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Plan of the talk

· observables relevant for the MW measurement

· QCD effects in fixed order and relevance of all-orders resummation of multiple parton emissions
· ambiguities affecting the W transverse momentum distribution, which in turn affect the observables
   relevant for MW

· QED/EW effects in fixed order (NLO and beyond)
· relevance of all-orders resummation of multiple photon emissions
· non-universality of ISR corrections

·approximations to include the bulk of mixed QCDxEW effects
·the POWHEG solution
·remaining ambiguities related to different equivalent prescriptions

· classification of the impact of different classes of radiative corrections / sources of uncertainties
    as a shift in the extracted MW value
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Motivations
A precise measurement of MW provides a crucial test of the SM
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Motivations
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MW is extracted with a template fit technique of various distributions of CC-DY
An event generator that includes the best available results in terms of radiative corrections
is necessary to minimize the theoretical systematic error in the fit

A precise measurement of MW provides a crucial test of the SM
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Template fit and theoretical accuracy
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If we aim at measuring MW with 10 MeV of error, are we able to control
the shape of the distributions and the theoretical uncertainties at the few per mille level?

Not all the radiative corrections have the same impact on the MW measurement
not all the uncertainties are equally bad on the final error

In a template fit approach
· the best theoretical prediction for a distribution is computed several times, 
   with different values of MW
· each template is compared to the data
· the measured MW is the one of the template that maximizes the agreement with the data

Which level of accuracy do we need? 
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Perturbative expansion of the Drell-Yan cross section

⇥tot = ⇥0 + �s⇥�s + �2
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QCD
EW

mixed QCDxEW
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

W
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ν
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• to derive precise measurements of the W -boson mass MW and width �W . 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

�⌅ ...
M. Dittmar, F. Pauss, D. Zurcher, Phys. Rev. D56 (1997) 7284

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

Which corrections modify the shape of the distributions?
                             affect the extraction of MW?
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Perturbative expansion of the Drell-Yan cross section
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Fixed order corrections exactly evaluated and available in simulation codes

MCFM,FEWZ,DYNNLO

WGRAD, RADY, HORACE, SANC

FEWZ 2.1

R.Gavin, Y.Li, F.Petriello, S.Quackenbush, arXiv:1201.5896

S.Catani, L.Cieri, D. de Florian, G. Ferrera, M. Grazzini , arXiv:0903.2120

DYNNLO
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Perturbative expansion of the Drell-Yan cross section

⇥tot = ⇥0 + �s⇥�s + �2
s⇥�2

s
+ . . .

+ �⇥� + �2⇥�2 + . . .

+ ��s ⇥��s + ��2
s ⇥��2

s
+ . . .

Fixed order corrections exactly evaluated and available in simulation codes

MCFM,FEWZ,DYNNLO

WGRAD, RADY, HORACE, SANC

HORACE

∆M
α
W = 110 MeV

HORACE

The change of the final state lepton distribution yields a huge shift in the extracted MW value
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Perturbative expansion of the Drell-Yan cross section

⇥tot = ⇥0 + �s⇥�s + �2
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Fixed order corrections exactly evaluated and available in simulation codes
Subsets of corrections partially evaluated or approximated

J.Kühn, A.Kulesza, S.Pozzorini, M.Schulze,    Nucl.Phys.B797:27-77,2008, Phys.Lett.B651:160-165,2007, Nucl.Phys.B727:368-394,2005.

O(α²)
    EW Sudakov logs
    QED LL
    QED NLL (approximated)
    additional light pairs (approximated)
O(αα_s)
    EW corrections to ffbar+jet production
    QCD corrections to ffbar+gamma production

A.Denner, S.Dittmaier, T.Kasprzik, A.Mueck,  arXiv:0909.3943, arXiv:1103.0914
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Mixed QCDxEW corrections the Drell-Yan cross section⇥tot = ⇥0 + �s⇥�s + �2
s⇥�2

s
+ . . .

+ �⇥� + �2⇥�2 + . . .

+ ��s ⇥��s + ��2
s ⇥��2

s
+ . . .● The first mixed QCDxEW corrections include different contributions:

   ·emission of two real additional partons (one photon + one gluon/quark)
   ·emission of one real additional parton (one photon with QCD virtual corrections,
                                                             one gluon/quark with EW virtual corrections)
   ·two-loop virtual corrections

● The bulk of the mixed QCDxEW corrections, relevant for a precision MW measurement,
   is factorized in QCD and EW contributions: 
  ( leading-log part of final state QED radiation ) X ( leading-log part of initial state QCD radiation ||
                                                                             NLO-QCD contribution to the K-factor            )

● an exact complete calculation is not yet available, neither for DY nor for single gauge boson production

In any case, a fixed order description of the process is not sufficient...

W.B. Kilgore, C. Sturm, arXiv:1107.4798
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The relevance of multiple gluon emission

analytical resummation of initial state QCD multiple gluon emission (Resbos, DYqT)

matching of NLO-QCD results with QCD Parton Shower (MC@NLO, POWHEG)

numerical simulation of IS QCD multiple gluon emission via Parton Shower (Herwig, Pythia, Sherpa)

DYqT

G. Bozzi, S.Catani, D. de Florian, G. Ferrera, M. Grazzini , arXiv:1007.2351 S.Alioli, P. Nason, C. Oleari, E. Re, arXiv:0805.4802
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Classification of radiative corrections: QCD

the QCD expansion can be organized with respect to  
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NLO-QCD
NNLO-QCD

NNNLO-QCD

LL-QCD     NLL-QCD    NNLL-QCD   ....

DYRes           description of ptV spectrum with NNLL- + NNLO-QCD accuracy
                     (beta-version with fully differential leptonic decay exists)
Resbos          description of ptV spectrum with NNLL-QCD accuracy            analytical resummation
                     (partial inclusion of NNLO contributions)

POWHEG      matching of NLO-QCD results 
MC@NLO                with LL- and (possibly) NLL-QCD                   resummation via Parton Shower
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Matching NLO calculations with resummation: DYqT
Bozzi, Catani, De Florian, Ferrera, Grazzini

Q is the resummation scale

the fixed order total cross section
is by construction reproduced

a non-perturbative smearing factor
can be applied on top of the pQCD result

universal

process dependent

G. Bozzi, S.Catani, D. de Florian, G. Ferrera, M. Grazzini , arXiv:1007.2351
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L � log
�

s

m2
l

⇥
Fermion masses regulate collinear emission → mass logarithm
Final state lepton masses are physical parameters

Perturbative expansion in α
at each order, classification w.r.t. powers of L

Photos
HORACE-matched
DKM
Winhac

WGRAD
DK
HORACE-matched
SANC

various codes include
different subsets

Classification of radiative corrections: EW

matching of NLO-EW results with complete QED Parton Shower (HORACE)

numerical simulation of final state QED multiple photon emission via Parton Shower (Photos, HORACE)
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Impact of EW higher-order radiative corrections

HORACE
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Figure 7: Relative effect on the transverse mass distribution, in Born units, of higher-order QED
final state-like and full QED parton shower corrections.

scheme Born O(α) δ (%)

α(0) 4244.68 ± 0.09 4360.5 ± 0.6 +2.73

Gµ 4536.03 ± 0.07 4411.0 ± 0.2 -2.76

Table 6: Born and O(α) hadron-level cross sections (pb)and effect of the O(α) corrections, ex-
pressed in units of the corresponding Born cross section, in the α(0) and in the Gµ schemes.

the α(0) input scheme. In table 6, we compare the cross sections obtained in the two input

schemes, in Born and in O(α) approximations and the corresponding relative corrections.

The difference between the cross sections in the two schemes is reduced when going from

the Born to the O(α) approximation and amounts to about 6% (Born) and 1% (O(α)),

respectively. The relative correction in the two schemes is of the same order (≈ 3%) but of

opposite sign. This can be understood taking into account that, as previously discussed,

in the Gµ scheme, at a variance with the α(0) scheme, universal virtual corrections are

absorbed in the lowest-order cross section. It is worth noticing that the O(α) corrected

transverse mass distribution differs in the two input schemes as shown in figure 8, where

we plot the relative corrections in the two schemes in units of the corresponding Born

distributions and their difference.

Another source of uncertainty, which is not of purely EW origin, is the choice in the

parton densities of the factorization scale M . In order to study this dependence, we set

M = ξmW and consider the canonical range 1/2 ≤ ξ ≤ 2. We define the two following

relative corrections:

δ(M) ≡
σα(M)

σ0(M)
− 1, ∆(M) ≡

σα(M) − σ0(M)

σ0(mW )
(5.3)

In figure 9 we plot, for the transverse mass distribution, δ(0.5mW ) and δ(2mW ). The

difference between the two curves can be interpreted as mainly due to the dependence of

the O(α) cross section on the choice of the QED factorization scale. We observe a variation

at the per mille level of the transverse mass distribution, as already remarked in ref. [13].

In figure 10 we plot, for the transverse mass distribution, ∆(0.5mW ) and ∆(2mW ).

– 19 –

● Shift induced in the extraction of MW from higher order QED effects ∆M
α
W = 110 MeV

∆M
exp
W = −10 MeV

C. Carloni Calame, G. Montagna, O. Nicrosini, AV, hep-ph/0609170
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Figure 5: Relative corrections with respect to the Born cross section due to the exact
O(α) corrections for muons and recombined electrons final states.

-1.6

-1.4

-1.2

-1

-0.8

-0.6

-0.4

-0.2

0

50 60 70 80 90 100

δ
(%

)

M⊥ (GeV)

best minus exp. FS PS
exact O(α) minus O(α) FS PS

-16

-14

-12

-10

-8

-6

-4

-2

0

100 200 300 400 500 600 700 800 900 1000

δ
(%

)

M⊥ (GeV)

best minus exp. FS PS
exact O(α) minus O(α) FS PS

Figure 6: Relative effect, in Born units, of the difference between the approximations 4. and 2. of
table 1 (blue line) and between 5. and 3. (red line).

photonic final-state like leading log corrections, whereas the blue line represents the higher-

order contributions of the matched cross section of eq. (4.6). The latter includes, besides

the content of the red line, the remnant of the initial-state radiation after the subtraction

of the initial-state singularities and the product of purely weak corrections (the F̃SV factor

of eq. (4.6)) with photonic radiation. Around the peak the two lines almost coincide,

while for large M⊥ we observe the effect of the product of the EW Sudakov logs times

the O(α) photonic correction. The effects displayed in figure 7 represent an improvement

of the EW fixed order O(α) calculation and can be seen as an estimate of the size of the

O(α2) corrections.

As we already discussed in Section 2, we can compute the cross sections in the Gµ or

– 18 –

pure Parton Shower compared with the full calculation

● In HORACE each approximation is gauge invariant and offers a sensible definition of the observables

● The HORACE matching differs from a simple additive prescription, 
   for it includes in the factorized formulation also higher order subleading contributions

higher orders beyond O(α) coming from the Parton Shower
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Figure 5: Invariant mass distribution around the Z peak.
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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

– 12 –

Impact of EW higher-order radiative corrections
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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

– 12 –

● FSR modifies the momenta of the final state leptons and induces a migration of events from the Z resonance 
   to lower invariant masses; multiple photon effects are at the several percent level
   
● The HORACE matching differs from a simple additive prescription, 
   for it includes in the factorized formulation also higher order subleading contributions

● The effect of higher order terms can be at the few per cent level in the large invariant mass tail
  (interplay between photonic and EW Sudakov corrections)
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Additional lepton-pair emission at O(α²)
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● The HORACE shower has been improved beyond the simulation of purely photonic radiation
   and approximately includes non-singlet contributions due to the conversion of a photon into a light-fermion pair

● These contributions are of O(α²) , like e.g. the second radiated real photon;
   they are logarithmically enhanced by the parent fermion mass in the collinear limit of the pair,  
   but also from the integration over the phase space of the two fermions of the pair.

● Observables inclusive over this additional radiation do not suffer of the log³(s/m²) enhancement of these corrections, 
   that cancels between real and virtual contributions



Impact of EW radiative corrections on MW determination

13

The value of MW is extracted in a template fit to the
MW

T , pl
T and E/T distributions. The fit regions used are

65 GeV  MW
T  90 GeV, 32 GeV  pl

T  48 GeV and

32 GeV  E/T  48 GeV, and correspond to the ones of
the CDF Run II analysis of Ref. [81, 82]. CDF detector

simulation ?

mT plT E/T
line approximation 1 approximation 2 e µ e µ e µ
1 born LL1� �143± 3.1 �148± 2.1 �167± 3.7 �198± 3.1 �104± 4.0 � 89± 2.5
2 born LLn� �138± 3.1 �138± 2.1 �162± 3.7 �184± 3.1 �104± 4.0 � 85± 2.5
3 LL1� LLn� 5± 3.5 10± 2.3 5± 4.4 15± 3.3 1± 4.5 5± 2.5
4 born O(↵) �147± 2.8 �153± 2.5 �174± 3.5 �208± 3.5 �105± 3.7 � 91± 2.8
5 born match �137± 3.0 �138± 3.4 �163± 3.7 �190± 3.4 � 96± 4.0 � 78± 2.7
6 O(↵) match 11± 3.0 12± 3.0 11± 3.5 16± 3.3 12± 4.0 13± 3.8
7 LL1� O(↵) � 1± 3.4 � 3± 2.5 � 3± 4.1 � 5± 3.7 � 1± 4.4 � 1± 3.0
8 LLn� match 4± 3.5 5± 2.4 4± 4.2 2± 3.5 10± 4.5 10± 2.8

TABLE II. �MW (fit� input), all numbers in MeV. Arith-
metic average between simulated data=approximation1, tem-
plate=approximation2 and simulated data=approximation2,
template=approximation1. The sign corresponds to the first
of the above.

A. W mass shifts

The obtained MW shifts due to using the di↵erent
modes available in the public version of Horace are pre-
sented in Table II. The values are in units of MeV and
are an arithmetic average of the fit result when the ap-
proximations for the template and pseudo–data are set
one way and then reversed. The sign of the shift corre-
sponds to the case where “approximation 2” templates
are fit to “approximation 1” simulated data.

For brevity we comment in the following the case of
W ! e⌫ decays and the results corresponding to the MW

T
fits. However, the arguments hold to a large extent for
W ! µ⌫ events and for the results obtained fitting the
pl

T and E/T distributions.
From Table II it is evident that FS one photon radia-

tion is responsible for the bulk of the MW shift (line 1),
which amounts to 143 MeV. Multiple photon emission
has still a sizeable e↵ect, of about 5% of the first–order
correction (line 2). Note that multi–photon radiation re-
duces the shift induced by one photon emission. In order
to understand the opposite sign of the two mechanisms,
one can simply observe that the lepton energy spectrum
is controlled in the LL approximation by the Sudakov
form factor. As the latter is an exponential, its pertur-
bative expansion yields an alternating sign series, thus
explaining the e↵ect.

The exact O(↵) EW corrections shift the fitted mass
by 147 MeV (line 4). By comparison with the result for
O(↵) corrections in the LL approximation it turns out
that the e↵ect of O(↵) NNL terms is at the level of a few
MeV. When including multiple photon corrections on top
of the exact NLO calculation, the full O(↵) W mass shift

is reduced by about 10 MeV (lines 5 and 6 in comparison
with line 4).

A measure of the impact of the subleading contribu-
tions can be read from line 7 and line 8. The di↵erence
between the obtained shifts can be understood by com-
paring Eq. (5) and Eq. (7), for which the the sublead-
ing terms present in FSV act di↵erently. Indeed, in the
former case they enter the 0–photon event sample only,
while in the latter case they equally act on all the photon
multiplicities.

All in all, the results given in Table II indicate that
both exact NLO and multiple photon corrections, as well
as their matching, are necessary ingredients for a mea-
surement of the W mass with an EW uncertainty at the
MeV level.

Using the most accurate modes of Horace we also per-
formed fits to the invariant mass of the Z boson in the re-
gion 81 GeV  mee  101 GeV in the case of Z ! e+e�

events, and 86 GeV  mµµ  98 GeV for Z ! µ+µ�

events. A sample of our results for the Z mass shifts is
shown in Table III. As expected, for a given theoretical
approximation, the observed shifts of MZ are larger than
in the W boson case, because both leptons can radiate.
Like for the W mass shifts, Z decays also show the rel-
ative decrease of the radiative e↵ect when higher–order
corrections are included. The main message of this in-
vestigation concerning the NC DY channel is as follows.
Because of the crucial role played by the Z mass fits
in the MW measurements, it is imperative, to avoid in-
consistencies, relying on theoretical predictions sharing
the same level of accuracy both for W and Z produc-
tion. In particular, using the best available calculations
for Z production too, thus incorporating multi–photon
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e↵ects on top of NLO corrections, would allow to reduce
the QED systematic uncertainty (presently at the level
of some MeV [4, 5]) a↵ecting the calibration procedures
based on Z mass fits.

MZ

data template e µ
O(↵) born �242± 2.4 �198± 1.7
match born ?� 212± 2.1? �184± 1.9
match O(↵) ? 13± 1.3? 12± 2.0

TABLE III. Z mass shifts �MZ(fit� input), all numbers in
MeV.

Last but not least, the impact on the W mass due
to the emission of unresolved lepton pairs is shown in
Table IV. These results have been obtained using the
updated version of Horace that implements the theo-
retical recipe detailed in Section III B and Appendix A.
Event selection for pairs?. It can be seen that the
MW shifts induced by light pair corrections amount to
3 MeV for both the W decay channels and are dominated
by electron pair emission. Let us emphasize that for this
specific evaluation, where the MW shifts are rather small,
the size of the MC samples has been taken four times
larger than in the other analyses, to maintain the impact
on the shifts of the statistical error of the simulations at a
negligible level. For this reason, the evaluation has been
limited to fits to the transverse mass distribution. It is
interesting to note that the shifts due to pair corrections
partially compensate the shifts induced by multiple pho-

ton emission, as expected in the light of the discussion
given in Section III B and, in particular, of the shape
modifications shown in Fig. 1.

mT

line approximation 1 approximation 2 e µ
1 exp–LL exp–LL + e+e� -2 -3
2 exp–LL exp–LL + e+e� + µ+µ� -3 -3

TABLE IV. W mass shifts due to the lepton pair correc-
tions. �MW (fit� input), all numbers in MeV. Arith-
metic average between simulated data=approximation1, tem-
plate=approximation2 and simulated data=approximation2,
template=approximation1. The sign corresponds to the first
of the above.

B. W mass: estimate of the EW/QED uncertainties

In this Section, we provide our estimate of the EW
uncertainty, following the classification of presently un-
controlled NNLO EW and QED corrections described in
Section IV The W mass shifts detailed in the following
have been obtained using the updated version of Ho-
race for the uncertainties induced by the choice of the
input scheme and NLL QED corrections, and the recent
implementation of EW corrections into Powheg for the
NNLO finite–width e↵ects.

In Table V we compare the shifts due to the three
di↵erent input parameter choices introduced in Section
IV A both at O(↵) and in the matched formulation of
Horace. Some comments are in order here.

mT plT E/T
line approx. 1 approx. 2 e µ e µ e µ
1 O(↵) ↵0 O(↵) Gµ � I - 9.0 -11.6 -10.8 -11.8 - 2.8 - 7.4
2 O(↵) ↵0 O(↵) Gµ � II 1.2 -0.3 -0.2 0.2 1.7 -0.7
3 O(↵) Gµ � I O(↵) Gµ � II 10.1 11.2 10.6 12.0 4.4 6.6
4 matched ↵0 matched Gµ � I -0.1 -0.1 0.0 -1.1 2.0 1.8
5 matched ↵0 matched Gµ � II 1.7 1.1 1.3 -0.3 4.0 2.6
6 matched Gµ � I matched Gµ � II 1.8 1.2 1.0 0.8 2.0 0.9

TABLE V. W mass shifts induced by the input scheme de-
pendence. �MW (fit� input), all numbers in MeV. Arith-
metic average between simulated data=approximation1, tem-
plate=approximation2 and simulated data=approximation2,
template=approximation1. The sign corresponds to the first
of the above.

1. In comparison with the present experimental ac-
curacy, the shifts are rather sizeable, of the order
of 10 MeV, when considering just NLO predictions

(lines 1, 2 and 3). They are induced by the di↵erent
O(↵2) components present in the three schemes.

2. The shifts are considerably reduced, down to about
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negligible level. For this reason, the evaluation has been
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race for the uncertainties induced by the choice of the
input scheme and NLL QED corrections, and the recent
implementation of EW corrections into Powheg for the
NNLO finite–width e↵ects.

In Table V we compare the shifts due to the three
di↵erent input parameter choices introduced in Section
IV A both at O(↵) and in the matched formulation of
Horace. Some comments are in order here.
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pendence. �MW (fit� input), all numbers in MeV. Arith-
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template=approximation1. The sign corresponds to the first
of the above.

1. In comparison with the present experimental ac-
curacy, the shifts are rather sizeable, of the order
of 10 MeV, when considering just NLO predictions

(lines 1, 2 and 3). They are induced by the di↵erent
O(↵2) components present in the three schemes.

2. The shifts are considerably reduced, down to about
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1–2 MeV, when NLO corrections are matched with
higher–order contributions (lines 4, 5 and 6). This
follows from the factorized nature of the matching
algorithm implemented in Horace and from the
fact the sharing of the di↵erent photon multiplici-
ties is the same in the three schemes, as remarked
in Section IVA

3. The ↵
0

and the Gµ � II schemes behave in a very
similar way, as it can be clearly noticed from the
results of the O(↵) analysis (line 3). This result is a
consequence of the equality of the relative fraction
of the 0– and 1–photon samples in the two cases.

4. Since both versions of the “natural” Gµ scheme
are a priori acceptable in the absence of a com-
plete NNLO EW calculation, it follows from the
results shown in line 6 that there is an intrinsic
input scheme arbitrariness that induces an uncer-
tainty on the W mass of ⇠ 2 MeV.

The uncertainty induced by NNL QED corrections be-
yond O(↵) as obtained according to the procedure sum-
marized by Eq. (25) is shown in Table VI. For this spe-
cific uncertainty evaluation, where the di↵erence of two
MW shifts is the relevant quantity, the size of the MC
samples has been taken four times larger than in the
other analyses, to keep the propagation of the statisti-
cal error under control

mT plT E/T
line approx.1 approx.2 e µ e µ e µ

1 exp–LL  = 1.5 exp–LL  = 1 4.0 5.9 4.0 7.7 2.4 3.8
2 O(↵) LL  = 1.5 O(↵) LL  = 1 1.9 4.8 1.8 5.9 1.5 2.3

�MW
↵2

according to Eq. (25) 2.1 1.1 2.2 1.8 0.9 1.5

TABLE VI. QED Parton Shower scale dependence.
�MW (fit� input), all numbers in MeV. Arithmetic
average between simulated data=approximation1, tem-
plate=approximation2 and simulated data=approximation2,
template=approximation1. The sign corresponds to the first
of the above.

From the results given in Table VI we conclude that
the NLL QED e↵ects on MW are quite moderate and
can be estimated at the 1–2 MeV level. However, this
conclusion is limited by the statistics of our MC samples.

The uncertainty due to NNLO EW corrections, as in-
duced by the di↵erent treatment of W–width e↵ects in
the CLA and CMS schemes, is summarized in Fig. 7.
It shows the ��2 ⌘ �2 � �2

min

as a function of the W
mass, obtained by fitting Born templates on two di↵er-
ent samples of NLO EW pseudo–data for the transverse
mass distribution. The same input parameters have been
consistently used to produce these pseudo–data. The for-
mer sample has been obtained using the CLA scheme
for the simulation of MW

T at NLO, while the latter one
has been produced using the CMS recipe. The uncer-
tainty induced on MW can be read directly from Fig. 7

by taking the di↵erence of the two best–fit values. As re-
marked in Section IV B, this e↵ect is just a consequence
of the di↵erent treatment of threshold singularities in the
two EW calculations, which is in turn responsible of the
shape di↵erences just above the W mass shown in Fig. 3.
Thanks to this exercise, we arrive at the conclusion that
presently unavailable NNLO EW contributions may af-
fect MW of ⇠ 7 MeV. A shift of this size does not seem
unreasonable, as it is roughly comparable with the ef-
fect induced by the O(↵2) two–photon and lepton pair
corrections. However, di↵erently from the latter QED
e↵ects, the EW scheme–dependent shift stems from gen-
uine weak loop contributions and as such can not be sup-
pressed requiring appropriate event selection conditions.
In other words, the shift originating from the di↵erent
CLA vs. CMS predictions at the two–loop level plays
the role of a truly irreducible uncertainty. However, it is
also necessary to point out that the evaluation of NNLO
EW e↵ects on MW must be taken with due care, i.e. just
as an estimate of the possible shift due to genuine two–
loop EW corrections. Actually, whereas the shifts due
to lepton pair emission or NLL EW contributions are
robust because they come from quantitative predictions
fully under control, the MW shift inferrable from Fig. 7
relies upon a procedure which is certainly theoretically
sound but providing, at the same time, only an approx-
imate evaluation of two–loop EW e↵ects. This intrinsic
ambiguity can be only fixed when a full calculation of
NNLO EW corrections becomes available.
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FIG. 7. The ��2 ⌘ �2 � �2
min as a function of the W–boson

mass according to the CLA and CMS options for the calcula-
tion of NLO EW corrections.

VII. CONCLUSIONS

We have performed a detailed study of the EW/QED
e↵ects and uncertainties involved in the precise measure-
ment of the W–boson mass at the Tevatron and the LHC.

● each set of radiative corrections induces a distortion of the shape of the observables
● with a template-fit approach, the distortion of the shape is translated into a MW shift
● study performed in the Tevatron setup (energy and acceptance cuts)

● an estimate of remaining sources of uncertainty can enter in the theoretical systematic error

Barzè, Bizjak, Montagna, Nicrosini, Piccinini, Vicini,  in preparation

● the available subsets of corrections MUST be included in the analysis

Alessandro Vicini - University of Milano                                                                                                                                                                         TIFR, January 5th 2014



Uncertainties
Uncertainties are of O(α²) and are due to:
     1) different renormalization schemes
     2) missing O(α²) matrix elements  (QED subleading terms, 2-loop EW corrections,...)
     3) precise definition of the W mass in the complex plane

Estimate of the uncertainties
     1) fit of MW using codes in different renormalization schemes
                 the spread of the results is reduced when using HORACE matched
                                                                               w.r.t.   fixed O(α) calculation
                   O(α)     :   MW(α₀) - MW(G_μ)   =  9 MeV
                   matched :  MW(α₀) - MW(G_μ)   =  1 MeV

     2) missing O(α²) QED subleading terms can be probed in the pure QED-PS approach
         varying the QED-PS scale by a factor κ, and then comparing with the reference κ=1

Uncertainties  estimated with HORACE do not span ALL possible combinations of higher orders
     the best predictions obtained with other codes might differ at O(α²)
                  → provide a more conservative envelope
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1–2 MeV, when NLO corrections are matched with
higher–order contributions (lines 4, 5 and 6). This
follows from the factorized nature of the matching
algorithm implemented in Horace and from the
fact the sharing of the di↵erent photon multiplici-
ties is the same in the three schemes, as remarked
in Section IVA

3. The ↵
0

and the Gµ � II schemes behave in a very
similar way, as it can be clearly noticed from the
results of the O(↵) analysis (line 3). This result is a
consequence of the equality of the relative fraction
of the 0– and 1–photon samples in the two cases.

4. Since both versions of the “natural” Gµ scheme
are a priori acceptable in the absence of a com-
plete NNLO EW calculation, it follows from the
results shown in line 6 that there is an intrinsic
input scheme arbitrariness that induces an uncer-
tainty on the W mass of ⇠ 2 MeV.

The uncertainty induced by NNL QED corrections be-
yond O(↵) as obtained according to the procedure sum-
marized by Eq. (25) is shown in Table VI. For this spe-
cific uncertainty evaluation, where the di↵erence of two
MW shifts is the relevant quantity, the size of the MC
samples has been taken four times larger than in the
other analyses, to keep the propagation of the statisti-
cal error under control

mT plT E/T
line approx.1 approx.2 e µ e µ e µ

1 exp–LL  = 1.5 exp–LL  = 1 4.0 5.9 4.0 7.7 2.4 3.8
2 O(↵) LL  = 1.5 O(↵) LL  = 1 1.9 4.8 1.8 5.9 1.5 2.3

�MW
↵2

according to Eq. (25) 2.1 1.1 2.2 1.8 0.9 1.5

TABLE VI. QED Parton Shower scale dependence.
�MW (fit� input), all numbers in MeV. Arithmetic
average between simulated data=approximation1, tem-
plate=approximation2 and simulated data=approximation2,
template=approximation1. The sign corresponds to the first
of the above.

From the results given in Table VI we conclude that
the NLL QED e↵ects on MW are quite moderate and
can be estimated at the 1–2 MeV level. However, this
conclusion is limited by the statistics of our MC samples.

The uncertainty due to NNLO EW corrections, as in-
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mass, obtained by fitting Born templates on two di↵er-
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mass distribution. The same input parameters have been
consistently used to produce these pseudo–data. The for-
mer sample has been obtained using the CLA scheme
for the simulation of MW

T at NLO, while the latter one
has been produced using the CMS recipe. The uncer-
tainty induced on MW can be read directly from Fig. 7

by taking the di↵erence of the two best–fit values. As re-
marked in Section IV B, this e↵ect is just a consequence
of the di↵erent treatment of threshold singularities in the
two EW calculations, which is in turn responsible of the
shape di↵erences just above the W mass shown in Fig. 3.
Thanks to this exercise, we arrive at the conclusion that
presently unavailable NNLO EW contributions may af-
fect MW of ⇠ 7 MeV. A shift of this size does not seem
unreasonable, as it is roughly comparable with the ef-
fect induced by the O(↵2) two–photon and lepton pair
corrections. However, di↵erently from the latter QED
e↵ects, the EW scheme–dependent shift stems from gen-
uine weak loop contributions and as such can not be sup-
pressed requiring appropriate event selection conditions.
In other words, the shift originating from the di↵erent
CLA vs. CMS predictions at the two–loop level plays
the role of a truly irreducible uncertainty. However, it is
also necessary to point out that the evaluation of NNLO
EW e↵ects on MW must be taken with due care, i.e. just
as an estimate of the possible shift due to genuine two–
loop EW corrections. Actually, whereas the shifts due
to lepton pair emission or NLL EW contributions are
robust because they come from quantitative predictions
fully under control, the MW shift inferrable from Fig. 7
relies upon a procedure which is certainly theoretically
sound but providing, at the same time, only an approx-
imate evaluation of two–loop EW e↵ects. This intrinsic
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VII. CONCLUSIONS

We have performed a detailed study of the EW/QED
e↵ects and uncertainties involved in the precise measure-
ment of the W–boson mass at the Tevatron and the LHC.

Barzè, Bizijak, Montagna, Nicrosini, Piccinini, Vicini, in preparation

Alessandro Vicini - University of Milano                                                                                                                                                                         TIFR, January 5th 2014



LL approximation in Shower MC
no tuned comparisons on these tools

      the combination of MC@NLO+PHOTOS  in     N.Adam, V.Halyo, S.Yost, W.Zhu, JHEP 0809:133,2008

         the (QCD+EW) combination in   S.Jadach, M.Skrzypek, P.Stephens, Z.Was, W.Placzek, Acta.Phys.Polon.B38:2305 (2007)

combined use of MC@NLO + HORACE + HERWIG
G. Balossini, C.M.Carloni Calame, G.Montagna, M.Moretti, O.Nicrosini, F.Piccinini, M.Treccani, A.Vicini,  JHEP 1001:013, 2010

Previous combinations of QCD and EW corrections to Drell-Yan

Alessandro Vicini - University of Milano                                                                                                                                                                         TIFR, January 6th 2014
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Resbos-A
soft gluon resummation + NLO final state QED radiation

Q.-H. Cao and C.-P. Yuan, Phys. Rev. Lett. 93 (2004) 042001

combined use of MC@NLO + HORACE + HERWIG
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Recent developments of QCD and EW corrections to Drell-Yan

FEWZ,   NC-DY    :   NNLO-QCD + NLO-EW        additive combination
                                                       Li, Petriello,  arXiv:1208.5967

POWHEG, CC-DY:    NLO-(QCD+EW) matched with QCD/QED Parton Shower
                                                       Bernaciak, Wackeroth,  arXiv:1201.4804

                                                       Barzè, Montagna, Nason, Nicrosini, Piccinini, arXiv:1202.0465

POWHEG, NC-DY:    NLO-(QCD+EW)  matched with QCD/QED Parton Shower
                                                       Barzè, Montagna, Nason, Nicrosini, Piccinini, Vicini, arXiv:1302.4606

Alessandro Vicini - University of Milano                                                                                                                                                                         TIFR, January 6th 2014



Inclusion in FEWZ of exact O(α) EW corrections to NC-DY

FEWZ,   NC-DY    :   NNLO-QCD + NLO-EW        additive combination
                                                       Li, Petriello,  arXiv:1208.5967,           Boughezal, Li, Petriello,  arXiv:1312.3972

O = OLO

⇣
1 + �NLO+NNLO

QCD + �NLO
EW

⌘

FIG. 3: Several representative distributions showing the combination of NNLO QCD and NLO
EW corrections to lepton-pair production at a

√
s = 8 TeV LHC. The MSTW2008NNLO PDF

set has been used, with the hatched regions corresponding to the estimated 68% PDF error. The
αS error has not been included. Clockwise from the upper left, the plots show the lepton-pair
invariant mass, the lepton-pair rapidity, the lepton pT , and the lepton pseudorapidity.

mass distribution seen in the plot. We note that because of the cut pT,l > 25 GeV, the

invariant mass of the lepton pair is restricted to Mll > 50 GeV, coinciding exactly with

the cut on this variable that we impose. Sensitivity to this phase-space restriction leads to

the large shift from the leading-prediction near this boundary. The lepton pT distribution

in the lower-left panel exhibits the usual Jacobian peak at MZ/2. Resummation of soft-

photon and soft-gluon effects is needed for a proper description near this boundary. Both

the lepton pseudorapidity and lepton-pair rapidity in the rich panels show little sensitivity

to higher-order effects.
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EW corrections to lepton-pair production at a

√
s = 8 TeV LHC. The MSTW2008NNLO PDF

set has been used, with the hatched regions corresponding to the estimated 68% PDF error. The
αS error has not been included. Clockwise from the upper left, the plots show the lepton-pair
invariant mass, the lepton-pair rapidity, the lepton pT , and the lepton pseudorapidity.

mass distribution seen in the plot. We note that because of the cut pT,l > 25 GeV, the

invariant mass of the lepton pair is restricted to Mll > 50 GeV, coinciding exactly with

the cut on this variable that we impose. Sensitivity to this phase-space restriction leads to

the large shift from the leading-prediction near this boundary. The lepton pT distribution

in the lower-left panel exhibits the usual Jacobian peak at MZ/2. Resummation of soft-

photon and soft-gluon effects is needed for a proper description near this boundary. Both

the lepton pseudorapidity and lepton-pair rapidity in the rich panels show little sensitivity

to higher-order effects.
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● accurate prediction of the invariant mass distribution

● missing effects of multiple photon radiation and 

   of mixed higher orders (few % in the tails)

● the large bins avoid the appearance of

   the double peak structure

   typical of fixed order results
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Inclusion in POWHEG of the exact O(α) EW corrections 
POWHEG, CC-DY:    NLO-(QCD+EW) matched with QCD/QED Parton Shower
                                                       Bernaciak, Wackeroth,  arXiv:1201.4804

                                                       Barzè, Montagna, Nason, Nicrosini, Piccinini, arXiv:1202.0465

POWHEG, NC-DY:    NLO-(QCD+EW)  matched with QCD/QED Parton Shower
                                                       Barzè, Montagna, Nason, Nicrosini, Piccinini, Vicini, arXiv:1302.4606
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● the events generated in this way are then passed to PYTHIA/HERWIG for QCD and QED showering

● the effect of radiative corrections on the distributions is ruled by the (modified) Sudakov form factor

   and is factorized w.r.t. the lowest order kinematics Ḇ

http://powhegbox.mib.infn.it/
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The POWHEG method (Nason 2004, Frixione Nason Oleari 2007,  Alioli Nason Oleari Re 2009)

matching NLO-QCD matrix elements with QCD Parton Shower
● avoiding double counting between  the first emission (hard matrix element) and the PS radiation
● generating positive weight events
● independent of the details of the (vetoed) shower adopted
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The POWHEG method (Nason 2004, Frixione Nason Oleari 2007,  Alioli Nason Oleari Re 2009)

matching NLO-QCD matrix elements with QCD Parton Shower
● avoiding double counting between  the first emission (hard matrix element) and the PS radiation
● generating positive weight events
● independent of the details of the (vetoed) shower adopted
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● NLO-(QCD+EW) accuracy of the total cross section: inclusion of virtual corrections,
                                                                         integral over the whole phase space of (subtracted) real matrix element
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The POWHEG method (Nason 2004, Frixione Nason Oleari 2007,  Alioli Nason Oleari Re 2009)

matching NLO-QCD matrix elements with QCD Parton Shower
● avoiding double counting between  the first emission (hard matrix element) and the PS radiation
● generating positive weight events
● independent of the details of the (vetoed) shower adopted

● NLO-(QCD+EW) accuracy of the total cross section: inclusion of virtual corrections,
                                                                         integral over the whole phase space of (subtracted) real matrix element

● (N)LO-(QCD+QED) accuracy of the real emission probability: exact real matrix elements,
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The POWHEG method (Nason 2004, Frixione Nason Oleari 2007,  Alioli Nason Oleari Re 2009)

matching NLO-QCD matrix elements with QCD Parton Shower
● avoiding double counting between  the first emission (hard matrix element) and the PS radiation
● generating positive weight events
● independent of the details of the (vetoed) shower adopted

● NLO-(QCD+EW) accuracy of the total cross section: inclusion of virtual corrections,
                                                                         integral over the whole phase space of (subtracted) real matrix element

● (N)LO-(QCD+QED) accuracy of the real emission probability: exact real matrix elements,
                                                            are used also in the Sudakov form factor (instead of the collinear splitting function)
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The POWHEG method (Nason 2004, Frixione Nason Oleari 2007,  Alioli Nason Oleari Re 2009)

matching NLO-QCD matrix elements with QCD Parton Shower
● avoiding double counting between  the first emission (hard matrix element) and the PS radiation
● generating positive weight events
● independent of the details of the (vetoed) shower adopted

● NLO-(QCD+EW) accuracy of the total cross section: inclusion of virtual corrections,
                                                                         integral over the whole phase space of (subtracted) real matrix element

● (N)LO-(QCD+QED) accuracy of the real emission probability: exact real matrix elements,
                                                            are used also in the Sudakov form factor (instead of the collinear splitting function)
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● The curly bracket, integrated over the whole phase space, is equal to 1 :   
                                                           the NLO accuracy of the total cross section is preserved
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The POWHEG method (Nason 2004, Frixione Nason Oleari 2007,  Alioli Nason Oleari Re 2009)

matching NLO-QCD matrix elements with QCD Parton Shower
● avoiding double counting between  the first emission (hard matrix element) and the PS radiation
● generating positive weight events
● independent of the details of the (vetoed) shower adopted

● NLO-(QCD+EW) accuracy of the total cross section: inclusion of virtual corrections,
                                                                         integral over the whole phase space of (subtracted) real matrix element

● (N)LO-(QCD+QED) accuracy of the real emission probability: exact real matrix elements,
                                                            are used also in the Sudakov form factor (instead of the collinear splitting function)
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● The curly bracket, integrated over the whole phase space, is equal to 1 :   
                                                           the NLO accuracy of the total cross section is preserved

● The POWHEG (first) emission is by construction the hardest: 
   HERWIG/PYTHIA are bound to radiate partons with lower virtuality (transverse momentum)
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Inclusion in POWHEG of the exact O(α) corrections  (NLO-EW)

● the final state may contain 0 or 1 additional partons
   the parton can be 1 gluon or 1 photon (qqbar subprocess)   or 1 quark (qg subprocess)

● the virtuality (transverse momentum) of the emitted parton sets the largest virtuality that the Parton Shower can reach

● the Parton Shower can be a pure QCD shower (BW) or a mixed QCD/QED shower (BMNNP)

● the process has three regions of collinear singularity, associated to the emission of
   one final state photon, one initial state photon, one initial state gluon/quark
   the Sudakov form factor is given by the product of the three individual form factors, for the three regions of collinearity

● the soft/collinear divergences have been regularized 
   by phase-space slicing and final state lepton masses (BW)  or 
   in a mixed scheme using dimensional regularization to treat the quark and photon singularities 
   and the lepton mass as natural cut-off of the final state mass singularities (BMNNP)

● the virtual corrections have been implemented according to the WGRAD results (BW)
   or reproducing independently the HORACE results (BMNNP) with the option of working in the complex mass scheme
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CC-DY: QCD+EW effects
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● all the results in the Gμ input scheme; multiple photon radiation included with PHOTOS
● transverse mass stable against QCD corrections → NLO-EW effects are preserved after showering
● the lepton transverse momentum is more sensitive to multiple gluon radiation
   the sharp peak due to EW corrections is reduced by the QCD-Parton Shower 
● the interplay between QCD and EW corrections yields effects at the per cent level

Barzè, Montagna, Nason, Nicrosini, Piccinini, arXiv:1202.0465
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NC-DY: QCD+EW effects       lepton-pair invariant mass distribution
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Barzè, Montagna, Nason, Nicrosini, Piccinini, Vicini, arXiv:1302.4606

● all the results in the α₀ input scheme; first photon emission is described exactly with matrix elements
                                                           FSR multiple photon radiation included with PHOTOS, ISR with PYTHIA

● the invariant mass is stable against QCD corrections → the bulk of the NLO-EW effects are preserved after showering

● the interplay between QCD and EW corrections of O(αα_s) yields effects at the per cent level in the peak region
                                                                                                                  at the 10% level in the tails
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NC-DY: QCD+EW effects       lepton transverse momentum
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● the lepton transverse momentum is very sensitive to multiple gluon radiation

● the sharp peak due to EW corrections is reduced by the interplay with the QCD-Parton Shower;
    factorizable O(αα_s) corrections are at the level of 7%

● an additive prescription to combine QCD+EW effects instead preserves the peak

   the fixed-order QCD description of the lepton transverse momentum distribution is poor, a resummation is needed

   the combination of NLO-EW effects with multiple gluon emission strongly smears both
                  the NLO-QCD fixed order spectrum and the peaked NLO-EW correction

Barzè, Montagna, Nason, Nicrosini, Piccinini, Vicini, arXiv:1302.4606
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NC-DY: QCD+EW effects       lepton-pair  transverse momentum

● the description of the lepton-pair transverse momentum distribution data  is in general good

● default values for the non-perturbative parameters in PYTHIA6 and PYTHIA8 have been used (further tuning possible)

● full NLO-EW matrix element → bulk of the QED effects on ptZ;   multiple photon radiation has negligible impact

● QED radiation affects differently ptW and ptZ,   both in its FSR and in its ISR components
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QED induced  W(Z) transverse momentum

 Z  FSR-PS     0.409     GeV     
 Z  best         0.463     GeV
 W  FSR-PS    0.174     GeV
 W  best        0.207     GeV
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Uncertainty on ptW directly translates into an uncertainty on MW.

Photon radiation yields a tiny gauge boson transverse momentum.

The gauge boson transverse  momentum is different in the CC and NC channels 
because of the different flavor structure.

A possible estimate of the “non-final state” component differs in the 2 cases 
by 54 (Z) - 33 (W) = 21 MeV

The fit of the non-perturbative PYTHIA parameters from the Z transverse momentum
should be done using POWHEG (QCD+EW) + PYTHIA, 
in order to remove completely the EW corrections to the NC channel  from the tuning
➞ the PYTHIA parameters will encode only non-perturbative QCD information

In the simulation of the CC channel, 
the use of POWHEG (QCD+EW), with the above PYTHIA parameters,
will yield the proper combination of QCD and EW effects

HORACE
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Combining QCD + EW corrections: old results

● the factorized and the additive formulae
   differ by few per cent

● different inclusion of higher orders
                 and  O(�2

s) O(��s)

G. Balossini, C.M.Carloni Calame, G.Montagna, M.Moretti, O.Nicrosini, F.Piccinini, M.Treccani, A.Vicini,  JHEP 1001:013, 2010
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Inclusion in POWHEG of the exact O(α) corrections  (NLO-EW)

● the POWHEG basic formula·is additive in the overall normalization,
                                             ·it describes exactly one parton emission (photon/gluon/quark) (but NOT two partons)
                                             ·includes in a factorized form mixed and higher order corrections relevant in the distributions
                                                in particular the bulk of the O(αα_s) corrections 
                                                (but it has NOT O(αα_s) accuracy)

d⇥ =
↵

fb

B̄fb(⇥n)d⇥n

⇧
 

⌥�fb
�
⇥n, pmin

T

⇥
+

↵

�r�{�r|fb}

⇤
d⇥rad �(kT � pmin

T ) �fb(⇥n, kT ) R(⇥n+1)
⌅�̄�r

n =�n

�r

Bfb(⇥n)

⌃
⌦

�

O = OLO

⇣
1 + �NLO+NNLO

QCD + �NLO
EW

⌘

O = OLO

⇣
1 + �NLO+NNLO

QCD

⌘ �
1 + �NLO

EW

�

1) purely additive prescription

2) factorized use of (differential) K-factors

    ·POWHEG accounts for multiple emission effects
    ·the kinematics of multiple emissions is exact (fully differential)

● the subtraction of IS QED collinear singularities is consistent only with NNPDF2.3QED,
   where the evolution kernel of the parton densities includes also a QED term

● difference with respect to
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Ambiguities affecting the shape of the ptV distribution

The prediction of the ptV distribution depends on the:

    ● logarithmic accuracy of the resummation  
             uncertainty parametrized by the resummation scale Q (analytical approach)

    ● prescription to match fixed-order results and Parton Shower
             variation of hfact in the general formulation of NLO-matched Shower MC

   ● QED and mixed QCDxQED effects

Any choice of the scale Q or of the factor hfact, for a given PDF set,
       will then require a corresponding tuning of the model dependent part of the simulation

    ● non-perturbative “intrinsic” transverse momentum component
              measured from ptZ; validity of the extrapolation to a different phase-space?
                                                                                      to a different flavor combination?

PDF set choice:  partial correlation between ptZ and ptW, in particular via the gluon density
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PYTHIA tuning and QCD scale uncertainties
● define a maximum level of disagreement (in terms of a Δχ²) to consider the combination
    POWHEG+PYTHIA as a good description of Z data

● for a given choice of
        · PDF set and replica
        · renormalization scale
        · factorization scale
        · hfact scale
   using POWHEG (QCD+EW) NC
   perform a tuning of PYTHIA non-perturbative QCD parameters to describe Z observables

● repeat the above procedure for different choices of the scales (e.g. 3^3 canonical combinations)
    exploring the range of combinations that yield agreement with the data, defined above
 
● take each of these models (i.e. choice of scales and corresponding PYTHIA tune) and
   use it in POWHEG (QCD+EW) CC to predict MW-observables
   
● the spread of MW values provides an estimate of QCD uncertainties, for a given PDF set

● caveat: by no means we can fit/measure the QCD scales 
             (the exact result to all orders does not depend on them) !
    but the tune of PYTHIA parameters depends on their value

● the PDF uncertainty of a given set can be studied after that the PYTHIA tuning with the central replica
   has been determined
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On-going benchmarking study within the LHC-EWWG

● the authors of the following codes are actively participating to this study
    ·HORACE, RADY, SANC, WZGRAD 
    ·PHOTOS, WINHAC
    ·DYNNLO, FEWZ 
    ·POWHEG (only QCD and QCD+EW)

● in a first phase, technical agreement (same inputs ⇒ same outputs)

   at LO, NLO-QCD, NLO-EW has been reached on differential distributions at better than 0.5% level

● given this common starting point with NLO accuracy,
   we are now exploring the impact of higher order corrections (pure QCD, pure EW, mixed QCDxEW)
         ·corrections available only in some codes (e.g. NNLO-QCD vs QCD-PS)
         ·ambiguities which can not be fixed without an explicit full next-order calculation (e.g. EW inputs)

see http://lpcc.web.cern.ch/lpcc/
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Conclusions

● different behaviour of observables inclusive vs more exclusive w.r.t. QCD radiation
    need for resummed calculations (either analitical or via Parton Shower)

● full NLO-(QCD+EW) matched with QCD+QED showers are available in POWHEG 
   both in CC and in NC

● the merging procedure to combine QCD and EW corrections may follow different prescriptions
   yielding different results
   POWHEG QCD+EW provides a motivated Ansatz that includes systematically several higher-order
        mixed contributions

● matching resummation/Parton Shower with fixed order results introduces some ambiguities
   which affect the shape of ptV distribution (and in turn of pt_l or MT_W and in turn of MW)

● a detailed tune of PYTHIA parameters can be performed with POWHEG QCD+EW NC
   and the result consistently applied to the CC process
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Fig. 23: The transverse-momentum spectrum of the Higgs in MC@NLO (upper) and in POWHEG+PYTHIA
(lower) compared to the HQT result. In the lower insert, the same results normalised to the HQT central value are
shown.

small transverse momentum, but display a large difference (about a factor of 3) in the high transverse
momentum tail. This difference has two causes. One is the different scale choice in MC@NLO, where
by default µ = mT =

√
M2

H + p2T, where pT is the transverse momentum of the Higgs. That accounts
for a factor of (αs(mT)/αs(MH))3, which is about 1.6 for the last bin in the plots (compare the upper
plots of Figure 22 with those of Figure 23). The remaining difference is due to the fact that in POWHEG,
used with default parameters, the NLO K-factor multiplies the full transverse-momentum distribution.
The POWHEG output is thus similar to what is obtained with NLO+PS generator, as already observed
in the first volume of this Report.

This point deserves a more detailed explanation, which can be given along the lines of Ref. [132,
172]. We write below the differential cross section for the hardest emission in NLO+PS implementations
(see the first volume of this report for details)

dσNLO+PS = dΦBB̄
s(ΦB)

[
∆s(pmin

⊥ ) + dΦR|B
Rs(ΦR)

B(ΦB)
∆s(pT(Φ))

]
+ dΦRR

f (ΦR), (11)

where
B̄s = B(ΦB) +

[
V (ΦB) +

∫
dΦR|BR

s(ΦR|B)

]
. (12)

35

at low ptH,     the damping factor → 1,   R_div tends to its collinear approximation,  
at large ptH,   the damping factor → 0 and suppresses R_div in the Sudakov and in the square bracket

the scale h fixes the upper limit for the Sudakov form factor to play a role, 
                 effectively is the upper limit for the inclusion of multiple parton emissions

the total cross section does NOT depend on the value of h

POWHEG formulation and the role of hfact
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Fig. 23: The transverse-momentum spectrum of the Higgs in MC@NLO (upper) and in POWHEG+PYTHIA
(lower) compared to the HQT result. In the lower insert, the same results normalised to the HQT central value are
shown.

small transverse momentum, but display a large difference (about a factor of 3) in the high transverse
momentum tail. This difference has two causes. One is the different scale choice in MC@NLO, where
by default µ = mT =

√
M2

H + p2T, where pT is the transverse momentum of the Higgs. That accounts
for a factor of (αs(mT)/αs(MH))3, which is about 1.6 for the last bin in the plots (compare the upper
plots of Figure 22 with those of Figure 23). The remaining difference is due to the fact that in POWHEG,
used with default parameters, the NLO K-factor multiplies the full transverse-momentum distribution.
The POWHEG output is thus similar to what is obtained with NLO+PS generator, as already observed
in the first volume of this Report.

This point deserves a more detailed explanation, which can be given along the lines of Ref. [132,
172]. We write below the differential cross section for the hardest emission in NLO+PS implementations
(see the first volume of this report for details)

dσNLO+PS = dΦBB̄
s(ΦB)

[
∆s(pmin

⊥ ) + dΦR|B
Rs(ΦR)

B(ΦB)
∆s(pT(Φ))

]
+ dΦRR

f (ΦR), (11)

where
B̄s = B(ΦB) +

[
V (ΦB) +

∫
dΦR|BR

s(ΦR|B)

]
. (12)

35
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is the sum of all the real emission squared matrix elements, 

with a regular (divergent) behaviour in the collinear limit
R = Rreg +Rdiv
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enters in the Sudakov form factor �s(pT (�))

Rs =
h2

h2 + p2T
Rdiv Rf =

p2T
h2 + p2T

Rdiv

Rf = R�Rs

Rs / ↵s

t
Pij(z)B(�B)

MC@NLO

Alessandro Vicini - University of Milano                                                                                                                                                                         TIFR, January 6th 2014


