

dσα,ex ≡ dσα,ex
SV + dσα,ex

H (22)

where SV and H label respectively soft+virtual and hard contributions.
Truncating the expansion at O(α) , the parton shower approximation is

dσα,PS =
[

ΠS(Q2)
]

O(α)
dσ0 +

α

2π
P (x)I(x)dx dc dσ0 ≡ dσα,PS

SV + dσα,PS
H (23)

where the single photon emission factor I(k) has been defined in eq.21. The resummed to
all orders expression, matched with the exact O(α) calculation is

dσ∞
matched = ΠS(Q2) FSV dσ0

∞
∑

n=0

1

n!

n
∏

i=0

[ α

2π
P (xi)I(ki)dxi dci FH,i

]

(24)

FSV = 1 +
dσα,ex

SV − dσα,PS
SV

dσ0
, FH,i = 1 +

dσα,ex
H,i − dσα,PS

H,i

dσ0

3.5 Effective energy of the hard scattering process

We should discuss, in eq.19, the value of the squared center of mass energy of the hard
scattering process dσ0. As we already mentioned, the parton shower approximation is
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● exact              partonic cross-section

● parton-shower (PS)  

● resummed PS  + exact

O(α)

O(α)

ΠS(Q2)FSV

∞
∑

n=0

dσ̂0

1

n!

n
∏

i=0

( α

2π
P (xi) I(ki) dxi d cos θi FH,i

)

O(α)

dσ
∞

matched =

FSV = 1 +
dσ

α,ex
SV − dσ

α,PS
SV

dσ0

FH,i = 1 +
dσ

α,ex
H,i − dσ

α,PS
H,i

dσ
α,PS
H,i

● at              it coincides with the exact calculation

● QED higher orders coincide with pure PS

O(α)
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The hadronic process                                  at O(α)

Alessandro Vicini - University of Milano                                                                                                                                    Firenze,  October 1st 2007

☺ generalization to the multiple emission case:  in each emission the leading singularity is removed 
     the integrated cross-section is independent of the initial state quark masses

Check: Total cross-section for different values of the initial state quark masses (CC channel)

O(α)Including exact           corrections O(α)Best we can:             matched with parton-shower

M_up 2053.07±0.22 (pb)
M_up / 50 2053.09±0.23 (pb)
M_up / 100 2052.98±0.24 (pb)

M_up 2053.48±0.28 (pb)
M_up / 50 2053.73±0.32 (pb)
M_up / 100 2053.38±0.35 (pb)

pp(pp̄) → ll̄X

The relevant O(α) subtraction term are

∆qi(x,M2) =

∫ 1

x

dz qi

(x

z
,M2

) α

2π
Q2

i

[

Pq→qγ(z)

(

log

(

M2

m2
i

)

− 2 log(1 − z) − 1

)]

+

+ fq(z)

+ qγ

(x

z
,M2

) α

2π
Q2

i

[

Pγ→qq̄(z)

(

log

(

M2

m2
q

))]

+ fγ(z) (3.3)

∆qγ(x,M2) =
∑

i=q,q̄

∫ 1

x

dz qi

(x

z
,M2

) α

2π
Q2

i

[

Pq→γq(z)

(

log

(

M2

m2
i

)

− 2 log(1 − z) − 1

)]

+

+ f̄(z)

Qi and mi are the electric charge fraction and the mass of the quark i; the functions

fi(z) (i = q, γ) allow to change the subtraction scheme (e.g. DIS or MS) and are defined

[37] as

fq(z) = 2

(

log(1 − z)

1 − z

)

+

−
3

2

1

(1 − z)+
− (1 + z) log(1 − z) −

1 + z2

1 − z
log(z)

+ 3 + 2z −
(

9

2
+

π2

3

)

fγ(z) =
(

(1 − z)2 + z2
)

log

(

1 − z

z

)

− 8z2 + 8z − 1 (3.4)

Since also the photon-induced processes contribute to the hadron-level cross section and

develope a mass singularity when the outgoing quark is collinear to the incoming photon,

also the Altarelli-Parisi splitting function Pγ→qq̄ contributes to the subtraction term for

the quark densities. The processes γq → µ+µ−q, because of a photon exchange in the

t−channel in the peripheral diagram, develope a collinear singularity, proportional to the

splitting function Pq→γq(z), which can be reabsorbed in the photon density. In the DIS

scheme, the function f̄(z) can not be fixed by any combination of observables and will be

therefore set to zero.

Given the presence in the hadron-level cross section eq. (3.2) of the product of two

parton densities, the subtraction procedure in a factorized form could yield terms of O(α2)

which have been discarded for consistency at O(α).

The generalization of the independence from the value of the quark masses of the

O(α) cross section of eq. (3.2) to the cross section including also QED higher-order correc-

tions has been discussed in detail in ref. [18] and the main result is our master formula for

the computation of the hadron-level cross sections and the event simulation:

dσhad =
∑

a,b=q,q̄

∫ 1

0
dx1dx2 qa(x1,M

2)qb(x2,M
2) × (3.5)

{

F̃SV Π̃(Q2, ε)
∞
∑

n=0

1

n!

(

n
∏

i=0

F̃H,i

)

|M̃n,LL|2 dΦn +

+

[

dσab,sub
α −

(

∆qa(x1,M2)

qa(x1,M2)
+

∆qb(x2,M2)

qb(x2,M2)

)

dσab
0

]

}

+dσqγ
had + dσγγ

had (3.6)

– 11 –

σ(pp → ll̄X) =
∑

a,b

∫ 1

0

dx1dx2 qa(x1)qb(x2) σ̂
(

ab → ll̄(1γ)
)

qa(x) → qa(x, M2) − ∆qa(x, M2)
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MRST 2004 QED and photon induced processes
Example of γ induced process for W

• γu→ dµ+νµ

γ

u d

ν

µ+

W−

W +

γ

u

d

ν

µ+

u

γ

W +

ν

µ+

d

γ

d

W−

W +

u

ν

µ+

C. M. Carloni Calame (Sot’on & NExT) EW RC to DY processes March 13, 2007 24 / 35

Charged Current   channel
● same perturbative order as the O(α) corrections
● they contribute to the inclusive DY cross section 
● depending on the cut on the final state jet, important
   effect on the lepton transverse momentum distribution

● QED evolution ⇒ photon density in the proton ⇒ photon induced processes

Alessandro Vicini - University of Milano                                                                                                                                    Firenze,  October 1st 2007

(a)

u

u

µ

µγ, Z

(b)

γ

γ

µ

µ

µ

(c)

γ

γ

µ

µ
µ

Figure 1: Born diagrams for the qq̄ (a) and for the γγ (b,c) subprocesses.

Mγ = i e2 QqQl
gµν − kµkν/s

s
[v̄(p2)γ

µu(p1)] [ū(p3)γ
νv(p4)]

≡ i e2 QqQl
gµν − kµkν/s

s
Jµ

emJν
em

MZ = i
e2

s2
θc

2
θ

gµν − kµkν/s

s − m2
Z + iΓZmZ

[v̄(p2) (vq γµ + aqγ
µγ5) u(p1)] [ū(p3) (vl γν + alγ

νγ5) v(p4)]

≡ i
e2

s2
θc

2
θ

gµν − kµkν/s

s − m2
Z + iΓZmZ

Jµ
Z,qq̄J

ν
Z,l+l−

where mZ is the Z-boson mass and ΓZ is the Z decay width, necessary to describe the

Z resonance region, s = (p1 + p2)2 is the partonic squared center-of-mass energy and

kµ = pµ
1 + pµ

2 , α = e2/(4π) is the fine structure constant, cθ ≡ mW /mZ is the cosine of

the weak mixing angle, The vector and axial-vector couplings of the Z boson to fermions

are vf = Tf − 2Qfs2
θ and af = −Tf where Tf = ±1/2 is the third component of the weak

isospin and Qf is the electric charge of the fermion f .

The subprocess γ(p1) γ(p2) → l−(p3) l+(p4), which is depicted in fig.(1) (b,c), is, in

lowest order, a pure QED reaction, whose differential cross section, neglecting all fermion

masses, reads

dσ̂γγ

d cos θ
= 2πα2

[

u

t
+

t

u

]

(2.2)

2.2 The O(α) calculation

The complete EW O(α) corrections to the neutral current Drell-Yan process have already

been computed in refs. [11]. We have repeated independently the calculation and included

in addition the photon-induced processes. We summarize here its main features.

The O(α) corrections include the contribution of real and virtual corrections. The

virtual corrections follow from the perturbative expansion of the 2 → 2 scattering amplitude

M = M0 + Mvirt
α + · · · and contribute, at O(α), with 2Re(Mvirt

α M∗
0). The O(α) virtual

amplitude includes two contributions, namely the one-loop renormalization of the tree-

level amplitude and the virtual one-loop diagrams. The real corrections are due to the

emission of one extra real photon and represent the lowest order of the radiative process

q(p1)q̄(p2) → l−(p3)l+(p4)γ(k). They can be further divided into soft and hard corrections,

M1 = Msoft
1 +Mhard

1 . The former satisfies, by definition, the Born-like 2 → 2 kinematics

– 4 –
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(b)
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l

(c)

q
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l

(d)

q

γ

l

l

q

q
γ, Z

Figure 4: Photon-induced process diagrams.

inclusive cross-section σ
(

pp
(−) → l+l− + X

)

receives contributions also from the partonic

subprocesses q(p1)γ(p2) → l+(p3)l−(p4)q(k) (photon-induced), depicted in figure 4. The

latter are of the same perturbative order as the real bremsstrahlung corrections described

in the previous subsection, i.e. they are an O(α) correction to the Born process of eq. (2.1).

The squared amplitude of the photon-induced processes can be obtained by crossing sym-

metry from the real bremsstrahlung one, evaluating the latter with the exchange (p2 ↔ −k)

and multiplying the result by a (−1) factor to account for the exchange of a fermionic line.

2.3 Universal electroweak higher-order effects

To incorporate higher order corrections in a Born-like expression written with effective

couplings, we followed the approach of ref. [35], where the tree-level amplitude has been

improved and includes all the self-energy and vertex corrections. The latter have been

included by defining an effective overall coupling and an effective weak mixing angle.

The amplitude MZ becomes

MZ =
i8Gµm2

Z√
2

ρfi(q2)

1 − δρirr

JZ,qq̄ · JZ,l+l−

q2 − m2
Z + iΓZmZ

(2.9)

where vf of eq. (2.1) is replaced by ṽf = Tf−2Qfκf (q2)s2
θ. The definition of ρfi, δρirr ,κf (q2)

can be found in [35]. Eq.(2.9) incorporates also higher order effects beyond O(α), because

of the resummation of δρirr and of the fermionic part of the Z self-energy contained in ρfi.

Furthermore δρirr = δρ(1)
irr + δρ(2)

irr contains also leading two-loop corrections.

In the amplitude Mγ we define our IBA with the replacement of eq. 2.6.

For the numerical analysis we combine the exact O(α) corrections described in the

previous subsections and evaluated with α,mW ,mZ as input parameters, with the IBA

of this section. In order to avoid a double counting in the combination, we subtract the

O(α) content of eq.2.9. We will refer in the following to this procedure as scheme I, whereas

the pure diagrammatic approach with α,mW ,mZ , will be referred as scheme II.

3. Matching QED higher orders and hadron-level cross section

3.1 Matching

In this section we describe the matching of the fixed EW O(α) calculation with higher-

order QED corrections (cfr. ref. [25]). The latter can be included in a generic scattering

– 9 –

Neutral Current   channel
● also new lowest order partonic subprocess
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m⊥,min (GeV) Born (pb) δµ+

α (%) δµ+

∞ (%) δe+

α (%) δe+

∞ (%)

50 4536.03(7) -2.8 -2.7 -1.7 -1.8

100 27.642(1) -5.0 -4.9 -3.4 -3.4

200 1.79275(5) -7.9 -7.7 -6.3 -6.3

500 0.084809(2) -14.3 -13.8 -12.2 -12.2

1000 0.0065320(2) -21.9 -21.1 -19.4 -19.1

2000 0.000273686(8) -32.1 -30.5 -28.7 -28.1

Table 5: Lowest-order hadron-level cross section, integrated imposing a cut on the minimum
transverse mass and relative effects, with respect to the Born cross section, in the O(α) (δ!

α) and
in the best (δ!

∞) approximations.
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Figure 3: Transverse mass distribution in Born, O(α) and best approximations.

The Born results coincide for muons and electrons, up to negligible mass effects. The

radiative corrections instead differ because of the final-state collinear logarithmic enhance-

ment, which are absent in the case of photons recombined with the electron. All the QED

higher-order corrections do not modify significantly the O(α) corrections.

In figures from 3 to 7 we show the transverse mass distribution and disentangle the

different contributions due to the radiative corrections. In figure 3 the transverse mass

distribution is plotted, in the range 50 < M⊥ < 100 GeV. The transverse mass distribution

provides physical information in different ranges: the position of the jacobian peak and

the shape of the distribution about the peak can be used to extract the value of the W

boson mass, the shape of the tail of the distribution above the peak, 80 < M⊥ < 100

GeV, can be used to measure the W boson decay width and the large transverse mass

tail, 200 < M⊥ < 1000 GeV, of the distribution can be an important background to the
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Figure 4: Relative corrections with respect to the Born cross section due to the exact
O(α) corrections for muons and recombined electrons final states.

searches of new heavy gauge bosons.

In figure 4 we plot, in the range 50 < M⊥ < 100 GeV the effect of the exact

O(α) radiative correction, relative to the Born cross section, in the case of muons and

of recombined electrons. The O(α) contribution gives a large correction, up to ∼ −10%,

which distorts, about the W resonance, the transverse mass distribution and is responsible

for the bulk of the shift in the extraction of the W boson mass. As shown in figure 5, in the

range 100 < M⊥ < 1000 GeV the EW Sudakov logarithms make the effect of the radiative

corrections large and negative, reaching the 20% level.

In figure 6 we disentangle, among the O(α) contributions, the effect of all the correc-

tions which can not be classified as QED final state-like leading-log radiation, by taking

(blue line) the difference between approximations 4. and 2. (and between 5. and 3., red

line) of table 1 in units of the differential Born cross section. We present only the results

for muons, being the effect similar in the electron case. We observe that they are quite

flat, small and negative, for M⊥ < 80 GeV; they become larger in size and always negative

for increasing values of M⊥, because of the presence of the EW Sudakov logs. From a

comparison of figures 5 and 6, the non-factorizable weak contributions account for more

than half of the O(α) radiative corrections, for M⊥ > 200 GeV.

In figure 7 we present the effect of the higher-order (beyond O(α)) corrections, and

disentangle the effect of all the terms which can not be classified as QED final state-like

leading log radiation, by considering the difference of the 3. and 2. (red line) and of 5.

and 4. (blue line) approximations, in units of the lowest-order differential cross section.

We present only the results for muons, being the higher-order corrections smaller in the

electron case because of the recombination. The red line describes the effect of purely
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W transverse mass distribution (peak region)

MW
T =

√

2 pl
⊥

pν
⊥

(1 − cos φlν)

● reconstructed in the transverse plane 
● jacobian peak at the W mass
● rather insensitive to QCD initial state radiation (e.g. ptw modeling)

● recombined electrons show partial KLN cancelation 
● bare (i.e. perfectly isolated) muons receive large final state corrections
● insensitive to photon induced processes

G_mu scheme G_mu scheme

relevant for the extraction of MW

Alessandro Vicini - University of Milano                                                                                                                                    Firenze,  October 1st 2007
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Figure 12: W boson rapidity distribution in Born, O(α) and best approximations.
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Figure 13: Charge asymmetry as function of the muon pseudo-rapidity at Tevatron (
√

s = 1.96
TeV) (left panel) and LHC (

√
s = 14 TeV) (right panel), in Born and O(α) approximation.

η! → −η!, whereas it is odd at the Tevatron. The effect of the O(α) corrections is at the

1% level, while higher-order effects are numerically negligible.

5.4 W transverse momentum and photonic observables

Real photon radiation gives to the final state lepton pair a transverse momentum, which

defines the W boson transverse momentum, whose distribution is presented in figure 14

in the approximations 2., 3., 4. and 5. of table 1 §. The large difference in the tail is

due to a better description of the hard photon radiation given by the exact O(α) matrix

§In the present study, the transverse motion of the W boson, as due to initial-state QCD radiation,

is neglected, because it requires a careful inclusion of QCD corrections, which is beyond the scope of the

paper.
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Figure 11: Charged lepton pseudo-rapidity distribution in Born, O(α) and best approximations.

which can be of the order of 1%: these effects may induce a systematic error in the mW

measurement which can be comparable with the aimed experimental accuracy and should

be carefully considered in future experimental analyses.

5.3 Rapidity distributions and charge asymmetry

In figure 11 the muon and electron pseudo-rapidity distribution is presented in the approx-

imations 1., 4. and 5. of table 1. We observe that the effect of the radiative corrections is

almost constant over the whole range in pseudo-rapidity and that it is dominated by the

O(α) term, which gives a correction negative of approximately -2.7% in the case of muons

and of -1.8% for recombined electrons. Higher-order terms modify the result at the per

mille level.

In figure 12 the W -boson rapidity is also presented. With the chosen cuts, this distribu-

tion is essentially flat in the central rapidity interval |yW | < 1.7. The radiative corrections

are negative and quite flat and reduce the Born distribution of about -2% for the electrons

and of -3% for the muons, as shown in the inset.

The W charge asymmetry presented in figure 13 is defined as

A(η!) =
dσ+/dη! − dσ−/dη!

dσ+/dη! + dσ−/dη!
(5.4)

where dσ± = dσ(pp
(−) → $±ν + X); the asymmetry is due to the partonic content of the

incoming hadrons, which leads to different lepton pseudo-rapidity distributions in the pro-

duction of W+ or W−. The charge asymmetry can be studied both at the Tevatron and at

the LHC, with different results due to the two different initial states and to the different

ranges of partonic x probed at the two colliders. At the LHC the function is even under
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 W-rapidity and lepton pseudo-rapidity distributions

High-precision QCD: W/Z rapidity @ NNLO

C. Anastasiou et al., Phys. Rev. D69 (2004) 094008

• First calculation of a differential distribution at NNLO in αs. NNLO
corrections at ∼ 2% at the LHC and residual scale dependence below
1%.

• O(α2
S) ≈ O(αem)→ need to worry about electroweak corrections!

C. M. Carloni Calame (Sot’on & NExT) EW RC to DY processes March 13, 2007 8 / 35

 ● relevant for acceptances, luminosity monitoring,
    pdfs constraining
 

 ● (flat) correction factor ranges 
    from -2% (W) to -4% (lepton)
 

 ● of the same order of present
    NNLO-QCD uncertainty

Anastasiou et al.

Alessandro Vicini - University of Milano                                                                                                                                    Firenze,  October 1st 2007
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Z observables: invariant mass distribution

● huge radiative corrections below the Z peak (final state radiation)
● in the large mass tail, large negative corrections (EW Sudakov logs)
          not negligible effect of (tree-level) photon-induced subprocess 

Alessandro Vicini - University of Milano                                                                                                                                    Firenze,  October 1st 2007
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Figure 6: Invariant mass distribution: tail for large values.

where dσqγ
had, dσγγ

had can be derived straightforwardly from eq. 3.2.

The variables with a tilde and also dσab,sub
α represent quantities subtracted of the

initial-state singularities (cfr. Section 4 of ref. [18] for the definitions and more details).

4. Numerical results

All the numerical results have been obtained using the following values for the input pa-

rameters:

α = 1/137.03599911 Gµ = 1.16637 10−5 GeV−2 mZ = 91.1876 GeV

mW = 80.398 GeV ΓW = 2.4952 GeV mH = 115 GeV

me = 510.99892 KeV mµ = 105.658369 MeV mτ = 1.77699 GeV

mu = 66 MeV mc = 1.2 GeV mt = 170.9 GeV

md = 66 MeV ms = 150 MeV mb = 4.3 MeV

Vud = 0.975 Vus = 0.222 Vub = 0

Vcd = 0.222 Vcs = 0.975 Vcb = 0

Vtd = 0 Vts = 0 Vtb = 1

and have been computed in the scheme defined in Section 2.3, if not stated otherwise.

The set of parton density functions used to compute all the hadron-level cross sections is
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where dσqγ
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had can be derived straightforwardly from eq. 3.2.

The variables with a tilde and also dσab,sub
α represent quantities subtracted of the

initial-state singularities (cfr. Section 4 of ref. [18] for the definitions and more details).

4. Numerical results

All the numerical results have been obtained using the following values for the input pa-

rameters:

α = 1/137.03599911 Gµ = 1.16637 10−5 GeV−2 mZ = 91.1876 GeV

mW = 80.398 GeV ΓW = 2.4952 GeV mH = 115 GeV

me = 510.99892 KeV mµ = 105.658369 MeV mτ = 1.77699 GeV

mu = 66 MeV mc = 1.2 GeV mt = 170.9 GeV

md = 66 MeV ms = 150 MeV mb = 4.3 MeV

Vud = 0.975 Vus = 0.222 Vub = 0
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where dσqγ
had, dσγγ

had can be derived straightforwardly from eq. 3.2.

The variables with a tilde and also dσab,sub
α represent quantities subtracted of the

initial-state singularities (cfr. Section 4 of ref. [18] for the definitions and more details).

4. Numerical results

All the numerical results have been obtained using the following values for the input pa-

rameters:

α = 1/137.03599911 Gµ = 1.16637 10−5 GeV−2 mZ = 91.1876 GeV

mW = 80.398 GeV ΓW = 2.4952 GeV mH = 115 GeV

me = 510.99892 KeV mµ = 105.658369 MeV mτ = 1.77699 GeV

mu = 66 MeV mc = 1.2 GeV mt = 170.9 GeV

md = 66 MeV ms = 150 MeV mb = 4.3 MeV

Vud = 0.975 Vus = 0.222 Vub = 0

Vcd = 0.222 Vcs = 0.975 Vcb = 0

Vtd = 0 Vts = 0 Vtb = 1

and have been computed in the scheme defined in Section 2.3, if not stated otherwise.

The set of parton density functions used to compute all the hadron-level cross sections is
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Z observables: transverse mass and Z rapidity distributions

● above the Z peak, not negligible effect of the photon-induced processes

●Z rapidity: QED h.o. and photon-induced contribute at the per mille level
Alessandro Vicini - University of Milano                                                                                                                                    Firenze,  October 1st 2007

Born O(α) best

scheme I 739.1(2) 710.71(8) 712.8(2)

scheme II 689.32(2) 703.9(1) 702.6(1)

Table 2: Cross sections, expressed in pb, using approximations 1., 3. and 5. in the α(0) scheme
and in the scheme of section 2.3.
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Figure 7: Transverse mass distribution around the Z peak.
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Figure 8: Transverse mass distribution: tail for large values.

at Born level is approximately 7% and is then reduced, at O(α) and with higher-order

QED corrections, down to the level of 1%.

In figure 5 we show the invariant mass distribution of the final state lepton pair, which

is peaked at the Z boson mass value and which, taking as a reference the high precision

LEP measurements, can be used to calibrate the LHC detectors. The radiative corrections

significantly modify the shape of this distribution. In figure 5, on the right panel, it is

shown the relative effect, expressed in units of the Born cross section (approximation 1.),

of the radiative corrections on the invariant mass distribution. There is a well known effect

due to the final state radiation which increases, in the muon final state case, by almost

100% the lowest order result in the region below the Z peak. Around the peak instead

the correction is negative of about −15%. The size of these corrections is reduced when

considering electron final states, due to the photon recombination procedure, which implies
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Born O(α) best

scheme I 739.1(2) 710.71(8) 712.8(2)

scheme II 689.32(2) 703.9(1) 702.6(1)

Table 2: Cross sections, expressed in pb, using approximations 1., 3. and 5. in the α(0) scheme
and in the scheme of section 2.3.
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at Born level is approximately 7% and is then reduced, at O(α) and with higher-order

QED corrections, down to the level of 1%.

In figure 5 we show the invariant mass distribution of the final state lepton pair, which

is peaked at the Z boson mass value and which, taking as a reference the high precision

LEP measurements, can be used to calibrate the LHC detectors. The radiative corrections

significantly modify the shape of this distribution. In figure 5, on the right panel, it is

shown the relative effect, expressed in units of the Born cross section (approximation 1.),

of the radiative corrections on the invariant mass distribution. There is a well known effect

due to the final state radiation which increases, in the muon final state case, by almost

100% the lowest order result in the region below the Z peak. Around the peak instead

the correction is negative of about −15%. The size of these corrections is reduced when

considering electron final states, due to the photon recombination procedure, which implies
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Figure 9: Lepton transverse momentum distribution, around the Z peak.
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Figure 10: Lepton transverse momentum distribution: large momentum tail.
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Figure 11: Rapidity distribution of the Z boson.

a partial cancelation of the mass logarithms, according to the KLN theorem. The impact of

the photon-induced processes (light-blue line) is of the order of a few percent and is evident

away from the resonance region. The effect of multiple photon emission is of the order of

a few per cent (see inset of the figure) and can not be neglected for an accurate detector

calibration. In figure 6 we show the large mass tail of the invariant mass distribution,

where the DY processes represent an important background to the searches of new heavy

– 15 –
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W/Z transverse mass ratio (preliminary)

W /Z transverse mass ratio

• EW RC to R [preliminary]

0

5000

10000

15000

20000

25000

30000

35000

40000

45000

0.7 0.8 0.9 1 1.1 1.2 1.3

dσ
/d

X
(p

b
)

X

W Born
W O(α)

Z Born ×5
Z O(α) ×5

6

7

8

9

10

11

12

13

0.7 0.8 0.9 1 1.1 1.2 1.3

R
(X

)

X

Born
O(α)

! O(α) EW correction do not cancel!
C. M. Carloni Calame (Sot’on & NExT) EW RC to DY processes March 13, 2007 34 / 35

W /Z transverse mass ratio

• EW RC to R [preliminary]

0

5000

10000

15000

20000

25000

30000

35000

40000

45000

0.7 0.8 0.9 1 1.1 1.2 1.3

dσ
/d

X
(p

b
)

X

W Born
W O(α)

Z Born ×5
Z O(α) ×5

6

7

8

9

10

11

12

13

0.7 0.8 0.9 1 1.1 1.2 1.3

R
(X

)

X

Born
O(α)

! O(α) EW correction do not cancel!
C. M. Carloni Calame (Sot’on & NExT) EW RC to DY processes March 13, 2007 34 / 35

Alessandro Vicini - University of Milano                                                                                                                                    Firenze,  October 1st 2007

MW

● the pQCD radiative corrections partially cancel in the ratio
   (Giele, Keller, Phys.Rev.D57:4433 (1998)  )
● the systematics due to the pdfs partially cancel in the ratio
● delicate discussion about the systematics on the acceptances
● the EW radiative corrections do not cancel in the ratio
● the ratio is very sensitive to the precise value of 

R =

(

dσ

dXW

)

/

(

dσ

dXZ

)

, XV = M⊥
V /MV
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 The Drell-Yan processes and QCD dynamics

● at LHC the cross section with N=1 enhanced by the subprocess
with a gluon in the initial state (gluon density larger than at the Tevatron) 
● the large MT cut forces the showering process (→enhances N=1,2,3)

● at the LHC the lepton pair is (very often) accompanied by additional jets
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Tevatron, no cuts 92.1 % 7.6 % 0.3 %

LHC, no cuts 79 % 15 % 5 % 0.1 %

LHC,  MT>1 TeV 30 % 38 % 21 % 8 %
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●Beyond the additive approximation, a full 2-loop              calculation is neededO(ααs)

Combining QCD and EW corrections
● First attempt: combination of soft-gluon resummation with final state QED
   corrections   Q.-H. Cao and C.-P. Yuan, Phys. Rev. Lett. 93 (2004) 042001   ResBos-A

● Additive combination of QCD and EW corrections:
[

dσ

dO

]

QCD⊕EW

=

{

dσ

dO

}

QCD

+

{[

dσ

dO

]

EW

−

[

dσ

dO

]

Born

}

HERWIG PS

● QCD = ALPGEN (with CKKM-MLM Parton Shower matching), ResBos-CSS,
              MC@NLO, FEWZ, MCFM

● EW = HORACE interfaced with HERWIG QCD Parton Shower

NLO-EW corrections convoluted with QCD PS ⇒ inclusion of            terms

not reliable when hard non collinear radiation is important

O(ααs)
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see: J.H. Kühn, A.Kulesza, S.Pozzorini, M.Schulze, hep-ph/0703283
      W. Hollik, T.Kasprzik, B.A. Kniehl, arXiv:0707.2553
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Monte Carlo tuning:  Tevatron and LHCMonte Carlo “tuning”: Tevatron and LHC
Monte Carlo ALPGEN FEWZ HORACE ResBos-A

σLO (pb) 906.3(3) 906.20(16) 905.64(4) 905.26(24)

Table: MC tuning at the Tevatron for the LO cross section of the process
pp̄→W± → µ±νµ , using CTEQ6M with µR = µF =

√
x1x2s

Monte Carlo ALPGEN FEWZ HORACE
σLO (pb) 8310(2) 8304(2) 8307.9(2)

Table: MC tuning at the LHC for the LO cross section of the process
pp→W± → µ±νµ, using MRST2004QED with µR = µF =

√
p2
⊥,W + M2

W

Monte Carlo σTevatron
NLO (pb) σLHC

NLO(pb)
MC@NLO 2638.8(4) 20939(19)
FEWZ 2643.0(8) 21001(14)

Table: MC tuning for MC@NLO and FEWZ NLO inclusive cross sections of the
process pp

(−) →W± → µ±νµ, with CTEQ6M (Tevatron) and MRST2004QED (LHC)

! After appropriate “tuning”, and with same input parameters and cuts,
Monte Carlos agree at ∼ 0.1% level (or better)

Guido Montagna EW⊕QCD corrections to weak boson production

Alessandro Vicini - University of Milano                                                                                                                                    Padova,  April 26th 2007
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QCD+EW @ the LHC:                       distributionsMW

⊥ and p
µ

⊥
Electroweak ⊕ QCD @ the LHC
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For both MW
⊥ and pl

⊥ QCD corrections are positive and tend to
compensate electroweak contributions

Around the jacobian peak their interplay is crucial for a precise MW

extraction and can’t be accounted for by a QCD Parton Shower
approximation

Convolution with QCD Parton Shower modifies the relative effect and
shape of electroweak corrections

Guido Montagna EW⊕QCD corrections to weak boson production

 ● positive QCD corrections compensate negative EW corrections
 

 ● around the jacobian peak EW corrections mandatory to extract 
    only QCD-Parton Shower is not sufficient
 

 ● the convolution with QCD Parton Shower modifies
    the relative effect and shape of the EW corrections

MW

 ● the relative effect expressed in units Born+PS 
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QCD+EW @ the LHC:                       distributionsMW

⊥ and p
µ

⊥
Electroweak ⊕ QCD @ the LHC (MW

⊥ > 1 TeV)

! To what extent large electroweak Sudakov logs compare with QCD corrections in
the region relevant for the search of new physics at the LHC?
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For both MW
⊥ and pl

⊥ QCD corrections are negative and sum up to negative
electroweak Sudakov logs
Their sum is ∼ −40(−70)% for MW

⊥ # 1.5(3) TeV and ∼ −30(−50)% for
pl
⊥ # 0.5(1) TeV

...But in this region there is a handful of events

Guido Montagna EW⊕QCD corrections to weak boson production

MW

⊥ > 1 TeV, p
µ

⊥
> 500 GeV

 ● negative QCD corrections sum up with negative EW corrections
 

 ● the sum  

 ● which relation between large negative EW Sudakov logs and QCD corrections?

∼ −40(−70)% for MW

⊥ # 1.5(3) TeV and ∼ −30(−50)% for p
µ

⊥
# 0.5(1) TeV

 ● the relative effect expressed in units Born+PS 
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Conclusions
● the event generator HORACE contains almost the state of the art 
   of EW corrections to CC and NC Drell-Yan processes

● a detailed phenomenological analysis demonstrates 
   the impact of the EW corrections on several distributions and, in turn, 
   on the measurement of several observables
               ● acceptances       :     pdfs, luminosity
               ● transverse mass :     measurement of              (limits on Higgs, MSSM)

● a realistic description of the Drell-Yan processes requires the combination
   of QCD and EW corrections (possibly in a unified generator)
                  ● the interplay of the two sets of corrections is not trivial
                  ● the QCD-Parton Shower provides the correct lowest order
                     approximation of the kinematics of these processes and modifies
                     the impact of the EW corrections

● the ratio of   W/Z   M_T distributions to extract the W mass is under study

● in the long term: unify ALPGEN and HORACE in a single generator

MW

Alessandro Vicini - University of Milano                                                                                                                                    Firenze,  October 1st 2007
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Back-up slides
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Electroweak results with HORACE

  LHC energy:  √S=14 TeV                 pdf:    MRST2004QED

  process:  

  input scheme:  

  selection cuts:

  extra cuts in photon-induced processes:

pp → µ±ν + X

p⊥,l and p⊥,ν > 25GeV, |ηl| < 2.5

p⊥,jet < 30GeV, |ηjet| > 2.5

α(0), MW , MZ
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