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Plan of the talk

● general overview on the perturbative expansions in in αs and α
                              on the assessment of the uncertainties of the O(ααs) terms 

● MW measurement from charged current Drell-Yan: impact of mixed QCDxEW corrections

● QCD uncertainties and EW parameters determination

• LHC measurements have reached the percent and even the sub-percent level in several cases
    → a systematic control over all sources of radiative effects at this level is needed

• The classification of radiative corrections depends 
          on the observable under study
          on the presence of logarithmic enhancing factors

    → EW corrections can be as important as the QCD ones
          → a systematic analysis of QCD, EW and QCDxEW effects is mandatory
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The prediction of the hadron level cross section
requires

● best description of the partonic cross section
   including fixed- and all-orders radiative corr.
   QCD, EW, mixed QCDxEW
   
● accurate and consistent description of the
   QCD environment  
   including PDFs, intrinsic partonic kt,
   QED DGLAP PDF evolution

● all the ingredients of the calculations are affected by the QCDxEW interplay
● relative importance of different subsets of corrections depends on the final state/ observable
● non-trivial role in the uncertainty estimate
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Signatures of interest

• Weak mixing angle  → invariant mass forward/backward asymmetry
     deep understanding of proton PDF uncertainties

• Search for new gauge bosons/dark matter/… → 
      tail of kinematical distributions at large momenta
      large cancellations of sizeable radiative corrections

      precision goal: per cent level
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Figure 9. Distribution in the transverse momentum of the leading lepton, pT ,! 1 , for pp ! e

+
µ

! ! e ø! µ at
13 TeV. The left panel shows the absolute predictions and relative corrections with respect to LO (including
"" ! 2#2! ) for the nominal CT14qed PDF. The bands correspond to factor-two scale variations. The upper-
right panel shows the e! ect, at NLO QCD " EW level, of switching o ! " -induced contributions or applying
photon densities from di ! erent current PDFs, while using quark and gluon densities from the nominal
CT14qed set throughout. The lower-right ratio shows the level of agreement of the NLO QCD " EW VI ,
NLO QCD " EW VI # YFS and NLO QCD " EW VI # CSS approximations with the exact NLO QCD " EW
calculation.

show the pure Þxed-order NLO QCD! EWVI approximation, which includes only the IR-subtracted
part of virtual EW corrections and lacks any di ! erential description of QED real corrections.

In Figs. 9Ð12 we present distributions in the transverse momenta of the leading and subleading
leptons, pT ,! 1 and pT ,! 2 , the total missing transverse momentum, "ET , and the invariant mass of
the e+ µ! pair, m!! . EW corrections to these observables feature the typical Sudakov behaviour,
with small e! ects below 100 GeV and large negative corrections at the TeV scale. In the tails of the
lepton-pT and m!! distributions NLO EW corrections can reach and even largely exceed# 50%. The
dominant e! ects originate from qøq $ W + W ! topologies with resonantW bosons, and the strong
enhancement of EW Sudakov corrections is induced by the highpT and the large SU(2) charges
of the W bosons. In the presence of EW corrections of several tens of percent, Þxed-order NLO
predictions should be supplemented by a resummation of Sudakov logarithms. As a rough indication
of the possible magnitude of higher-order EW e! ects, we observe that na•ve exponentiation can turn
NLO EW corrections of # 50Ð80% into an overall all-order EW correction of# 40Ð55%. We also
note that EW corrections of this magnitude appear in a kinematic range that cannot be probed
with decent statistics at the LHC. Nevertheless, such phase-space regions would play an important
role at a 100 TeV pp collider [65].

Due to the presence of the jet veto (4.5), the impact of QCD corrections in Figs. 9Ð12 is rather
mild at energies belowM W , and grows only up to +10Ð40% in the tails. While the actual size
of QCD K -factors depends on the scale choice, we recall that, in general, QCD corrections to
pp $ e+ µ! ! eø! µ receive sizeable real-emission contributions in the absence of jet vetoes [2]. Scale
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S. Kallweit, J.M. Lindert, S. Pozzorini, M. Schonherr, arXiv:1705.00598
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• Gauge boson masses and decay widths   → shape of distributions at resonance/ jacobian peak
                                                                    precision goal:  per mil level
                                                                                                          error at the 2  10⁻⁴ levelmW = 80370± 19 MeV

http://inspirehep.net/author/profile/Kallweit%2C%20S.?recid=1597414&ln=en
http://inspirehep.net/author/profile/Lindert%2C%20J.M.?recid=1597414&ln=en
http://inspirehep.net/author/profile/Pozzorini%2C%20S.?recid=1597414&ln=en
http://inspirehep.net/author/profile/Schonherr%2C%20M.?recid=1597414&ln=en
http://arxiv.org/abs/arXiv:1705.00598
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Coupling expansion and logarithmic enhancements (1)
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Coupling strength → first classification (NNLO-QCD ~ NLO-EW) is appropriate
for those observables that do not receive any logarithmically enhanced correction
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Coupling expansion and logarithmic enhancements (1)

At differential level, in specific phase-space corners, a plain coupling constant expansion is inadequate
→ fixed-order EW corrections can become as large as (or even bigger than) QCD corrections
     because of log-enhanced factors
→ log-enhanced corrections have to be resummed to all orders, if possible, 
     analytically or via Parton Shower, rearranging the structure of the perturbative expansion

In presence of resummed expressions, the QCDxEW interplay entangles classes of corrections
to all orders in αs and α

The perturbative convergence depends on the presence of all allowed partonic channel that may 
contribute to a given final state.
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QCD x EW interplay in the production mechanisms
QCDxEW interplay may occur already at LO
when the production mechanism can be mediated by both QCD or EW bosons
see e.g. ttbarH production

Structure of NLO EW-QCD corrections
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Process O(A) O(Σ)

gg → tt̄H α1
sα

1/2 α2
sα

1

qq̄ → tt̄H, q ̸= b α1
sα

1/2, α3/2 α2
sα

1, α3

qq̄ → tt̄H, q = b α1
sα

1/2, α3/2 α2
sα

1, α1
sα

2, α3

Table 1: Born-level partonic processes relevant to tt̄H production. For each of them,

we report the coupling-constant factors in front of the non-null contributions, both at the

amplitude (middle column) and at the amplitude squared (rightmost column) level.

Figure 1: Representative O(α1
sα

1/2) Born-level diagrams.

Figure 2: Representative O(α3/2) Born-level diagrams.

tt̄H production, k = 3 at the LO (eq. (2.1)) and k = 4 at the NLO (eq. (2.2)). This

immediately shows that it is also convenient to write Σk,q ≡ Σk0+p,q, with p ≥ 0, for

the NpLO coefficients; k0 is then a fixed, process-specific integer associated with the Born

cross section, equal to 3 in tt̄H production. The integer q identifies the various terms of

eqs. (2.1) and (2.2). We have conventionally chosen to associate increasing values of q with

Σk0+p,q coefficients (at fixed p) which are increasingly suppressed in terms of the hierarchy

of the coupling constants, α ≪ αS. Thus, q = 0 corresponds to the coefficient with the

largest (smallest) power of αS (α), and conversely for q = qmax. This maximum value

qmax that can be assumed by q is process- and perturbative-order-dependent, and it grows

with the number of amplitudes that interfere and that factorise different coupling-constant

combinations; in the case of tt̄H production at the LO, this can be seen by comparing the

two rightmost columns of table 1.

We propose that the coefficient Σk0+p,q be called the leading (when q = 0), or the

(q + 1)th-leading (when q ≥ 1, i.e. second-leading, third-leading, and so forth), term of the
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Born B0 = O(α1
sα

1/2) B1 = O(α3/2)

QCD
Virtual VQCD,0 = O(α2

sα
1/2) VQCD,1 = O(α1

sα
3/2)

Real RQCD,0 = O(α3/2
s α1/2) RQCD,1 = O(α1/2

s α3/2)

EW
Virtual VEW,0 = O(α1

sα
3/2) VEW,1 = O(α5/2)

Real REW,0 = O(α1
sα

1) REW,1 = O(α2)

Table 2: Coupling-constant factors relevant to Born, one-loop, and real-emission ampli-

tudes; see the text for more details.

in the context of a mixed QCD-EW expansion, the virtual or final-state particle mentioned

before must be chosen in a set larger than the one relevant to a single-coupling series. In

particular, for the case of tt̄H production with stable top quarks and Higgs, such a set is:
{

g, q, t, Z,W±,H, γ
}

, (2.5)

where the light quark q may also be a b quark, and the top quark enters only one-loop

contributions. In the case of such contributions, the particles in the set of eq. (2.5) are fully

analogous to the L-cut particles (see sect. 3.2.1 of ref. [50]), and we understand ghosts and

Goldstone bosons. When the extra particle added to the Born diagram (be it virtual or real)

is strongly interacting, it is then natural to classify the resulting one-loop or real-emission

diagram as a QCD-type contribution, and a EW-type contribution otherwise2. The idea

of this amplitude-level classification is that QCD-type and EW-type contributions will

generally lead to QCD and EW corrections at the amplitude-squared level, respectively.

However, this correspondence, in spite of being intuitively appealing, is not exact, as we

shall show in the following; this is one of the reasons why “QCD corrections” and “EW

corrections” must not be interpreted literally. The classification just introduced is used in

table 2: for a given Born-level amplitude Bi associated with a definite coupling-constant

factor, the corresponding one-loop and real-emission quantities are denoted by VQCD,i and

RQCD,i in the case of QCD-type contributions, and by VEW,i and REW,i in the case of EW-

type contributions. We can finally consider all possible combinations Bi·V∗,j, RQCD,i·RQCD,j,

and REW,i ·REW,j and associate them with the relevant amplitude-squared quantities Σ4,q.

Note that one must not consider the RQCD,i · REW,j combinations, owing to the fact that

the two amplitudes here are relevant to different final states3.

We now observe that this bottom-up construction leads to redundant results. Here,

the case in point is that of VQCD,1 and VEW,0: the one-loop diagram (which enters VQCD,1)

obtained by exchanging a gluon between the q̄ and t̄ legs of the diagram to the left of fig. 2

is the same diagram as that (which enters VEW,0) obtained by exchanging a Z between the

q and intermediate-t legs of the diagram to the right of fig. 1. This fact does not pose any

2An alternative classification (equivalent to that used here when restricted to tt̄H production and to pro-

cesses of similar characteristics, but otherwise more general) is one that determines the type of contribution

according to the nature of the vertex involved.
3For generic processes, this is not necessarily the case, the typical situation being that where some

massless particles in the set of eq. (2.5) are present at the Born level.
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in the context of a mixed QCD-EW expansion, the virtual or Þnal-state particle mentioned
before must be chosen in a set larger than the one relevant to asingle-coupling series. In
particular, for the case of tøtH production with stable top quarks and Higgs, such a set is:

{

g, q, t, Z, W±, H, γ
}

, (2.5)

where the light quark q may also be ab quark, and the top quark enters only one-loop
contributions. In the case of such contributions, the particles in the set of eq. (2.5) are fully
analogous to the L-cut particles (see sect. 3.2.1 of ref. [50]), and we understand ghosts and
Goldstone bosons. When the extra particle added to the Born diagram (be it virtual or real)
is strongly interacting, it is then natural to classify the r esulting one-loop or real-emission
diagram as a QCD-type contribution, and a EW-type contribut ion otherwise2. The idea
of this amplitude-level classiÞcation is that QCD-type and EW-type contributions will
generally lead to QCD and EW corrections at the amplitude-squared level, respectively.
However, this correspondence, in spite of being intuitively appealing, is not exact, as we
shall show in the following; this is one of the reasons why ÒQCD correctionsÓ and ÒEW
correctionsÓ must not be interpreted literally. The classiÞcation just introduced is used in
table 2: for a given Born-level amplitude Bi associated with a deÞnite coupling-constant
factor, the corresponding one-loop and real-emission quantities are denoted by VQCD ,i and
RQCD ,i in the case of QCD-type contributions, and by VEW ,i and REW ,i in the case of EW-
type contributions. We can Þnally consider all possible combinations Bi áV∗,j , RQCD ,i áRQCD ,j ,
and REW ,i áREW ,j and associate them with the relevant amplitude-squared quantities Σ4,q.
Note that one must not consider the RQCD ,i áREW ,j combinations, owing to the fact that
the two amplitudes here are relevant to different Þnal states3.

We now observe that this bottom-up construction leads to redundant results. Here,
the case in point is that of VQCD ,1 and VEW ,0: the one-loop diagram (which entersVQCD ,1)
obtained by exchanging a gluon between the øq and øt legs of the diagram to the left of Þg. 2
is the same diagram as that (which entersVEW ,0) obtained by exchanging aZ between the
q and intermediate-t legs of the diagram to the right of Þg. 1. This fact does not pose any

2An alternative classiÞcation (equivalent to that used here when restricted to tøtH production and to pro-
cesses of similar characteristics, but otherwise more general) is one that determines the type of contribution
according to the nature of the vertex involved.

3For generic processes, this is not necessarily the case, thetypical situation being that where some
massless particles in the set of eq. (2.5) are present at the Born level.
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courtesy by Davide Pagani

The loop expansion provides 
a well defined criterium

At a given loop order
different QCD and EW terms
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Coupling expansion and logarithmic enhancements (2): QCD
·QCD ISR is responsible for large logarithmic corrections ~ LQCD ≝ log( ptV / mV )  for a final state V
                  which need to be resummed to all orders, e.g. via QCD Parton Shower

   two examples in DY:  single lepton pt needs resummation, fixed-order QCD prediction meaningless
                                   lepton-pair transverse mass is very mildly affected when integrating over QCD
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single lepton pt: sensible lowest order approximation offered by LO+PS

Carloni Calame, Chiesa, Martinez, Montagna, Nicrosini, Piccinini, AV, arXiv:1612.02841
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Coupling expansion and logarithmic enhancements (2): EW
·QED FSR is responsible for the energy/momentum loss of final state particles, e.g. leptons,
                  yielding large collinear logarithmic corrections ~ LQED ≝ log(ŝ/mf²) 
                  which strongly affect the value  of reconstructed observables

·EW Sudakov logs appear in virtual correction diagrams with the exchange of W or Z bosons 
                      when one kinematical invariant becomes large
                       yielding large negative corrections to the observables
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Proton PDFs with QCD and QED DGLAP evolution
·At NLO-EW,  QED-ISR collinear logs appear
   they are universal, factorize and can be reabsorbed in the physical proton PDFs
   a photon density in the proton is predicted and allows new partonic subprocesses
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despite the intrinsic smallness of the photon density
the additional production mechanisms 
can yield a contribution at the several per cent level
in specific kinematical regimes

4

FIG. 4. The ratio of common PDF sets to our LUXqed result,
along with the LUXqed uncertainty band (light red). The CT14
and MRST bands correspond to the range from the PDF mem-
bers shown in brackets (68% cl. in CT14’s case). The NNPDF

bands span from max(µr ! �r , r 16) to µr + �r , where µr is
the average (represented by the blue line), �r is the standard
deviation over replicas, and r 16 denotes the 16th percentile
among replicas. Note the di! erent y-axes for the panels.

estimate of the uncertainty in the resonance region taken
as the di! erence between the CLAS and CB fits (RES);
a systematic uncertainty due to the choice of the transi-
tion scale between the HERMES F2 fit and the pertur-
bative determination from the PDFs, obtained by reduc-
ing the transition scale from 9 to 5 GeV2 (M); missing
higher order e! ects, estimated using a modification of
Eq. (6), with the upper bound of the Q2 integration set
to µ2 and the last term adjusted to maintain ! 2(! sL )n

accuracy (HO); a potential twist-4 contribution to FL

parametrised as a factor (1 + 5.5 GeV2/Q 2) [57] for
Q2 ! 9GeV2 (T). One-sided errors are all symmetrised.
Our final uncertainty, shown as a solid line in Fig. 3, is
obtained by combining all sources in quadrature and is
about 1-2% over a large range of x values.

In Fig. 4 we compare our LUXqedresult for the MS f ! /p

to determinations available publicly within LHAPDF[58].
Of the model-based estimates, CT14qedinc [28] and
MRST2004[21], CT14qedinc is in good agreement with
LUXqedwithin its uncertainties. Its model for the in-
elastic component is constrained by ep " e" + X data
from ZEUS [29] and includes an elastic component. Note
however that, for the neutron, CT14qedinc neglects the
important neutron magnetic form factor. As for the
model-independent determinations, NNPDF30[59], which
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FIG. 5. �� luminosity in pp collisions as a function of the
�� invariant mass M , at four collider centre-of-mass energies.
The NNPDF30 results are shown only for 8 and 100 TeV. The
uncertainty of our LUXqed results is smaller than the width of
the lines.

notably extends NNPDF23[22] with full treatment of
! (! sL )n terms in the evolution [60], almost agrees with
our result at small x. At large x its band overlaps with
our result, but the central value and error are both much
larger.
Similar features are visible in the corresponding ""

partonic luminosities, defined as

dL!!

d lnM 2 =
M 2

s

Z
dz
z

f ! /p (z, M 2) f ! /p

✓
M 2

zs
, M 2

◆
, (9)

and shown in Fig. 5, as a function of the "" invariant
mass M , for several centre-of-mass energies.
As an application, we consider pp " HW + (" #+ $) +

X at
#

s = 13 TeV, for which the total cross section with-
out photon-induced contributions is 91.2 ± 1.8 fb [61],
with the error dominated by (non-photonic) PDF uncer-
tainties. Using HAWK2.0.1 [62], we find a photon-induced
contribution of 5.5+4 .3

! 2.9 fb with NNPDF30, to be compared
to 4.4 ± 0.1 fb with LUXqed.
In conclusion, we have obtained a formula (i.e. Eq. (6))

for the MS photon PDF in terms of the proton structure
functions, which includes all terms of order ! L (! sL )n ,
! (! sL )n and ! 2L 2 (! sL )n . Our method can be eas-
ily generalised to higher orders in ! s and holds for any
hadronic bound state. Using current experimental in-
formation on F2 and FL for protons we obtain a pho-
ton PDF with much smaller uncertainties than existing
determinations, as can be seen from Fig. 4. The pho-
ton PDF has a substantial contribution from the elas-
tic form factor ($ 20%) and from the resonance region
($ 5%) even for high values of µ $ 100%1000 GeV.
Our photon distribution, incorporating quarks and glu-
ons from PDF4LHC15nnlo 100 [44] and evolved with a
QED-extended version of HOPPETis available as part of

Manohar, Nason, Salam, Zanderighi, arXiv:1607.04266
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panel the black line represents the LO predictions while the green line includes the LOO(" 3)#-induced
process. The red line shows the EW NLO predictions while the blue line includes the NLOO(" 3)#-
induced processes (both tree-level and radiative diagrams). In the lower panel the green line is the relative
deviation of the LO prediction including the tree-level## ! µ+ µ� process with respect to the pure LO.
The red line gives the size of the EW NLO corrections excluding#-induced processes; the blue line
quantiÞes the deviation of the complete EW NLO corrections (including all#-induced processes) with
respect to the the LO order predictions which include the tree-level## ! µ+ µ� process.
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where the indexi runs over all the Þnal state particles. Scale uncertainties are estimated by varying
independently the scalesµF andµR in the range[µ/ 2, 2µ]. Massive external particles are treated as
stable and no cuts are applied at the analysis level.

One loop EW corrections toV V0 production at hadron colliders have been computed in the Su-
dakov approximation in Refs. [624Ð626], while the full O(" ) results can be found in Refs. [75,610] for
on-shellV andV 0 and in Refs. [609, 611, 623] including vector boson decays. Here, we show predic-
tions at NLO QCD and EW accuracy, taking into account the contribution from initial-state photons and
evaluating the corresponding PDF uncertainties, which are expected to be large.

In Þgure180we show predictions at NLO QCD and NLO EW accuracy for cumulative distribu-
tions inZW � production (results forZW + are qualitatively identical). In the upper row we show the

201

Mangano et al.: arXiv:1607.01831

NNPDF 2.3QED 
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QCD and EW corrections in simulation tools for Drell-Yan simulations
·Fixed-order results

     DYNNLO      NNLO QCD + NLO EW
     FEWZ           NNLO QCD                                                   
     MCFM              NLO QCD
                                                                     
     WZGRAD        NLO EW
     RADY              NLO EW + QCD
     HORACE         NLO EW                   
     SANC              NLO EW + QCD

·In general mixed O(ααs) are not exactly available for LHC processes, only the leading terms
   one relevant exception: NC and CC DY in pole approximation (valid at the boson resonance)

·How can we estimate the size of O(ααs) missing corrections 
   (or judge the accuracy of an approximation based on the available results) ?

·All-order results matched with
      fixed-order matrix elements

   DYRes           NNLO+NNLL QCD                                      
   ResBos        (N)NLO+NNLL QCD                                                             

                                                                    
   MC@NLO     NLO+PS  QCD

      POWHEG      NLO+PS QCD
      DYNNLOPS   NNLO+PS QCD                     
      Sherpa            NNLO+PS QCD
                                                                    
      HORACE       NLO-EW +QED-PS                          

      POWHEG      NLO-(QCD+EW) + (QCD+QED)-PS
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Combination of QCD and EW corrections in DY simulation tools (1)
 
 
·Fixed-order tools: 
  additive combination of exact O(αs), O(αs²) and O(α) corrections (e.g. FEWZ)
                                                    σ = σ₀ (1 + δαs + δαs² + δα + … )

  possibility to arrange terms in factorized combinations 
                                                    σ = σ₀ (1 + δαs + …) (1 + δα)

  → estimate of size O(ααs) terms 

  WARNING: kinematics plays a very important role
                    multiplying integrated corrections factors ≠ convoluting fully differential corrections                           
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O(ααs) corrections in pole approximation

● The pole approximation provides a good description of the W (Z) region,
   as it has already been checked for the pure NLO-EW corrections
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● At O(ααs) there are 4 groups of contributions

● The last group yields the dominant correction to the process,
    due to factorizable corrections QCD-initial x QED-final

this class is expected to capture the dominant part of the fullO(!! s) corrections
on kinematic distributions in the resonance region. Therefore the sum of the NLO
QCD cross section" NLO s and the NLO EW corrections can be improved by adding
the initialÐÞnal-state corrections in the PA," prod ! dec

!! s
:

" NNLO s! ew = " NLO s + ! " ! + !! s " prod ! dec
!! s

. (18)

The last term in Eq. (18), in particular, includes the double-real contribution that is
given in terms of the exact matrix elements for gluon or photon emission in vector-
boson production and decay, respectively, treated without kinematic approximation
on the photon or gluon momenta. In thePOWHEGimplementation discussed in Sec-
tion 4.1, these e! ects are approximated by treating the Þrst emission exactly and
generating the second emission by a QCDxQED shower in the collinear approxima-
tion. On the other hand, this approach includes multiple collinear photon and gluon
emissions which are not included in the Þxed-order prediction (18).

In the numerical results shown below, all terms of Eq. (18) are consistently eval-
uated using the NNPDF2.3QED NLO set [32], which includesO(! ) corrections. We
consider the case of Òbare muonsÓ without any photon recombination. Results ob-
tained assuming a recombination of leptons with collinear photons can be found in
Ref. [84] and show the same overall features, with corrections that typically reduced
by a factor of two.

Predictions for the transverse-mass and transverse-lepton-momentum distribu-
tions for W+ production at the LHC with

!
s = 14 TeV are shown in Fig. 36. For

Z production, Fig. 37 displays the results for the lepton-invariant-mass distribution
and a transverse-lepton-momentum distribution. The red curves are given by the
factorizable initialÐÞnalO(!! s) corrections, normalized to the LO cross-section pre-
diction,

#prod ! dec
!! s

=
!! s " prod ! dec

!! s

" LO
, (19)

where" LO is computed using the NNPDF2.3QED LO PDFs. One observes corrections
beyond NLO of approximately" 1.7% in the MT ," l distribution (left plot in Fig. 36).
As can be anticipated from the size of the NLO QCD corrections, corrections to
the transverse-lepton-momentum spectrum (right plots in Figs. 36 and 37) can be
much larger, rising to about 15% (20%) above the Jacobian peak for the case of
the W+ boson (Z boson) and dropping to almost" 50% above. In fact, a realistic
description of thepT ,l spectrum near resonance requires the inclusion of higher-order
gluon-emission e! ects. In case of theMl+ l " distribution for Z production (left plot
in Fig. 37), corrections up to 10% are observed below the resonance, consistent with
the large EW NLO corrections from FSR in this region.

The result of the PA (19) allows to assess the validity of a naive product ansatz
of the O(!! s) correction,

" naive fact
NNLO s! ew

= " NLO s(1 + #! ). (20)

Here the relative EW correction factor#! = ! " ! / " 0 is introduced as the ratio of
the NLO EW correction and the LO contribution " 0 to the NLO cross section, both
evaluated with NLO PDFs, so that PDF e! ects cancel in this factor. The di! erence
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this class is expected to capture the dominant part of the full O(↵↵s) corrections
on kinematic distributions in the resonance region. Therefore the sum of the NLO
QCD cross section �NLOs and the NLO EW corrections can be improved by adding
the initial–final-state corrections in the PA, �prod⇥dec

↵↵s
:

�NNLOs⌦ew = �NLOs + ↵�↵ + ↵↵s �
prod⇥dec
↵↵s

. (18)

The last term in Eq. (18), in particular, includes the double-real contribution that is
given in terms of the exact matrix elements for gluon or photon emission in vector-
boson production and decay, respectively, treated without kinematic approximation
on the photon or gluon momenta. In the POWHEG implementation discussed in Sec-
tion 4.1, these e↵ects are approximated by treating the first emission exactly and
generating the second emission by a QCDxQED shower in the collinear approxima-
tion. On the other hand, this approach includes multiple collinear photon and gluon
emissions which are not included in the fixed-order prediction (18).

In the numerical results shown below, all terms of Eq. (18) are consistently eval-
uated using the NNPDF2.3QED NLO set [32], which includes O(↵) corrections. We
consider the case of “bare muons” without any photon recombination. Results ob-
tained assuming a recombination of leptons with collinear photons can be found in
Ref. [84] and show the same overall features, with corrections that typically reduced
by a factor of two.

Predictions for the transverse-mass and transverse-lepton-momentum distribu-
tions for W+ production at the LHC with

p
s = 14TeV are shown in Fig. 36. For

Z production, Fig. 37 displays the results for the lepton-invariant-mass distribution
and a transverse-lepton-momentum distribution. The red curves are given by the
factorizable initial–final O(↵↵s) corrections, normalized to the LO cross-section pre-
diction,

�prod⇥dec
↵↵s

=
↵↵s �prod⇥dec

↵↵s

�LO

, (19)

where �LO is computed using the NNPDF2.3QED LO PDFs. One observes corrections
beyond NLO of approximately �1.7% in the MT,⌫l distribution (left plot in Fig. 36).
As can be anticipated from the size of the NLO QCD corrections, corrections to
the transverse-lepton-momentum spectrum (right plots in Figs. 36 and 37) can be
much larger, rising to about 15% (20%) above the Jacobian peak for the case of
the W+ boson (Z boson) and dropping to almost �50% above. In fact, a realistic
description of the pT,l spectrum near resonance requires the inclusion of higher-order
gluon-emission e↵ects. In case of the Ml+l� distribution for Z production (left plot
in Fig. 37), corrections up to 10% are observed below the resonance, consistent with
the large EW NLO corrections from FSR in this region.

The result of the PA (19) allows to assess the validity of a naive product ansatz
of the O(↵↵s) correction,

�naive fact
NNLOs⌦ew

= �NLOs(1 + �↵). (20)

Here the relative EW correction factor �↵ = ↵�↵/�0 is introduced as the ratio of
the NLO EW correction and the LO contribution �0 to the NLO cross section, both
evaluated with NLO PDFs, so that PDF e↵ects cancel in this factor. The di↵erence
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of the prediction (18) to the product ansatz (20), normalized to the LO cross section,
reads

! NNLO s! ew ! ! naive fact
NNLO s! ew

! LO
= " prod ! dec

!! s
! " ! " "

! s
, (21)

with the relative QCD correction factor " "
! s

= ( ! NLO s ! ! 0)/ ! LO .12 The agreement of
the correction factor (19) with the product"! " "

! s
therefore provides an estimate for the

accuracy of the naive product ansatz. In Figs. 36 and 37 two di! erent versions of the
EW correction factor are used for the product approximation, Þrst based on the full
NLO correction ("! , black curves), and second based on the dominant EW Þnal-state
correction of the PA (" dec

! , blue curves). The di! erence of these curves provides an
estimate for the size of the remaining as yet uncalculatedO(## s) corrections beyond
the initialÐÞnal corrections considered in the calculation of Refs. [82, 83, 84] and
therefore also provides an error estimate of the PA, and in particular of the omission
of the corrections of initialÐinitial type.

In the case of theMT ," l distribution (left plot in Fig. 36), which is rather insensi-
tive to W-boson recoil due to jet emission, both versions of the naive product ansatz
approximate the PA prediction quite well near the Jacobian peak and below. Above
the peak, the product " "

! s
" ! based on the full NLO EW correction factor deviates

from the other curves, which signals the growing importance of e! ects beyond the
PA. In contrast, the product ansatz fails to provide a good description for the lepton
pT ,l distributions (right plots in Figs. 36 and 37), which are sensitive to the interplay
of QCD and photonic real-emission e! ects. In this case one also observes a larger dis-
crepancy of the two di! erent implementations of the naive product, which indicates
a larger impact of the missingO(## s) initial-initial corrections of Fig. 35 (a), and in
particular the real-emission counterparts. For theMl+ l " distribution for Z production
(left plot in Fig. 37), the naive products approximate the full initialÐÞnal corrections
reasonably well forM l+ l " " MZ, but completely fail already a little below the reso-
nance where they do not even reproduce the sign of the full correction" prod ! dec

! s ! . This
failure can be understood from the fact that the naive product ansatz multiplies the
corrections locally on a bin-by-bin basis, while a more appropriate treatment would
apply the QCD correction factor at the resonance," "

! s
(M l+ l " = MZ) # 6.5%, for the

events that are shifted below the resonance by photonic FSR. The observed mismatch
is further enhanced by a sign change in the QCD correction" "

! s
at M l+ l " # 83 GeV.

These examples show that a naive product approximation has to be used with care
and does not hold for all distributions. The results are also sensitive to the precise
deÞnition of the correction factors"! and "! s [83]. As shown in Ref. [84], a more
suitable factorized approximation of the dominantO(## s) e! ects can be obtained
by combining the full NLO QCD corrections to vector-boson production with the
leading-logarithmic approximation for FSR through a structure-function or a parton
shower approach such as used in PHOTOS [12]. In this way the interplay of the recoil
e! ects from jet and photon emission is properly taken into account, while certain non-
universal, subleading, e! ects are neglected.

12Note that this correction factor di ! ers from that in the standard QCD K factor K NLO s =
! NLO s / ! LO $ 1 + "! s due to the use of di! erent PDF sets in the Born contributions. See Ref. [83]
for further discussion.
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full result
pole approximation

naive factorization

test of the validity of the naive factorization

the δ are the inclusive correction factor

S. Dittmaier, A. Huss, C. Schwinn, Nucl.Phys.B885 (2014) 318,  Nucl.Phys.B904 (2016) 216 

● We need to compare these results with the O(ααs) terms available in Monte Carlo (POWHEG)
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O(ααs) corrections in pole approximation
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full result
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QED-FSR

NLO-EW

the difference between
red and the others tests 
the naive factorization

the difference between
green and blue tests 
the impact of weak corr.
and the pole approximation

the naive factorization works nicely for the W transverse mass, at the resonance
                                 fails in the lepton pt case, where the kinematical interplay of photons and gluons 
                                            is crucial
                                 fails in the Z invariant mass, where the large FSR correction is modulated 
                                             by ISR QCD radiation and requires exact kinematics

S. Dittmaier, A. Huss, C. Schwinn, Nucl.Phys.B885 (2014) 318,  Nucl.Phys.B904 (2016) 216 
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Combination of QCD and EW corrections in DY simulation tools (2)

·Tools implementing a matching between fixed- and all-orders results
·simulation of multiple parton (gluons/quarks, photons) emissions via Parton Shower MonteCarlo tools 
   including to all orders leading terms proportional to  (αs LQCD)ⁿ  and (α LQED)ᵐ
·matching with exact matrix elements to achieve (N)NLO accuracy  on the total cross section

·sources of uncertainty (separately for QCD and EW tools):
     different shower models  →  after matching with matrix elements differences go one order higher
     different matching recipes (formally subleading, numerically relevant) (e.g. MC@NLO vs POWHEG vs UNLOPS)

·the combination of QCD and EW depends 
          1) on the formulation of the matching recipe  
          2) on the behaviour of the individual results 
                      (EW corrections modulated by the shape of the QCD results)
          3) on the competition of the two interactions 
                      (relevant e.g. in the generation of the radiation in the choice of the hardest parton)
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Figure 1: Relative e! ect due to lepton pair corrections on theW transverse mass distribution, forW ! µ!
(left plot) and W ! e! (right plot) decays at the Tevatron (

p
s = 1.96 TeV). The plot shows the relative

di! erence between theHorace-3.1 predictions for multiple FSR with and without pair emission.

radiated particles, i.e. by electron pair emission, which is a direct consequence of Eq. (4). Around285

the Jacobian peak, the pair correction amounts to about 0.1 Ö 0.2% for both the decay channels286

and modifies the shape of the transverse mass distribution, similarly to the e↵ect introduced by287

photon emission [17, 19,23,66].288

3.3 Powhegwith QCD and EW corrections289

The implementation of the CC DY process in Powheg is documented in [69], at NLO QCD290

accuracy. The extension to include both NLO QCD and NLO EW corrections for this process291

in Powheg is documented in [52] [53] [ [70] ?]. In this implementation, the overall cross section292
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The function B̄ fb gives the (QCD�EW) NLO inclusive cross section, and the term between295

curly brackets controls the hardest emission (for more details on the notation, see [67]). The296

inclusion of NLO EW corrections, with respect to the version including only QCD corrections,297

amounts to a modification of B̄ fb in order to include the virtual and real QED contributions, and298

the addition of subtraction couterterms and collinear remnants corresponding to the new singular299

regions, i.e. the ones associated with the emission of a soft/collinear photon by a hard scattering300

quark or a soft photon by the final state lepton. It is worth reminding that in [52] [53] the final301

state leptons have been treated with full mass dependence, in order to deal in a proper way with all302

8

POWHEG NLO-(QCD+EW) 
   ·it has NLO-(QCD+EW) accuracy on the total cross section
   ·the virtual QCD and EW corrections (and the integral over radiation of the real corrections)
          are included in the Bbar function,  factored in front of the curly bracket
   ·it describes with exact matrix elements the hardest parton (gluon, quark, photon) emission
   ·it includes to all orders QCD and QED effects via Parton Shower

Matching NLO-(QCD+EW) with (QCD+QED)-PS
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Figure 1: Relative e! ect due to lepton pair corrections on theW transverse mass distribution, forW ! µ!
(left plot) and W ! e! (right plot) decays at the Tevatron (

p
s = 1.96 TeV). The plot shows the relative

di! erence between theHorace-3.1 predictions for multiple FSR with and without pair emission.
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POWHEG NLO-(QCD+EW) 
   ·it has NLO-(QCD+EW) accuracy on the total cross section
   ·the virtual QCD and EW corrections (and the integral over radiation of the real corrections)
          are included in the Bbar function,  factored in front of the curly bracket
   ·it describes with exact matrix elements the hardest parton (gluon, quark, photon) emission
   ·it includes to all orders QCD and QED effects via Parton Shower

Matching NLO-(QCD+EW) with (QCD+QED)-PS

• this structure generates mixed O(ααs) contribution
                       differs with respect to additive fixed-order calculations 
                                                or to other matching prescriptions (e.g. à la MC@NLO)
   →need of exact O(ααs) to constrain these ambiguities
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Combination of QCD and QED corrections: POWHEG results

the difference between red and blue is due to mixed QCDxQED terms

Does the convolution with QCD corrections preserve the QED effects ?
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MW determination at hadron colliders: observables and techniques
MW extracted from the study of the shape of the  MT, pt_lep, ET_miss  distributions  in CC-DY  
thanks to the jacobian peak that enhances the sensitivity to MW
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MW determination at hadron colliders: observables and techniques
MW extracted from the study of the shape of the  MT, pt_lep, ET_miss  distributions  in CC-DY  
thanks to the jacobian peak that enhances the sensitivity to MW
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The measurement is based on a template fit technique:
·with the best available simulation tools, using (Gmu, MW, MZ, MH) as input parameters,
   many distributions are computed with different MW values and compared to the data  
   →  MW is determined as the value that maximises the agreement

·the template fit technique is model dependent

·theoretical uncertainties that modify the shape of the templates are theoretical systematic errors

·we need to understand all the sources of MW shift of O(5 MeV) or larger
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Is the impact of QED corrections preserved in a QCD environment ? 

Templates accuracy: LO MW shifts (MeV)
W + ! µ+ ! W + ! e+ !

Pseudodata accuracy MT p!
T MT p!

T

1 Horace only FSR-LL at O(" ) -94±1 -104±1 -204±1 -230±2
2 HoraceFSR-LL -89±1 -97±1 -179±1 -195±1
3 HoraceNLO-EW with QED shower -90±1 -94±1 -177±1 -190±2
4 HoraceFSR-LL + Pairs -94±1 -102±1 -182±2 -199±1
5 PhotosFSR-LL -92±1 -100±2 -182±1 -199±2

Table 2: W mass shifts (in MeV) due to di↵erent QED/EW contributions and lepton-pair radiation, for
muons and bare electrons at 14 TeV LHC. The shift uncertainty comes from the statistics of the MC
samples and is estimated from the rule�! 2 ⌘ ! 2� ! 2

min = 1. The templates are computed at LO without
any shower correction, the pseudodata with the accuracy and the QED e↵ects as indicated in the table.

at the LHC. All the numbers in table 2 are computed using the same templates with LO accuracy611

without any QCD correction, neither fixed-order nor from Parton Shower.612

In general, one can see that for the two most important observables, i.e. MT and p!
T , the shifts613

are of similar size, of the order of 100 MeV for muons and 200 MeV for bare electrons. This is614

just a direct consequence of the fact that the EW corrections, dominated by QED FSR, give to615

MT and p!
T a very similar relative e↵ect, when normalized to LO predictions for the production616

model, as it will be discussed in Section 6.617

Notice that these di↵erences, obtained for LHC energies, are valid to a large extent for the618

Tevatron as well. Actually, the QED and lepton-pair corrections to the determination of the W619

mass are in practice independent of the nominal c.m. energy. This because these theoretical620

contributions are driven by logarithmic terms of the form L = ln(ŝ/m2
! ), where m! is the mass of621

the radiating particle. Independently of the accelerator energy, the resonance condition ŝ ' M2
W622

always holds, the mass of the W boson being extracted from the shape of distributions around623

their Jacobian peaks.624

Comparing the di↵erent lines of table 2, it can be noticed that:625

• 1 vs. 2: the contribution due to multiple photon emission, dominated by O(#2) terms626

(ABBIAMO MAI DEFINITO #? forse vale la pena richiamare la definizione) coming from627

two-photon radiation, amounts to some MeV for muons and to about 20 - 30 MeV for bare628

electrons, because of the very di↵erent impact of lepton-mass dependent collinear logarithms.629

This is in agreement with previous studies at Tevatron energies, where the contribution of630

multiple FSR is taken into account using Photos .631

• 2 vs. 3: the contribution of non-logarithmic NLO EW corrections is a small e↵ect, at a few632

MeV level, for both muons and electrons, and independently of the considered observable.633

This result emphasizes the dominant rôle played by QED FSR at LL level within the full634

set of NLO EW corrections.635

• 2 vs. 4: the O(" 2) contribution due to lepton-pair radiation is of about 5 MeV for muons636

and 3 MeV for electrons, when considering the W mass shifts from fits to the transverse mass637

distribution. It is a not negligible e↵ect given the present accuracy of the measurement at638
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Lepton-pair transverse mass:  yes!

Lepton transverse momentum: no, the shifts are sizeably amplified
                                                              (these effects are already taken into account in the Tevatron and LHC analyses)

The lepton transverse momentum has a 85% weight in the final ATLAS MW combination

of muons; for recombined electrons the shifts are of the size of ⇠ 1 ± 2 MeV and

⇠ 1 ± 4 MeV for MT and plT , respectively.

These results show that a QED-LL approach without matching is more accurate,

at the level of precision required for the MW determination, when QED FSR is

simulated with Photos (line 2). The small di! erence between the shifts obtained

with Photos with and without matching with the NLO EW results can also be

understood from figure 8, where the relative impact of the EW e! ects in the two

cases is almost identical.

These comparisons can be considered as a measure of the accuracy inherent in the use

of a generator given by a tandem of tools like ResBos+Photos (like in the present

Tevatron measurements) in the sector of mixed QCD-EW corrections.

The assessment of the uncertainty for the Tevatron as explained in the third item

above, is, in our opinion, one of the most important and original aspects of our study.

6.4.3 Results for the LHC

In this section we present the results for a similar analysis to the one addressed in Sec-

tion 6.4.2, but under LHC conditions. The details of the event selection are shown in

table 11, and the corresponding mass shifts in table 12.

Process pp ! W+ ! µ+⌫,
p
s = 14 TeV

PDF MSTW2008 NLO

Event selection |⌘`| < 2.5, p`T > 20 GeV, p⌫T > 20 GeV, pWT < 30 GeV

Table 11 . Event selection used for the study of QED and mixed QCD-EW e! ects at LHC.

pp ! W+,
p
s = 14 TeV MW shifts (MeV)

Templates accuracy: NLO-QCD+QCDPS W+ ! µ+⌫ W+ ! e+⌫(dres)

Pseudodata accuracy QED FSR MT p`T MT p`T

1 NLO-QCD+(QCD+QED)PS Pythia -95.2± 0.6 -400± 3 -38.0± 0.6 -149± 2

2 NLO-QCD+(QCD+QED)PS Photos -88.0± 0.6 -368± 2 -38.4± 0.6 -150± 3

3 NLO-(QCD+EW)+(QCD+QED)PStwo-rad Pythia -89.0± 0.6 -371± 3 -38.8± 0.6 -157± 3

4 NLO-(QCD+EW)+(QCD+QED)PStwo-rad Photos -88.6± 0.6 -370± 3 -39.2± 0.6 -159± 2

Table 12 . W mass determination for muons and dressed electrons at the LHC 14 TeV in the
case of W + production. MW shifts (in MeV) due to multiple QED FSR and mixed QCD-EW
corrections, computed with Pythia-qed and Photos as tools for the simulation of QED FSR
e! ects. Pythia-qed and Photos have been interfaced to Powheg-v2 with only QCD corrections
(lines 1 and 2) or matched to Powheg-v2 two-rad with NLO (QCD+EW) accuracy (lines 3 and
4). The templates have been computed with Powheg-v2 with only QCD corrections. The results
are based on MC samples with 4⇥108 events.

Similar remarks on the comparison between Pythia-qed and Photos, as well as on

mixed QCD-EW corrections, apply in this case. However, further considerations can be

– 35 –
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Effect of the NLO-EW matching on subleading QED contributions

PHOTOS and PYTHIA-QED  Parton Shower share Leading-Logarithmic accuracy
                                                                   sizeably differ at subleading level in the collinear region

The matching with the exact O(α) matrix elements shifts the differences one order higher

of muons; for recombined electrons the shifts are of the size of ⇠ 1 ± 2 MeV and

⇠ 1 ± 4 MeV for MT and plT , respectively.

These results show that a QED-LL approach without matching is more accurate,

at the level of precision required for the MW determination, when QED FSR is

simulated with Photos (line 2). The small di! erence between the shifts obtained

with Photos with and without matching with the NLO EW results can also be

understood from figure 8, where the relative impact of the EW e! ects in the two

cases is almost identical.

These comparisons can be considered as a measure of the accuracy inherent in the use

of a generator given by a tandem of tools like ResBos+Photos (like in the present

Tevatron measurements) in the sector of mixed QCD-EW corrections.

The assessment of the uncertainty for the Tevatron as explained in the third item

above, is, in our opinion, one of the most important and original aspects of our study.

6.4.3 Results for the LHC

In this section we present the results for a similar analysis to the one addressed in Sec-

tion 6.4.2, but under LHC conditions. The details of the event selection are shown in

table 11, and the corresponding mass shifts in table 12.
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p
s = 14 TeV

PDF MSTW2008 NLO

Event selection |⌘`| < 2.5, p`T > 20 GeV, p⌫T > 20 GeV, pWT < 30 GeV

Table 11 . Event selection used for the study of QED and mixed QCD-EW e! ects at LHC.

pp ! W+,
p
s = 14 TeV MW shifts (MeV)

Templates accuracy: NLO-QCD+QCDPS W+ ! µ+⌫ W+ ! e+⌫(dres)
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3 NLO-(QCD+EW)+(QCD+QED)PStwo-rad Pythia -89.0± 0.6 -371± 3 -38.8± 0.6 -157± 3

4 NLO-(QCD+EW)+(QCD+QED)PStwo-rad Photos -88.6± 0.6 -370± 3 -39.2± 0.6 -159± 2

Table 12 . W mass determination for muons and dressed electrons at the LHC 14 TeV in the
case of W + production. MW shifts (in MeV) due to multiple QED FSR and mixed QCD-EW
corrections, computed with Pythia-qed and Photos as tools for the simulation of QED FSR
e! ects. Pythia-qed and Photos have been interfaced to Powheg-v2 with only QCD corrections
(lines 1 and 2) or matched to Powheg-v2 two-rad with NLO (QCD+EW) accuracy (lines 3 and
4). The templates have been computed with Powheg-v2 with only QCD corrections. The results
are based on MC samples with 4⇥108 events.

Similar remarks on the comparison between Pythia-qed and Photos, as well as on

mixed QCD-EW corrections, apply in this case. However, further considerations can be
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O(ααs) effects:  pole approximation vs POWHEG-(QCD+EW) for MT
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Process pp ! W+ ! µ+! ,
"
s = 14 TeV

PDF MSTW2008 NLO

Event selection |" ! | < 2.5, p!
T > 25 GeV, p"

T > 25 GeV

Fit window 64 GeV # MT # 91 GeV

Bin width of MT distribution 1 GeV

Table 6 . Event selection and fit setup used for the comparison with the fixed order results of
refs.[96–99].

Templates Pseudodata MW shifts (MeV)

1 LO POWHEG(QCD) NLO 56.0 ± 1.0

2 LO POWHEG(QCD)+PYTHIA(QCD) 74.4 ± 2.0

3 LO HORACE(EW) NLO -94.0 ± 1.0

4 LO HORACE (EW,QEDPS) -88.0 ± 1.0

5 LO POWHEG(QCD,EW) NLO -14.0 ± 1.0

6 LO POWHEG(QCD,EW) two-rad +PYTHIA(QCD)+PHOTOS -5.6 ± 1.0

Table 7 . W mass shift (in MeV) induced by di! erent sets of perturbative corrections and evaluated
with templates computed at LO, at the LHC 14 TeV for µ+ ! production.

correction factor in eq. 6.3 samples in table 7 MW shift (MeV)
! !

m=1,n=1 #"
# m

s # n +
! !

m=2 #"
# m

s
+

! !
n=2 #"

# n [6]-[5] 8.4 ±1.4 MeV
! !

m=2 #"
# m

s
[2]-[1] 18.4 ±2.2 MeV

! !
n=2 #"

# n [4]-[3] 6.0 ±1.4 MeV

Table 8 . Impact in terms of MW shifts of the correction factors present in eq. 6.3, contributing
to the Powheg-v2 two-rad simulations with NLO (QCD+EW) accuracy, derived from the results
of table 7.

form:

d$POWHEG = d$0

"

#1 + ## s + ## +
!$

m=1,n=1

#"
# m

s # n +
!$

m=2

#"
# m

s
+

!$

n=2

#"
# n

%

& , (6.3)

where the factors # represent the correction, normalized to the LO result, induced by

di! erent subsets of higher-order terms, the latter labelled by the indices. We add a prime

to those # factors where the corresponding correction is not known exactly but it is only

approximated. We extract the contribution to the W mass shift given by
! !

m=1,n=1 #"
# m

s # n

in eq. 6.3, subtracting from the full result the shift induced by the NLO contribution

(## s + ## ) and the one of the higher-order contributions
! !

m=2 #"
# m

s
and

! !
n=2 #"

# n .

For this analysis we generate pseudodata samples with di! erent perturbative accu-

racies, including: 1) only fixed-order NLO QCD; 2) NLO QCD matched with QCD PS;

3) only fixed-order NLO EW corrections; 4) NLO EW matched with QED PS; 5) only

fixed-order NLO (QCD+EW); 6) NLO (QCD+EW) matched with (QCD+QED) PS. In

– 32 –

Process pp ! W + ! µ+ ! ,
"

s = 14 TeV
PDF MSTW2008 NLO
Event selection |" ! | < 2.5, p!

T > 25 GeV, p"
T > 25 GeV

Fit window 64 GeV # M T # 91 GeV
Bin width of M T distribution 1 GeV

Table 6 . Event selection and Þt setup used for the comparison with the Þxed order results of
refs.[96Ð99].
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5 LO POWHEG(QCD,EW) NLO -14.0 ± 1.0
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to the Powheg-v2 two-rad simulations with NLO (QCD+EW) accuracy, derived from the results
of table 7.
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where the factors # represent the correction, normalized to the LO result, induced by
di! erent subsets of higher-order terms, the latter labelled by the indices. We add a prime
to those # factors where the corresponding correction is not known exactly but it is only
approximated. We extract the contribution to the W mass shift given by

! !
m=1 ,n=1 #"

# m
s # n

in eq. 6.3, subtracting from the full result the shift induced by the NLO contribution
(## s + ## ) and the one of the higher-order contributions

! !
m=2 #"

# m
s

and
! !

n=2 #"
# n .

For this analysis we generate pseudodata samples with di! erent perturbative accu-
racies, including: 1) only Þxed-order NLO QCD; 2) NLO QCD matched with QCD PS;
3) only Þxed-order NLO EW corrections; 4) NLO EW matched with QED PS; 5) only
Þxed-order NLO (QCD+EW); 6) NLO (QCD+EW) matched with (QCD+QED) PS. In
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Process pp ! W+ ! µ+! ,
"

s = 14 TeV
PDF MSTW2008 NLO
Event selection |" ! | < 2.5, p!

T > 25 GeV, p"
T > 25 GeV

Fit window 64 GeV # M T # 91 GeV
Bin width of M T distribution 1 GeV

Table 6. Event selection and Þt setup used for the comparison with the Þxed order results of
refs.[96Ð99].

Templates Pseudodata MW shifts (MeV)

1 LO POWHEG(QCD) NLO 56.0 ± 1.0

2 LO POWHEG(QCD)+PYTHIA(QCD) 74.4 ± 2.0

3 LO HORACE(EW) NLO -94.0 ± 1.0

4 LO HORACE (EW,QEDPS) -88.0 ± 1.0

5 LO POWHEG(QCD,EW) NLO -14.0 ± 1.0

6 LO POWHEG(QCD,EW) two-rad+PYTHIA(QCD)+PHOTOS -5.6 ± 1.0

Table 7. W mass shift (in MeV) induced by di! erent sets of perturbative corrections and evaluated
with templates computed at LO, at the LHC 14 TeV for µ+ ! production.

correction factor in eq. 6.3 samples in table7 MW shift (MeV)
!

1

m=1,n=1 #0# m
s # n +

!
1

m=2 #0# m
s

+
!

1

n=2 #0# n [6]-[5] 8.4± 1.4 MeV
!

1

m=2 #0# m
s

[2]-[1] 18.4± 2.2 MeV
!

1

n=2 #0# n [4]-[3] 6.0± 1.4 MeV

Table 8. Impact in terms of MW shifts of the correction factors present in eq.6.3, contributing
to the Powheg-v2 two-rad simulations with NLO (QCD+EW) accuracy, derived from the results
of table 7.
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where the factors # represent the correction, normalized to the LO result, induced by
di! erent subsets of higher-order terms, the latter labelled by the indices. We add a prime
to those # factors where the corresponding correction is not known exactly but it is only
approximated. We extract the contribution to the W mass shift given by

!
1

m=1,n=1 #0# m
s # n

in eq. 6.3, subtracting from the full result the shift induced by the NLO contribution
(## s + ## ) and the one of the higher-order contributions

!
1

m=2 #0# m
s

and
!

1
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For this analysis we generate pseudodata samples with di! erent perturbative accu-

racies, including: 1) only Þxed-order NLO QCD; 2) NLO QCD matched with QCD PS;
3) only Þxed-order NLO EW corrections; 4) NLO EW matched with QED PS; 5) only
Þxed-order NLO (QCD+EW); 6) NLO (QCD+EW) matched with (QCD+QED) PS. In
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table 7 we present the shifts associated to these 6 samples, extracted with templates com-
puted at LO, while in table 8 we show the combinations relevant for the determination ofP!

m=1 ,n=1 ! "
! m

s ! n . Subtracting the second and third lines from the Þrst line of table8 we ob-
tain our estimate for the shift ! M W

! s ! induced by the correction factor
P!

m=1 ,n=1 ! "
! m

s ! n ,
which turns out to be

! M W
! s ! = ! 16.0 ± 3.0 MeV,

in nice agreement with ! NNLO = ! 14 MeV of refs. [98, 99].
From table 7 we can obtain additional information. We remark that the shift induced

by NLO QCD corrections is positive and sizeable, 56± 1 MeV. Given the large cancellation
of the NLO QCD and NLO EW corrections at the jacobian peak of the M T distribution,
which is illustrated in Þgure 4, and given also the non-linear behaviour of the" 2 function
in the Þtting procedure, we observe that the shift extracted from sample 5, namely with
the simultaneous presence of NLO QCD and NLO EW e" ects, is di" erent from the sum of
the two shifts obtained with one set of corrections at a time (samples 1 and 3 ).

6.4.2 Results for the Tevatron

In this section we focus onW production at the Tevatron. The details of the event selection
are shown in table9 and we notice the introduction of a cut in the transverse momentum
of the W boson (pW

T ), deÞned aspW
T " |p"

T + p#
T +

P
p$

T |, where the sum runs on all the
photons emitted by the charged lepton. As already anticipated, here and in the following

Process pøp # W + # µ+ #,
$

s = 1 .96 TeV
PDF MSTW2008 NLO
Event selection |$" | < 1.05, p"

T > 25 GeV, p#
T > 25 GeV, pW

T < 15 GeV

Table 9 . Event selection used for the study of QED and mixed QCD-EW e" ects at Tevatron.

sections we consider the following two approximations:i) QCDNLOPS %QEDPS using either
Photos or Pythia-qed to simulate QED FSR e" ects, ii) QCDNLOPS %EWNLOPS using
again either Photos or Pythia-qed to simulate QED FSR e" ects. In table 10 we present
the corresponding shifts (lines 1 and 2 for approximationi) , lines 3 and 4 for approximation
ii) ). We can notice that:

¥ 1 vs. 2: there is a not negligible di" erence between the predictions ofPythia-qed
and Photos for the QED FSR contribution. These di" erences amount to about
8 ± 1 MeV for the lepton-pair transverse mass and to about 26± 5 MeV for the
lepton pl

T for muons and disappear for dressed electrons. The origin of the di" erence
in size for the two observables has been discussed in section5.2 and derives from
the di" erent modeling of QED radiation in the two programs. The impact of this
di" erence on the observables relevant for theM W determination has been shown in
Þgure 10 (black dots). Notice that this di " erence is robust, as we carefully checked
that the parameters and theoretical ingredients used in ourPythia-qed simulations
are fully consistent with those ofPhotos (same value of the electromagnetic coupling
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! M W
NNLO = �14 MeV

POWHEG-(QCD+EW)

pole approximation (Dittmaier et al.)
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                                                              (these sizeable effects are already taken into account in the Tevatron and LHC analyses)

Carloni Calame, Chiesa, Martinez, Montagna, Nicrosini, Piccinini, AV, arXiv:1612.02841
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Figure 1: Relative e! ect due to lepton pair corrections on theW transverse mass distribution, forW ! µ!
(left plot) and W ! e! (right plot) decays at the Tevatron (

p
s = 1.96 TeV). The plot shows the relative

di! erence between theHorace-3.1 predictions for multiple FSR with and without pair emission.

radiated particles, i.e. by electron pair emission, which is a direct consequence of Eq. (4). Around285

the Jacobian peak, the pair correction amounts to about 0.1 Ö 0.2% for both the decay channels286

and modifies the shape of the transverse mass distribution, similarly to the e↵ect introduced by287

photon emission [17, 19,23,66].288

3.3 Powhegwith QCD and EW corrections289

The implementation of the CC DY process in Powheg is documented in [69], at NLO QCD290

accuracy. The extension to include both NLO QCD and NLO EW corrections for this process291

in Powheg is documented in [52] [53] [ [70] ?]. In this implementation, the overall cross section292

has NLO QCD � EW accuracy, and the real radiation can be of QCD as well as QED origin.293

According to the Powhegmethod, the cross section for a given process is written as:294

d! =
X

fb

B̄ fb(! n) d! n

(
�fb(! n, pmin

T )

+
X

! r ! {! r |fb}

⇥
d�rad " (kT � pmin

T )�fb(! n, kT )R(! n+1

)
⇤
¯�↵r

n =�n

! r

B fb(! n)

)
(5)

The function B̄ fb gives the (QCD�EW) NLO inclusive cross section, and the term between295

curly brackets controls the hardest emission (for more details on the notation, see [67]). The296

inclusion of NLO EW corrections, with respect to the version including only QCD corrections,297

amounts to a modification of B̄ fb in order to include the virtual and real QED contributions, and298

the addition of subtraction couterterms and collinear remnants corresponding to the new singular299

regions, i.e. the ones associated with the emission of a soft/collinear photon by a hard scattering300

quark or a soft photon by the final state lepton. It is worth reminding that in [52] [53] the final301

state leptons have been treated with full mass dependence, in order to deal in a proper way with all302
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More on the structure of QCDxEW corrections in POWHEG (1)
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• EW corrections may become large in the photon soft/collinear limit   or  in the EW Sudakov regime

the difference between QCDxQED   and QCDxEW approximations starts at  O(ααs)

POWHEG NLO-QCD x (QCD+QED)-PS

POWHEG NLO-(QCD+EW) x (QCD+QED)-PS

the difference                                            important when c₀₀ is large

c₀₀ does not contain QED logs, but Sudakov EW logs

11

Scheme FSV Couplings of |M n,LL |2

! 0 1 + ! 0
! SV ! ! LL

SV
! 0

! 2
0! n

0

Gµ I 1 + ! 0
! SV ! ! LL

SV
! 0

! 2! r (! tree
µ )2! n

0

Gµ II 1 + ! 0
! SV ! ! LL

SV
! 0

(! 1l
µ )2! n

0

TABLE I: Comparison of di " erent renormalization input schemes: structure of the FSV soft+virtual correction factor and
proportionality factor of the matrix element describing the emission of n real photons.

alternatives, which di! er by O(! 2) corrections:

! 0 : " = ! 2
0" 0 + ! 3

0(" SV + " H ) , (9)

Gµ I : " = ( ! tree
µ )2" 0 + ( ! tree

µ )2! 0(" SV + " H ) ! 2" r (! tree
µ )2" 0 , (10)

Gµ II : " = ( ! 1l
µ )2" 0 + ( ! 1l

µ )2! 0(" SV + " H ) . (11)

We introduce the idea of sharing i.e. the relative percentage of 0Ð and 1Ðphoton contributions with the real-photon
energy greater than a certain threshold. The 0Ðphoton subset receives contributions from the Born cross section and
from the soft+virtual O(! ) corrections; the latter contain in particular the renormalization terms. As a consequence
of eqs. (9-11), we show in table I the expression of the correction factorsFSV , introduced in section III A. It can be
seen that the correction factorsFSV in the ! 0 and in the Gµ II schemes are the same, while the factor in theGµ I
scheme is di! erent. Concerning the squared matrix elements|M n,LL |2 according to the three options, we show in
table I their dependence on the coupling constant; the correction factorsFH,i of eq. (1) are equal in the three schemes
since the same proportionality is present in the exact squared matrix elements|M n |2. In summary, the EW input
schemes described above yield a di! erent sharing of 0Ð and 1Ðphoton events, which in turn can imply a di! erent
distortion of the distributions used to extract the W boson mass. In particular, the! 0 and the Gµ II schemes have
the same sharing, despite of the di! erent normalization.

Now we consider the matching of NLO-EW results with a QED PS, as described in eq. (1). It is worth noticing
that the sharing of the di! erent photon multiplicities is the same in the three schemes discussed above, as can be
deduced from the facts that the FH,i factors are the same andFSV is factorized. As a consequence, we expect that
the sensitivity of the matched cross section as given by eq. (1) to the input scheme choice is reduced w.r.t. the pure
O(! ) prediction. We stress that the FSV factor is not constant with respect to the kinematical invariants, but it has
a mild dependence on them and thus it can still modify the shape of the distributions.

While eq. (1) describes the structure of a purely EW event generator, it is interesting to consider how the input
parameter choices a! ect the predictions of Powheg , whose formulation is shown in eq. (5), where QCD and EW
corrections are mixed. The EW virtual corrections and all the terms associated with the renormalization are included
in the factor øB (! n ). Similarly to the purely EW case, this factor has a mild dependence on the event kinematics and
it rescales in the same way all the real parton multiplicities.

B. Mixed O(!! s ) corrections

Due to the factorization properties of the IR soft/collinear singularities of QCD and QED origin, the available
generators, used to extractM W by Þtting the experimental data, e! ectively include the leading structures of the
factorized mixed QCD-EW corrections. It is therefore important to investigate the role of the O(!! s) terms included
in these generators and to attempt an estimate of the impact onM W of the residual O(!! s) corrections which are
not available in the codes.

The distributions predicted by the code adopted in the Tevatron analysis, i.e. ResBos + Photos , include the
e! ects, in a factorized form, of initial state QCD corrections and of Þnal state QED corrections. In the present study
we consider a similar combination, which is obtained inPowheg-v2 code with NLO (QCD+EW) corrections, by
switching o! NLO EW corrections and by including QED-LL Þnal-state corrections to all orders by means ofPhotos
or Pythia 8 (for the latter code we dub the corresponding routinesPythia-qed , to distinguish them from the QCD
ISR PS); this combination includes terms of order

! s!
!
c2L 2

QCD + c1L QCD + c0
"

(c11L QED lQED + c10L QED + c01lQED ) , (12)

where L QCD stands for the logarithm of the scale of the processQ2 over the square of the dimensionful observable
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FIG. 4: Fixed-order predictions for the transverse mass distribution, in the case of W + production with muons in the Þnal
state at LHC 14 TeV and acceptance cuts as in table VII. We show di ! erent perturbative approximations, including only NLO
QCD, only NLO EW and the sum of the two sets of corrections. In the left plot we show the shape of the distributions and in
the right plot the relative e ! ect of the radiative corrections, normalized to the LO prediction.

under study, LQED = log
�
Q

2
/m

2
l

�
(ml being the mass of the Þnal state charged lepton) andl is the log of soft infrared

origin, e! ectively generated by the applied cuts.
If, on the other hand, we consider the codePowheg-v2 with the NLO EW corrections turned on and QED-LL

Þnal-state corrections accounted for to all orders by means ofPhotos (or Pythia-qed), the included O(!! s) terms
have the form

! s!
�
c2L

2
QCD + c1LQCD + c0

�
(c11LQEDlQED + c10LQED + c01lQED + c00) , (13)

With respect to eq. (12), eq. (13) contains in addition the term

! s! c00

�
c2L

2
QCD + c1LQCD + c0

�
.

This term is available in Powheg-v2 as a consequence of the factorized structure of eq. (5) and reproduces correctly
a subset ofO(!! s) in the limit of collinear QCD radiation. Its inclusion represents a possible improvement of the
simulation tools used in theMW studies, although theO(!! s) accuracy can not be claimed because the complete set
of the exact matrix elements with this perturbative accuracy is not available. On the other hand, this term is missing
in the Tevatron analysis and should thus be treated as a source of theoretical uncertainty a! ecting the Tevatron MW
determination; we investigate this point in the following sections.

V. IMPACT OF RADIATIVE CORRECTIONS ON THE KINEMATICAL DISTRIBUTIONS

In order to set the stage of the discussion, we present in Þgure 4 the impact of exact Þxed-order corrections to the
lepton-pair transverse mass distribution, with muons in the Þnal state, at the LHC with

!
s = 14 TeV, in the case of

W

+ production. We consider NLO QCD, NLO EW e! ects and the sum of the two sets of corrections and we show
their relative impact normalized to the LO prediction. We observe the negative impact of EW corrections at the
jacobian peak of the distribution and the monotonic increase due to QCD e! ects. When summing NLO QCD+EW
corrections, we obtain a partial cancellation of the radiative e! ect at the jacobian peak.

In the following sections we study the impact of higher-order radiative corrections on the kinematical distributions
relevant for the MW determination. In particular we focus on: i) light lepton pairs corrections; ii) the modeling of
QED radiation; iii) the inßuence of QCD contributions and their interplay with purely QED FSR e! ects and iv)
mixed O(!! s) corrections beyond the approximation that combines QCD with purely QED FSR corrections.

A. Light lepton pairs radiation

In Þgure 5 we study the e! ect of two sets of corrections that start at O(! 2): we show the contribution of additional
light lepton pairs radiation in comparison with the contribution of multiple FSR beyond O(! ), both normalized to
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FIG. 4: Fixed-order predictions for the transverse mass distribution, in the case of W + production with muons in the Þnal
state at LHC 14 TeV and acceptance cuts as in table VII. We show di ↵erent perturbative approximations, including only NLO
QCD, only NLO EW and the sum of the two sets of corrections. In the left plot we show the shape of the distributions and in
the right plot the relative e ↵ect of the radiative corrections, normalized to the LO prediction.
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origin, e! ectively generated by the applied cuts.
If, on the other hand, we consider the codePowheg-v2 with the NLO EW corrections turned on and QED-LL

Þnal-state corrections accounted for to all orders by means ofPhotos (or Pythia-qed ), the included O(!! s) terms
have the form

! s!
!
c2L 2

QCD + c1L QCD + c0
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(c11L QED lQED + c10L QED + c01lQED + c00) , (13)

With respect to eq. (12), eq. (13) contains in addition the term
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.

This term is available in Powheg-v2 as a consequence of the factorized structure of eq. (5) and reproduces correctly
a subset ofO(!! s) in the limit of collinear QCD radiation. Its inclusion represents a possible improvement of the
simulation tools used in theM W studies, although theO(!! s) accuracy can not be claimed because the complete set
of the exact matrix elements with this perturbative accuracy is not available. On the other hand, this term is missing
in the Tevatron analysis and should thus be treated as a source of theoretical uncertainty a! ecting the Tevatron M W
determination; we investigate this point in the following sections.

V. IMPACT OF RADIATIVE CORRECTIONS ON THE KINEMATICAL DISTRIBUTIONS

In order to set the stage of the discussion, we present in Þgure 4 the impact of exact Þxed-order corrections to the
lepton-pair transverse mass distribution, with muons in the Þnal state, at the LHC with

!
s = 14 TeV, in the case of

W + production. We consider NLO QCD, NLO EW e! ects and the sum of the two sets of corrections and we show
their relative impact normalized to the LO prediction. We observe the negative impact of EW corrections at the
jacobian peak of the distribution and the monotonic increase due to QCD e! ects. When summing NLO QCD+EW
corrections, we obtain a partial cancellation of the radiative e! ect at the jacobian peak.

In the following sections we study the impact of higher-order radiative corrections on the kinematical distributions
relevant for the M W determination. In particular we focus on: i) light lepton pairs corrections; ii) the modeling of
QED radiation; iii) the inßuence of QCD contributions and their interplay with purely QED FSR e! ects and iv)
mixed O(!! s) corrections beyond the approximation that combines QCD with purely QED FSR corrections.

A. Light lepton pairs radiation

In Þgure 5 we study the e! ect of two sets of corrections that start at O(! 2): we show the contribution of additional
light lepton pairs radiation in comparison with the contribution of multiple FSR beyond O(! ), both normalized to
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Figure 1: Relative e! ect due to lepton pair corrections on theW transverse mass distribution, forW ! µ!
(left plot) and W ! e! (right plot) decays at the Tevatron (

p
s = 1.96 TeV). The plot shows the relative

di! erence between theHorace-3.1 predictions for multiple FSR with and without pair emission.

radiated particles, i.e. by electron pair emission, which is a direct consequence of Eq. (4). Around285

the Jacobian peak, the pair correction amounts to about 0.1 Ö 0.2% for both the decay channels286

and modifies the shape of the transverse mass distribution, similarly to the e↵ect introduced by287

photon emission [17, 19,23,66].288

3.3 Powhegwith QCD and EW corrections289

The implementation of the CC DY process in Powheg is documented in [69], at NLO QCD290

accuracy. The extension to include both NLO QCD and NLO EW corrections for this process291

in Powheg is documented in [52] [53] [ [70] ?]. In this implementation, the overall cross section292

has NLO QCD � EW accuracy, and the real radiation can be of QCD as well as QED origin.293

According to the Powhegmethod, the cross section for a given process is written as:294

d! =
X

fb

B̄ fb(! n) d! n

(
�fb(! n, pmin

T )

+
X

! r ! {! r |fb}

⇥
d�rad " (kT � pmin

T )�fb(! n, kT )R(! n+1

)
⇤
¯�↵r

n =�n

! r

B fb(! n)

)
(5)

The function B̄ fb gives the (QCD�EW) NLO inclusive cross section, and the term between295

curly brackets controls the hardest emission (for more details on the notation, see [67]). The296

inclusion of NLO EW corrections, with respect to the version including only QCD corrections,297

amounts to a modification of B̄ fb in order to include the virtual and real QED contributions, and298

the addition of subtraction couterterms and collinear remnants corresponding to the new singular299

regions, i.e. the ones associated with the emission of a soft/collinear photon by a hard scattering300

quark or a soft photon by the final state lepton. It is worth reminding that in [52] [53] the final301

state leptons have been treated with full mass dependence, in order to deal in a proper way with all302
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More on the structure of QCDxEW corrections in POWHEG (1)
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• EW corrections may become large in the photon soft/collinear limit   or  in the EW Sudakov regime
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Analytic progress: splitting functions at O(ααs)
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Let us describe the algorithm that allows one to obtain the
QED corrections by replacing gluons by photons from the
QCD splitting functions.

1. Since the QCD kernels include the average over initial
colour states, we first correct the overall normalization
of Pba in the case that an initial gluon (a = g) has to
be transformed into a photon (a = ! ), multiplying the
kernel by (N 2

C − 1).
2. Then we identify those Feynman diagrams that are non-

vanishing when replacing the corresponding gluon by
a photon, and we compute their colour structure. If the
original QCD diagram involves two non-observable glu-
ons, the replacement g → ! leads to two non-equivalent
topologies (both in real and virtual terms). At O(" " S), it
is necessary to multiply the final result by a global factor
2 to account for this effect in the pure quark kernels.

3. After that, we write the colour structures in terms of NC
by using the well known relations

CA = NC , CF = − 1
2 NC

+ NC

2
. (24)

4. Next, we single out and keep only the leading terms in
the limit NC → 0.

5. The final step consists in recomputing the colour structure
for the Abelian diagrams, replacing the QCD ones in the
expression of Pba .

In practical terms, we notice that at this order the QED results
can be recovered by simply identifying the most divergent
colour structure and performing the replacement directly
there, with the additional normalization change if the initial
gluon is replaced by a photon or if there are two unresolved
gluons. Finally, if the Feynman diagram expansion involves
fermion loops, we use the replacement

nF →
nF!

j=1

e2
q j

, (25)

whilst for external quarks we just multiply the result by the
global factor e2

q . Figure 1 provides a graphical representation
of the Abelianization algorithm applied to the NLO QCD
splitting kernels to obtain the mixed QCD–QED corrections.
In particular, in (c), we explicitly motivate the replacement
rule mentioned in Eq. 25 by exploring a typical contribution
to P (2,0)

gg . When one gluon is replaced by a photon, we obtain a
fermion box with two photons attached to it; the QED interac-
tion introduces a factor e2

q responsible of a charge separation
for each quark flavour.

In the context of the full EW theory, the corrections
induced by massive bosons lead to singularities. However,
we will not deal with them in this work because it is possi-

Fig. 1 A sample of diagrams associated with the virtual and real con-
tributions to P (2,0)

qq , in a and b respectively. To obtain P (1,1)
qq , one gluon

is replaced by a photon. Since there are two ways to perform the replace-
ment, a factor 2 arises. c P (2,0)

gg is considered with a representative dia-
gram. In this case, the Abelian limit allows one to compute both P (1,1)

! g

and P (1,1)
g! . The presence of a fermionic box forces to take into account

the different quark EM charges

ble to factorize them and achieve a fully consistent treatment
of IR divergences relying only on QCD–QED splittings. In
other terms, singularities introduced by W and Z bosons can
be absorbed into the hard scattering, thus leaving unaffected
the evolution of PDFs.

We therefore present the (QCD, QED) = (1, 1) expres-
sions of the corresponding splitting kernels. In the first place,
we obtain

P (1,1)
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q

2
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for photon initiated processes, and
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for collinear splitting processes with a starting gluon. Notice
that QED corrections to the diagonal splitting kernelsP(1,1)

" "

and P(1,1)
gg are proportional to the Dirac delta function

#(1 ! x) since they are originated by virtual two-loop con-
tributions to the photon and gluon propagators, respectively.
On the other hand, the quark splitting functions are given by
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where we appreciate that singlet contributions vanish at this
order, as anticipated in Sect.2. The functionS2(x) is given
by
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Finally, we establish the consistency of our results by check-
ing the corresponding fermionic and momentum sum rules
for each distribution. Explicitly, theO(% %S) contributions
to the evolution kernels fulÞll:
/ 1
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.
= 0, (38)
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= 0. (41)

4 Conclusions

In this article, we discussed the computation of the NLO
mixed QCDÐQED corrections to the AltarelliÐParisi evolu-
tion kernels. In order to reach that accuracy, we analyzed
the colour structure of each diagram contributing to these
corrections and evaluated their modiÞcation after a gluon is
transformed into a photon. Then we computed the explicit
expressions for the evolution kernels by carefully consider-
ing the Abelian limit of the results available in the literature
for pure QCD processes. In particular, relying on Refs. [21Ð
23] we obtained the corresponding results up toO(% %S).

The computation of higher-order mixed QCDÐQED con-
tributions to physical observables plays a crucial role in the
full program of precision computations for hadron collid-
ers. In this direction, the results provided here are useful to
improve the accuracy of the PDFs sets used to perform the
theoretical predictions required by nowadays (and future)
experiments.
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needed for a complete subtraction in partonic calculations
of initial state collinear singularities at O(ααs)

not sufficient for a consistent PDF evolution at the same order
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Analytic progress: Master Integrals for DY processes at O(ααs) 

So this is what we computed Bonciani, Mastrolia, Schubert, DV 16

(a1) (a2)

(b1) (b2) (b3)

(c1) (c2)

S. Di Vita (DESY) 2L MIs for QCD! EW corrections to DY 12 / 25

R. Bonciani, S. Di Vita, P. Mastrolia, U. Schubert, arXiv:1604.08581

thin lines    massless
thick lines   massive
topologies b and c were not known

2 masses topologies evaluated with the same mass

SM results, where both W and Z appear,
 can be evaluated with an expansion in ΔM=MZ-MW

49 MI identified (8 massless, 24 1-mass, 17 2-masses)
solution of differential equations expressed in terms of
iterated integrals (mixed Chen-Goncharov representation)

24
Alessandro Vicini - University of Milano                                                                                                                                                                           Venezia, July 6th 2017



Alessandro Vicini - University of Milano                                                                                                                                                                           Venezia, July 6th 2017

 (GeV)!µ
Tm

60 65 70 75 80 85 90 95 100 105 110

re
l

"

-0.003

-0.002

-0.001

0

0.001

0.002

0.003

  Tevatron!µ #W  pairs-e+e

 pairs-µ+µ + -e+e

 (GeV)νe
Tm

60 65 70 75 80 85 90 95 100 105 110

re
l

δ

-0.003

-0.002

-0.001

0

0.001

0.002

0.003

  Tevatronν e→W  pairs-e+e
 pairs-µ+µ + -e+e

Figure 1: Relative e! ect due to lepton pair corrections on theW transverse mass distribution, forW ! µ!
(left plot) and W ! e! (right plot) decays at the Tevatron (

p
s = 1.96 TeV). The plot shows the relative

di! erence between theHorace-3.1 predictions for multiple FSR with and without pair emission.

radiated particles, i.e. by electron pair emission, which is a direct consequence of Eq. (4). Around285

the Jacobian peak, the pair correction amounts to about 0.1 Ö 0.2% for both the decay channels286

and modifies the shape of the transverse mass distribution, similarly to the e↵ect introduced by287

photon emission [17, 19,23,66].288

3.3 Powhegwith QCD and EW corrections289

The implementation of the CC DY process in Powheg is documented in [69], at NLO QCD290

accuracy. The extension to include both NLO QCD and NLO EW corrections for this process291

in Powheg is documented in [52] [53] [ [70] ?]. In this implementation, the overall cross section292

has NLO QCD � EW accuracy, and the real radiation can be of QCD as well as QED origin.293

According to the Powhegmethod, the cross section for a given process is written as:294

d! =
X

fb

B̄ fb(! n) d! n

(
�fb(! n, pmin

T )

+
X

! r ! {! r |fb}

⇥
d�rad " (kT � pmin

T )�fb(! n, kT )R(! n+1

)
⇤
¯�↵r

n =�n

! r

B fb(! n)

)
(5)

The function B̄ fb gives the (QCD�EW) NLO inclusive cross section, and the term between295

curly brackets controls the hardest emission (for more details on the notation, see [67]). The296

inclusion of NLO EW corrections, with respect to the version including only QCD corrections,297

amounts to a modification of B̄ fb in order to include the virtual and real QED contributions, and298

the addition of subtraction couterterms and collinear remnants corresponding to the new singular299

regions, i.e. the ones associated with the emission of a soft/collinear photon by a hard scattering300

quark or a soft photon by the final state lepton. It is worth reminding that in [52] [53] the final301

state leptons have been treated with full mass dependence, in order to deal in a proper way with all302

8

POWHEG NLO-(QCD+EW) 

More on the structure of QCDxEW corrections in POWHEG (2)

25

• the use of the Parton Shower guarantees that (αs LQCD)ⁿ (α LQED)ᵐ contributions are present
    good approximation of the full result in the soft/collinear limit

• EW corrections may become large in the photon soft/collinear limit   or  in the EW Sudakov regime

the QCD matching recipe in turn affects also the mixed QCDxEW terms, 
modulated by the underlying QCD description,
and the associated uncertainties
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• the matching with exact NLO matrix elements introduces
    an element of arbitrariness at the level of higher order subleading terms,
    beyond the formal accuracy,  in QCD still numerically sizeable,
    qualitatively different than 
    renormalization/factorization scale variation effects

Bagnaschi, Maltoni, AV, Zaro,  in progress
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QCD uncertainties and EW parameters (1)

• observables are defined in terms of event counting → cross sections and asymmetries
• the EW parameters (masses, decay widths, mixing angles) are pseudo-observables
• we keep the EW parameters as free inputs of the Lagrangian
    we vary them and compute numerically template distributions, used in the comparison with the data

• in a hadronic environment many important observables suffer of large QCD uncertainties
   → the use of a single quantity to extract the EW parameter is hopeless
   → a global fit of several quantities allows to reduce the impact of the QCD uncertainties
        on the EW parameters to be measured
        by exploiting the similar behaviour of the observables w.r.t. the QCD uncertainties:
        e.g. all NC-DY observables are crucial to calibrate CC-DY simulations and extract MW

• while QCD is flavour blind, EW observables are flavour sensitive, breaking the possibility
    of perfect correlation w.r.t. QCD of different quantities in the fit

26
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QCD uncertainties and EW parameters (2)
e.g. the ptZ distribution is used to tune the Parton Shower parameters, 
      this Parton Shower is then used to simulate CC-DY → measure MW

    the different flavour of NC-DY w.r.t. CC-DY may induce small but not negligible spurious terms
    in the CC-DY simulation
    · the bottom initiated subprocesses are present in NC-DY but absent (CKM suppressed) in CC-DY
    · different initial state electric charge <z different QED contribution to ptZ vs ptW

 Z  FSR-PS     0.409     GeV     
 Z  best         0.463     GeV    Z  ISR ~ 0.054 GeV
 W  FSR-PS    0.174     GeV
 W  best        0.207     GeV    W ISR ~ 0.033 GeV
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aMC@NLO

→ an explicit improved treatment of all the elements of difference between NC- and CC-DY
     increases the universality of the model dependent part
     reduces the dependence on QCD uncertainties of the global fit that yields MW

Bagnaschi, Maltoni, AV, Zaro,  in progress
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Conclusions

• precision physics at LHC requires the simultaneous treatment of QCD and EW corrections

• in several cases we have a rather good control on purely EW corrections
• mixed O(ααs) corrections can be sizeable in view of the measurements precision goals

• the numerical size of higher-order subleading QCD effects beyond the formal accuracy of the codes
    is responsible for a non-negligible QCD matching ambiguity 
    which might propagate to the O(ααs) terms as well

• analytic progress to reduce the impact of O(ααs) perturbative e.g. in the tails at large momenta

• the precise assessment of the QCD and QCDxEW uncertainties
    requires a deeper understanding of the global fit procedures currently adopted 
    to determine the EW params
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