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V+jets backgrounds in monojet/MET + jets searches

2

‣ can be determined from Z(→l l)̅+jets, W(→lν)̅+jets or ɣ+jets measurements (combination!)

‣ need theory input, i.e. predictions at (N)NLO QCD+NLO EW:

pp→Z(→νν)̅+jets  ⟹  MET + jets

RZ�(dpT) =
d�(Z ! ⌫⌫̄ + jets)/dpT

d�(� + jets)/dpT

• hardly any systematics (just QED dressing)
• but: limited statistics at large pT

• fairly large data samples at large pT

RZZ(dpT) =
d�(Z ! ⌫⌫̄ + jets)/dpT
d�(Z ! `¯̀+ jets)/dpT

RZW (dpT) =
d�(Z ! ⌫⌫̄ + jets)/dpT
d�(W ! `⌫̄ + jets)/dpT

irreducible background:

pp→W(→lv)+jets  ⟹  MET + jets  (lepton lost)
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Z/ɣ + 1 jet: exclusive

Z+1j

QCD corrections

‣  mostly moderate and stable QCD corrections

‣  (almost) identical QCD corrections in the tail,  
    sizeable differences for small pT (mass effects)
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ɣ+1j

EW corrections

‣ correction in pT(Z) > correction in pT(ɣ)

‣  -20/-8% EW for Z/ɣ at 1 TeV 

‣  EW corrections > QCD uncertainties for pT,Z > 350 GeV

Setup:      

  Frixione-Isolation with dR=0.3

µ0 =

ˆHT /2 (+ 7-pt. variation)

p
S = 8 TeV

pT,j > 110 GeV, |⌘j | < 2.4

Δ𝜙j1j2 < 2.5
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Here j1 denotes the first jet, while the total transverse energy Htot
T is defined in terms of the jet

and W -boson transverse momenta12 as

Htot
T = pT,W +

X

k

pT,jk , (6.3)

where all jets that satisfy (6.1) are included.
Our default NLO results are obtained by combining QCD and EW predictions,

�NLO
QCD = �LO + ��NLO

QCD, �NLO
EW = �LO + ��NLO

EW , (6.4)

with a standard additive prescription

�NLO
QCD+EW = �LO + ��NLO

QCD + ��NLO
EW , (6.5)

where ��NLO
QCD and ��NLO

EW correspond to pp ! W + n-jet contributions of O(↵n+1
S ↵) and O(↵n

S↵
2),

respectively. As LO contributions, in Sections 6.1–6.3 only the leading-QCD terms of O(↵n
S↵) will

be included, while LO EW–QCD mixed and photon-induced terms of O(↵n�1
S ↵2) will be discussed

in Section 6.4. In order to identify potentially large effects due to the interplay of EW and QCD
corrections beyond NLO, we will also consider the following factorised combination of EW and
QCD corrections,

�NLO
QCD⇥EW = �NLO

QCD

✓
1 +

��NLO
EW

�LO

◆
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1 +
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!
. (6.6)

If this approach can be justified by a clear separation of scales—such as in situations where QCD
corrections are dominated by soft interactions well below the EW scale—the factorised formula
(6.6) can be regarded as an improved prediction. Otherwise, the difference between (6.5) and (6.6)
should be considered as an estimate of unknown higher-order corrections.

In the following sections, we will present QCD+EW and QCD⇥EW NLO corrections relative
to �NLO

QCD, which corresponds to the ratios

�NLO
QCD+EW

�NLO
QCD

=

 
1 +

��NLO
EW

�NLO
QCD

!
, (6.7)

�NLO
QCD⇥EW
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QCD

=

✓
1 +

��NLO
EW

�LO

◆
. (6.8)

Note that the QCD⇥EW ratio (6.8) corresponds to the usual NLO EW correction relative to LO,
which is free from NLO QCD effects, while the QCD+EW ratio (6.7) depends on �NLO

QCD. In particu-
lar, for observables that receive large NLO QCD corrections, the relative QCD+EW correction can
be drastically suppressed as compared to the QCD⇥EW one. This feature is typically encountered
in observables that receive huge QCD corrections of real-emission type. In such situations, NLO
QCD+EW predictions for pp ! W +n jets are dominated by tree-level contributions with one extra
jet, and the inclusion of NLO QCD+EW corrections for pp ! W +(n+1) jets becomes mandatory.

6.1 W+ + 1 jet

Among the various W+(multi)jet production processes, the inclusive production of a W boson
in association with (at least) one jet is the one that features the strongest sensitivity to NLO
QCD radiation. This is clearly illustrated by the results shown in Figures 13–14 and Table 2. In
particular, large NLO QCD effects arise in the tails of the inclusive distributions in the W -boson and

12Note that at variance with the definition (5.3) of ˆHT, here we use transverse momenta and not transverse energies.
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Z/ɣ + 1 jet: pT-ratio

4

Overall

‣   mild dependence on the boson pT

QCD corrections

‣   10-15% below 250 GeV

‣    ≲ 5% above 350 GeV

EW corrections

‣    sizeable difference in EW corrections results in  
     10-15% corrections at several hundred GeV

‣    ~5% difference between NLO QCD+EW  
      and NLO QCDxEW
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Compare against data

5

19

ratio with a value of RBH = 0.03794, which is higher than that observed in data by a factor of
1.18 ± 0.14 (stat + syst).
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Figure 7: Differential cross section ratio of averaged Z ! (e+e� + µ+µ�) over g as a function
of the total transverse-momentum cross section and for central bosons (|yV | < 1.4) at different
kinematic selections in detector-corrected data. Top left: inclusive (njets � 1); top right: HT �
300 GeV, njets � 1. The black error bars reflect the statistical uncertainty in the ratio, the hatched
(gray) band represents the total uncertainty in the measurement. The shaded band around the
MADGRAPH+PYTHIA6 simulation to data ratio represents the statistical uncertainty in the MC
estimation. The bottom plots give the ratio of the various theoretical estimations to the data in
the njets � 1 case (bottom left) and HT � 300 GeV case (bottom right).

8 Summary

Differential cross sections have been measured for Z + jets (with Z ! `+`�) and isolated
g + jets as a function of the boson transverse momentum, using data collected by CMS atp

s = 8 TeV corresponding to an integrated luminosity of 19.7 fb�1. The estimations from the
MC multiparton LO+PS generators MADGRAPH+PYTHIA6 and SHERPA have been compared
to the data. We find that the pT spectra for Z + jets and g + jets are not well reproduced by
these MC models. We observe a monotonic increase of the MC simulation/data ratio with in-
creasing vector boson pT. Using the NLO generator BLACKHAT simulation, we find a smaller

[JHEP10(2015)128] 
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ratio with a value of RBH = 0.03794, which is higher than that observed in data by a factor of
1.18 ± 0.14 (stat + syst).
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Figure 7: Differential cross section ratio of averaged Z ! (e+e� + µ+µ�) over g as a function
of the total transverse-momentum cross section and for central bosons (|yV | < 1.4) at different
kinematic selections in detector-corrected data. Top left: inclusive (njets � 1); top right: HT �
300 GeV, njets � 1. The black error bars reflect the statistical uncertainty in the ratio, the hatched
(gray) band represents the total uncertainty in the measurement. The shaded band around the
MADGRAPH+PYTHIA6 simulation to data ratio represents the statistical uncertainty in the MC
estimation. The bottom plots give the ratio of the various theoretical estimations to the data in
the njets � 1 case (bottom left) and HT � 300 GeV case (bottom right).

8 Summary

Differential cross sections have been measured for Z + jets (with Z ! `+`�) and isolated
g + jets as a function of the boson transverse momentum, using data collected by CMS atp

s = 8 TeV corresponding to an integrated luminosity of 19.7 fb�1. The estimations from the
MC multiparton LO+PS generators MADGRAPH+PYTHIA6 and SHERPA have been compared
to the data. We find that the pT spectra for Z + jets and g + jets are not well reproduced by
these MC models. We observe a monotonic increase of the MC simulation/data ratio with in-
creasing vector boson pT. Using the NLO generator BLACKHAT simulation, we find a smaller

‣  constant off-set with respect to LO
‣  improved agreement at NLO QCD for small pT 
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Compare against data

6

S
h

e
r

pa
+

O
p

e
n

L
o

o
p

s

NLO QCD

NLO QCD+EW

0

0.01

0.02

0.03

0.04

0.05
Z/γ ratio for events with njets ≥ 1

d
σ

/
d

p
Z T

/
d

σ
/

d
p

γ T

100 200 300 400 500 600 700 800

0.8

0.9

1.0

1.1

1.2

pZ/γ

T [GeV]

d
σ

/
d

σ
N

L
O

Q
C

D

S
h

e
r

pa
+

O
p

e
n

L
o

o
p

s

NLO QCD

NLO QCD+EW

CMS data

JHEP10(2015)128

0

0.01

0.02

0.03

0.04

0.05
Z/γ ratio for events with njets ≥ 1

d
σ

/
d

p
Z T

/
d

σ
/

d
p

γ T

100 200 300 400 500 600 700 800

0.8

0.9

1.0

1.1

1.2

pZ/γ

T [GeV]

M
C

/
D

a
ta

‣  remarkable agreement with data at @ NLO QCD+EW!

[Ciulli, Kallweit, JML, Pozzorini, Schönherr for LH’15] 

“a Frixione cone with these choices mimics the selections in 
the true on-shell photon definition at particle level”

[JHEP10(2015)128] 

✏ = 0.025

�0 = 0.4
Frixione-Isolation with
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Open Questions

7

•Uncertainty of such a ratio?  
  (QCD uncertainties should be fairly correlated)

•Dependence on jet multiplicity?
• Impact of jet cuts?

… let’s first discuss V+jets @ NLO QCD+EW on more general grounds!
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EW corrections

Very large EW corrections to pp ! Z/W + 1 jet

NLO (electro)weak [Maina, Ross, Moretti ’04;Kühn,

Kulesza, S.P.,Schulze ’04–’07]

EW Sudakov logs beyond NLO [Kühn, Kulesza,

S.P.,Schulze ’04–’07; Becher, Garcia i Tormo ’13]

NLO QCD+EW with o↵-shell Z/W decays
[Denner,Dittmaier,Kasprzik,Muck ’09–’11]
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Strong motivations for V+multijets at NLO EW

multi-jet case: EW Sudakov poorly explored and crucial
for BSM searches

huge di-jet contributions at high jet pT ) V +1 jet NLO
EW insu�cient!!

overlap with EW processes (VBF,V V 0,tj, tW , t¯t) and
interference with QCD

soft W/Z

q

g

S. Pozzorini (Zurich University) V +multijets EW SM@LHC2015 10 / 28

W+ + 1 jet: inclusive
inclusive

   ≲ 1%  EW corrections  
 
pT of W-boson
‣  +100 % QCD corrections in the tail

‣   large negative EW corrections due to Sudakov behaviour:  
    -20–35% corrections at 1-4 TeV 

‣   sizeable difference between QCD+EW and QCDxEW ! 
 
 
pT of jet

‣  factor-10 NLO QCD corrections in the tail!

‣  dominated by dijet configurations (effectively LO)

‣  positive 10-50% EW corrections from quark bremsstrahlung  
 
 
 
 

      ⟹ pathologic with large uncertainties!
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Setup:      p
S = 13 TeV

µ0 =

ˆHT /2 (+ 7-pt. variation)

pT,j > 30 GeV, |⌘j| < 4.5

[Kallweit, Maierhöfer, JML, Pozzorini, Schönherr, ’14]  
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W+ + 1 jet: exclusive
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‣  mostly moderate and stable QCD corrections

EW corrections

‣  Sudakov behaviour in both tails: 
   -20–50% EW corrections at 1-4 TeV 

‣  EW corrections larger than QCD uncertainties for pT,W+ > 300 GeV

      ⟹ exclusive W+1jet ok! 
 
    ⟹ inclusive W+1jet requires W+2 jets at NLO QCD+EW!

Δ𝜙j1j2 < 3π/4
(veto on dijet configurations)

9

Setup:      p
S = 13 TeV

µ0 =

ˆHT /2 (+ 7-pt. variation)

pT,j > 30 GeV, |⌘j| < 4.5

[Kallweit, Maierhöfer, JML, Pozzorini, Schönherr, ’14]  
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W+ + 2 jets
inclusive

QCD corrections 

‣  small and very stable

‣  ≲ 10% scale uncertainties 
 
 
EW corrections

‣  Sudakov behaviour in all pT tails:   

•  -30–60% for W-boson at 1-4 TeV
• -15–25% for 1st and 2nd jet at 1-4 TeV

‣ Might need resummation of leading EW Sudakov logs
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different!

[Kallweit, Maierhöfer, JML, Pozzorini, Schönherr, ’14]  

MUNIICH+OpenLoops
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off-shell vs.  on-shell production
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Effect of decays:

‣   Large Sudakov corrections unaffected

‣  However: needed for realistic experimental cuts
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inclusive W +1 jet @ NNLO QCD
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[Boughezal,Liu, Petriello, ’15,’16]

FIG. 1. Plots of the W -boson transverse momentum distribution for the following scenarios: 8 TeV

inclusive 1-jet bin (upper left), 8 TeV exclusive 1-jet bin (upper right), 13 TeV inclusive 1-jet bin

(lower left), 13 TeV exclusive 1-jet bin (lower right). In each plot the upper inset shows the LO,

NLO and NNLO distributions, while the lower inset shows KNLO and KNNLO. The bands indicate

the scale variation.

inclusive and exclusive 1-jet bins. The first thing to note is the growth of the NLO K-factor

with jet p
T

. It grows above a factor of four for pJ1
T

> 1 TeV for both 8 TeV and 13 TeV

collisions. The reason for these large corrections has been discussed in the literature [5, 6].

At NLO there are configurations containing two hard jets and a soft/collinear W boson that

are logarithmically enhanced. These cannot occur at LO, since the W -boson must balance in

the transverse plane against the single jet that appears. Although the NLO corrections are

large, the QCD perturbative expansion stabilizes when the NNLO corrections are included.

The additional increase at NNLO is more mild, rising from +5% for pJ1
T

= 100 GeV to +15%

for pJ1
T

> 500 GeV, for both collision energies. The NLO scale uncertainty is approximately

9

FIG. 2. Plots of the transverse momentum distribution of the leading jet for the following scenarios:

8 TeV inclusive 1-jet bin (upper left), 8 TeV exclusive 1-jet bin (upper right), 13 TeV inclusive

1-jet bin (lower left), 13 TeV exclusive 1-jet bin (lower right). In each plot the upper inset shows

the LO, NLO and NNLO distributions, while the lower inset shows KNLO and KNNLO. The bands

indicate the scale variation.

±20% in the several hundred GeV range of transverse momenta. This decreases to ±5% at

NNLO in the several hundred GeV range. For pJ1
T

< 300 GeV the NNLO uncertainty is at

the approximately ±1� 2% level. The pattern of corrections is similar for both 8 TeV and

13 TeV collisions.

The pJ1
T

distribution in the exclusive 1-jet bin behaves similarly to the pW
T

distribution.

For 13 TeV collisions the NLO K-factor falls from 0.7 at pJ1
T

= 100 GeV to 0.1 at pJ1
T

= 700

GeV, with the distribution again becoming negative for some scale choices near transverse

momenta of 400 GeV. The behavior is similar for 8 TeV collisions, with the cross section

going negative near 600 GeV in this case. KNNLO for 13 TeV collisions grows from 0.9 at

10

where �
x

denotes the transverse-plane azimuthal angle of particle x.

The NNLO calculation upon which our phenomenological study is based was obtained

using the N -jettiness subtraction scheme [13, 16]. This technique relies upon splitting the

phase space for the real emission corrections according to the N -jettiness event shape vari-

able, ⌧
N

[17], and relies heavily upon the theoretical machinery of soft-collinear e↵ective

theory [18]. For values of N -jettiness greater than some cut, ⌧
N

> ⌧ cut
N

, an NLO calculation

forW+2-jets is used. Any existing NLO program can be used to obtain these results. We use

the public code MCFM [19, 20] in this study. For the phase-space region ⌧
N

< ⌧ cut
N

, an all-

orders resummation formula is used to obtain the contribution to the cross section [17, 21].

An important check of the formalism is the independence of the full result from ⌧ cut
N

. By

now the application and validation of N -jettiness subtraction for one-jet processes has been

discussed several times in the literature [13, 22, 23], and we do not review this topic here.

We note that we have computed each bin of the studied distributions for several ⌧ cut
N

values,

and have found independence of all results from ⌧ cut
N

within numerical errors.

III. NUMERICAL RESULTS FOR THE GENERAL SELECTION

We begin by discussing the fiducial cross sections for both 8 TeV and 13 TeV collisions,

assuming the general selection cuts of Eq. (3). The LO, NLO, and NNLO inclusive 1-jet

cross sections, as well as the K-factors KNLO = �NLO/�LO and KNNLO = �NNLO/�NLO, are

presented in Table I. For both energies there is an approximately 70% increase of the cross

section in going from LO to NLO, with a slightly larger correction occurring for
p
s = 13

TeV. We will later see that a significant fraction of this increase occurs for high H
T

, and

arises from the contribution of dijet events that first occur at NLO. The NNLO corrections

are more mild, and increase the NLO result by only 6% for the central scale choice. This

indicates the good convergence of QCD perturbation theory for the fiducial cross section.

The residual errors as estimated by scale variation decrease from the approximately 10%

level at NLO to the percent level at NNLO.

The fiducial cross sections in the exclusive 1-jet bin are shown in Table II. The pattern

of perturbative corrections for the exclusive 1-jet bin is much di↵erent than the corrections

seen in the inclusive 1-jet bin. The NLO correction reduces the LO result by 30% for 8

TeV collisions, and by 38% for 13 TeV collisions. Including the NNLO terms leads to a

6
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6

become negative at a few hundred GeV for certain scale choices due to large jet-veto

logarithms. At NNLO the cross section is no longer negative for any scale choice.

• The NNLO corrections to the H
T

distribution in the inclusive 1-jet bin are large,

reaching +90% in the TeV region. We note that the NNLO corrections to the H
T

distribution are necessary to bring fixed-order QCD predictions into agreement with

the 7 TeV data [12].

• QCD perturbation theory is under good control for the boosted selection after the

inclusion of NNLO corrections, except near kinematic boundaries where soft gluon

emission dominates.

We conclude that for most observables and phase space regions, the perturbative QCD

expansion for W+jet is stabilized after the inclusion of the NNLO corrections.

Our paper is organized as follows. In Section II we summarize the parameters used in

our numerical results. We present results for the general selection criteria in Section III, for

both 8 TeV and 13 TeV LHC collisions and for numerous distributions in both the inclusive

and exclusive one-jet bins. In Section IV we present our numerical results for the boosted

selection. We conclude and summarize our results in Section V.

II. SETUP

We discuss here our calculational setup for W -boson production in association with a jet

through NNLO in perturbative QCD. We study collisions at both an 8 TeV LHC and a 13

TeV LHC, and consider both the inclusive � 1-jet bin and the exclusive 1-jet bin. Jets are

defined using the anti-k
t

algorithm [14] with R = 0.4. We use CT14 parton distribution

functions (PDFs) [15] at the appropriate order in perturbation theory: LO PDFs together

with a LO partonic cross section, NLO PDFs with a NLO partonic cross section, and NNLO

with a NNLO partonic cross section. We choose the central scale

µ0 =

s
M2

l⌫

+
X

i

(pJi
T

)2 (1)

for both the renormalization and factorization scales, where M
l⌫

is the invariant mass of

the W -boson and the sum i runs over all reconstructed jets. This dynamical scale correctly

captures the characteristic energy throughout the entire kinematic range studied here, which

4

W j1

‣  NNLO QCD: tiny remaining scale uncertainties (at the few % level)

‣  very small NNLO/NLO corrections in the tails  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technical ingredients that are still missing to date. In particular, the Sherpa parton shower,
extended to QCD+QED, should be matched to the real emission of photons and QCD partons at
O(↵n

S↵
3) in the S–MC@NLO framework. Moreover, a consistent showering and clustering approach

for events associated with mixed QCD–EW matrix elements is needed. While we expect that such
technical prerequisites will be fulfilled in the near future, based on the good quality of the NLO
EWvirt approximation of Section 5.2 and the fact that it does not require resolved emissions of
photons or QCD partons at NLO EW, in the following we present a first approximate, but reliable,
extension of NLO multijet merging to also include NLO EW effects. This approach is based on the
implementation of the NLO EWvirt approximation in the B̃n(�n) soft term of (5.7). While all other
aspects of MEPS@NLO, including the truncated vetoed QCD parton shower, are kept unchanged,
the NLO EW improved n-jet soft term takes the form

B̃n,QCD+EW(�n) = B̃n(�n) + Vn,EW(�n) + In,EW(�n) + Bn,mix(�n) . (5.11)

Here B̃n(�n) is the usual NLO QCD soft term (5.10), and Bn,mix(�n) denotes QCD–EW mixed
Born contributions of O(↵n�1

S ↵3). The terms Vn,EW(�n) and In,EW(�n) represent the renormalised
virtual corrections of O(↵n

S↵
3) and the NLO EW generalisation of the Catani–Seymour I operator,

respectively, as discussed in Section 5.2.
The In,EW term cancels all O(↵n

S↵
3) infrared divergences in the virtual EW corrections. This

corresponds to an approximate and fully inclusive description of the emission of photons and QCD
partons at O(↵n

S↵
3). More precisely, only contributions of soft and final-state-collinear type are

included, while initial-state collinear contributions and related PDF counterterms (K and P opera-
tors in the Catani–Seymour framework) are not taken into account. This implies a (small) spurious
O(↵n

S↵
3) dependence associated to the uncancelled factorisation scale dependence of the O(↵n

S↵
2)

and O(↵n�1
S ↵3) Born terms. In contrast, all relevant ultraviolet divergences and related renormal-

isation scale variations of O(↵n
S↵

3) are consistently included and cancelled. To this end, virtual
EW corrections (Vn,EW) and QCD–EW mixed Born terms (Bn,mix) have to be kept together in
(5.11), since only their combination is free from renormalisation-scale logarithms at O(↵n

S↵
3). This

approach will be denoted as MEPS@NLO QCD+EWvirt in the following.
Concerning the accuracy of the approximation (5.11) a few comments are in order. First of

all, thanks to the exact treatment of virtual EW corrections, all possible large virtual EW effects
related to Sudakov logarithms are included by construction. Moreover, the merging approach
guarantees that EW correction effects are consistently included also in phase-space regions of higher
jet multiplicity. Secondly, as pointed out in Section 5.2, sizable NLO EW contributions can arise
also from the emission of QCD partons through mixed QCD–EW matrix elements at NLO. As
far as equation (5.11) is concerned, such mixed bremsstrahlung contributions are only included
in a fully inclusive and approximate way through the In,EW operator. Nevertheless, the fact that
mixed Born terms (Bn,mix) are effectively merged at LO guarantees a fairly reliable and fully
exclusive description of mixed bremsstrahlung also at high jet transverse momenta, where the
effects can be sizable. Technically, unresolved (Qn+1 < Qcut) mixed bremsstrahlung of O(↵n

S↵
3)

is generated by the interplay of the O(↵n�1
S ↵3) Bn,mix terms with the QCD parton shower, and

its resolved counterpart (Qn+1 > Qcut) is described by the Born mixed matrix elements with one
extra jet, Bn+1,mix. Finally, let us note that genuine QED bremsstrahlung at O(↵n

S↵
3) is only

included through the naïve and inclusive approximation provided by the In,EW term. Thus, the
approximation (5.11) cannot account for large QED logarithms that can appear in differential
distributions for bare leptons and similar exclusive observables. Nevertheless, for a wide range of
physical observables the impact of QED bremsstrahlung tends to be negligible. This is the case
also for many leptonic observables if photon bremsstrahlung is treated in a rather inclusive way,
e.g. through the recombination of collinear photon emissions. In any case, leading-logarithmic QED
effects could be easily included in (5.11) by a simple QCD+QED extension of the parton shower

– 29 –

‣ Incorporate approximate EW corrections into MEPS@NLO framework 

‣ Idea: integrate out real photon corrections (typical at the percent level for high-energy 
observables) 
 
 
 
 

‣ Validated at fixed-order level (using exclusive sums for merging):  
→ found to be reliable at the percent level

‣ exlusive QED corrections could be readded via QED parton shower

‣ use CKKW scale setting                                                               with EW clustering 
and

B̃n,QCD(�n)

[Höche, Krauss, Schönherr, Siegert; ’13]

MEPS approach shower histories are determined by probabilistic clustering of multijet final states
based on the inversion of the Sherpa parton shower.

The truncated parton shower Fn(µ2
Q ;<Qcut) in (5.4) starts at the resummation scale µ2

Q = t0 =
µ2

core and is stopped and restarted at each reconstructed branching scale t1, . . . , tM . At each stage
a kernel corresponding to the actual partially clustered configuration is used. Finally, the shower
terminates at the infrared cutoff, tc. The Sudakov form factor that guarantees the exclusiveness
of n-jet contributions is generated by vetoing the entire event in case of any resolved emission
(Q > Qcut) of the truncated shower for t0 > t > tc. Since the role of the Sudakov suppression is
to avoid double counting between contributions with different numbers of resolved jets, unresolved
emissions (Q < Qcut) are not vetoed. 10

The factorisation scale is set equal to the core scale, µF = µcore, while the strong coupling ↵S

in multijet Born matrix elements is evaluated at the renormalisation scale µR = µCKKW, defined
through

↵N
S (µ2

CKKW) = ↵N�M
S (µ2

core) ↵S(t1) . . .↵S(tM ), (5.5)

where ↵N
S and ↵N�M

S are the overall ↵S factors for the LO cross section of the actual multijet
process and for the related 2 ! 2 core process, respectively.

In the case of V+ jets, the shower history is determined by stepwise clustering of V+multijet
events based on the relative probability of all possible QCD and EW splitting processes, using
matrix-element information to select allowed states only. 11 In particular, also the creation of
vector bosons and their (off-shell) decays are treated as possible splitting processes. Thus the
clustering of V+multijet events terminates with three possible 2 ! 2 core processes: pp ! 2`,
pp ! V j and pp ! jj. The corresponding default core scales in Sherpa read12

µcore,`` = m``, µcore,Vj =
1

2
ET,V =

1

2

q
M2

V + p2T,V , µcore,jj =
1

2

✓
1

ŝ
� 1

t̂
� 1

û

◆� 1

2

. (5.6)

Note that excluding EW splittings from the clustering procedure would always lead to a Drell–
Yan core process and a core scale µcore = m`` = O(MZ,W), which is clearly inappropriate at high
transverse momenta. Including all QCD and EW splittings in the clustering algorithm is thus crucial
for the consistent determination of the hard core processes and the related scale. In particular, it
allows for shower histories where V+multijet production proceeds via hard dijet production and
subsequent soft vector-boson emission, which corresponds to the dominant mechanism of V+ jets
production at high jet pT.

The MEPS@NLO merging method [55, 56] upgrades LO merging to NLO QCD in the MC@NLO

framework [99–102]. It can be summarised through the following formula for exclusive n-jet cross
sections,

d�(MEPS@NLO)
n =
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10Note that, for n-jet configurations, in spite of Qn > Q
cut

, also truncated shower emissions with t > tn can
give rise to unresolved jets with Q < Q

cut

due to the different nature of the shower evolution variable t and the
k
T

-measure Q.
11For example, in a gq ! `+`�q configuration identifying a q ! qg splitting would be allowed by the parton

shower and preferred in many regions of phase space over the alternatives. However, this would lead to a gg ! `+`�

configuration and, thus, identifying such a splitting needs to be prevented.
12 The core scale µ

core,jj is driven by the smallest Mandelstam invariant, i.e. by the scale associated with the
dominant topology in the pp ! jj core process. In practice µ

core,jj is fairly close to the jet transverse momentum
after clustering.
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Figure 3. Representative LO, LO mix and LO EW contributions to V + 2 jet production.
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Figure 4. Representative virtual and real NLO EW contributions to V + 2 jet production.

only involve photon bremsstrahlung (Fig. 2b) but also V + 2 jet final states resulting from the
emission of quarks through mixed QCD–EW interference terms (Fig. 2c).

The LO production and off-shell decay of V + 2 jets receives contributions from a tower of
O(↵k

S↵
4�k) terms with powers k = 2, 1, 0 in the strong coupling. The contributions of O(↵2

S↵
2),

O(↵S↵
3) and O(↵4) will be denoted as LO, LO mix and LO EW, respectively. The two subleading

orders contribute only via partonic channels with four external (anti)quark legs, and the LO EW
contribution includes, inter alia, the production of dibosons with semi-leptonic decays. Representa-
tive Feynman diagrams for V +2 jet production are shown in Figs. 3 and 4. The NLO contributions
of O(↵3

S↵
2) and O(↵2

S↵
3) are denoted as NLO QCD and NLO EW, respectively. They are the main

subject of this paper, while subleading NLO contributions of O(↵S↵
4) or O(↵5) are not consid-

ered. Apart from the terminology, let us remind the reader that O(↵2
S↵

3) NLO EW contributions
represent at the same time O(↵) corrections with respect to LO and O(↵S) corrections to LO mix
contributions. Therefore, in order to cancel the O(↵2

S↵
3) leading logarithmic dependence on the

renormalisation and factorization scales, NLO EW corrections should be combined with LO and
LO mix terms. 1

For what concerns the combination of NLO QCD and NLO EW corrections,

�NLO
QCD = �LO + ��NLO

QCD, �NLO
EW = �LO + ��NLO

EW , (2.1)

as a default we adopt an additive prescription,

�NLO
QCD+EW = �LO + ��NLO

QCD + ��NLO
EW . (2.2)

Here, for the case of V + n jet production, �LO is the O(↵n
S↵

2) LO cross section, while ��NLO
QCD and

��NLO
EW correspond to the O(↵n+1

S ↵2) and O(↵n
S↵

3) corrections, respectively. Alternatively, in order
to identify potentially large effects due to the interplay of EW and QCD corrections beyond NLO,
we present results considering the following factorised combination of EW and QCD corrections,

�NLO
QCD⇥EW = �NLO

QCD

✓
1 +

��NLO
EW

�LO

◆
= �NLO

EW

 
1 +

��NLO
QCD

�LO

!
. (2.3)

In situations where the factorised approach can be justified by a clear separation of scales—such as
where QCD corrections are dominated by soft interactions well below the EW scale—the factorised

1 LO mix and NLO EW contributions are shown separately in the fixed-order analysis of Section 4, while in the
merging framework of Section 5 they are systematically combined.
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inclusive V+jets: MEPS@NLO QCD+EWvirt
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exclusive V+1jet: MEPS@NLO QCD+EW
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‣monojet / MET+jets searches limited by systematics in transfer factors 

‣ V + multijets @ NLO QCD+EW:
• inclusion of EW corrections crucial 

• non-trivial interplay between QCD and EW

• multi-jet final states genuinely different from V+1jet

• merging essential for inclusive V+1 jet 

‣Outlook:
• RZZ, RZW & RZγ @ MEPS@NLO QCD+EWvirt 

• Goal:   (MEPS@NLO QCD+EWvirt/MEPS@NLO QCD) x NNLO QCD  
→ few % accuracy for R-factors

• Solid investigation of resulting theory uncertainty

• MET + HF / V + HF

Conclusions
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EW Sudakov logarithms II

Originate from soft/collinear virtual EW bosons coupling to on-shell legs

�,Z,W± �,Z,W± �,Z,W±, H, t, . . .

Universality and factorisation [Denner,S.P. ’01] similarly as in QCD

�1�loop
LL+NLL =

↵

4⇡

nX

k=1

8
<

:
1

2

X

l 6=k

X

a=�,Z,W±

Ia(k)I ā(l) ln2 skl
M2

+ �ew
(k) ln

s

M2

9
=

;

process-independent and simple structure

tedious implementation (ALPGEN [Chiesa et al. ’13]) due to nontrivial SU(2)⇥U(1)

features (P-violation, mixing, soft SU(2) correlations, Goldstone modes, . . . )

2-loop extension and resummation partially available

S. Pozzorini (Zurich University) Top Physics Top2014 10 / 36

Originate from soft/collinear virtual EW bosons coupling to on-shell legs

Universality and factorisation similar as in QCD    [Denner, Pozzorini; ’01] 

Virtual EW Sudakov logarithms 

• process-independent, simple structure, independent of 
• 2-loop extension and resummation partially available 
• typical size at           1, 5, 10 TeV:

➡ overall very large effect in the tail of  

distributions (relevant for BSM searches) 
➡ large cancellations possible  

�LL ⇠ � ↵

⇡s2W
log

2 ŝ

M2
W

' �28,�76,�104%,

�NLL ⇠ +

3↵

⇡s4W
log

ŝ

M2
W

' +16,+28,+32%

p
ŝ =

p
S
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Combination of NLO QCD and EW & Setup
Two alternatives:

Difference between the two approaches indicates uncertainties due to missing two-loop  
EW-QCD corrections of O(↵↵s)

Here j1 denotes the first jet, while the total transverse energy Htot
T is defined in terms of the jet

and W -boson transverse momenta12 as

Htot
T = pT,W +

X

k

pT,jk , (6.3)

where all jets that satisfy (6.1) are included.
Our default NLO results are obtained by combining QCD and EW predictions,

�NLO
QCD = �LO + ��NLO

QCD, �NLO
EW = �LO + ��NLO

EW , (6.4)

with a standard additive prescription

�NLO
QCD+EW = �LO + ��NLO

QCD + ��NLO
EW , (6.5)

where ��NLO
QCD and ��NLO

EW correspond to pp ! W + n-jet contributions of O(↵n+1
S ↵) and O(↵n

S↵
2),

respectively. As LO contributions, in Sections 6.1–6.3 only the leading-QCD terms of O(↵n
S↵) will

be included, while LO EW–QCD mixed and photon-induced terms of O(↵n�1
S ↵2) will be discussed

in Section 6.4. In order to identify potentially large effects due to the interplay of EW and QCD
corrections beyond NLO, we will also consider the following factorised combination of EW and
QCD corrections,

�NLO
QCD⇥EW = �NLO

QCD

✓
1 +

��NLO
EW

�LO

◆
= �NLO

EW

 
1 +

��NLO
QCD

�LO

!
. (6.6)

If this approach can be justified by a clear separation of scales—such as in situations where QCD
corrections are dominated by soft interactions well below the EW scale—the factorised formula
(6.6) can be regarded as an improved prediction. Otherwise, the difference between (6.5) and (6.6)
should be considered as an estimate of unknown higher-order corrections.

In the following sections, we will present QCD+EW and QCD⇥EW NLO corrections relative
to �NLO

QCD, which corresponds to the ratios

�NLO
QCD+EW

�NLO
QCD

=

 
1 +

��NLO
EW

�NLO
QCD

!
, (6.7)

�NLO
QCD⇥EW

�NLO
QCD

=

✓
1 +

��NLO
EW

�LO

◆
. (6.8)

Note that the QCD⇥EW ratio (6.8) corresponds to the usual NLO EW correction relative to LO,
which is free from NLO QCD effects, while the QCD+EW ratio (6.7) depends on �NLO

QCD. In particu-
lar, for observables that receive large NLO QCD corrections, the relative QCD+EW correction can
be drastically suppressed as compared to the QCD⇥EW one. This feature is typically encountered
in observables that receive huge QCD corrections of real-emission type. In such situations, NLO
QCD+EW predictions for pp ! W +n jets are dominated by tree-level contributions with one extra
jet, and the inclusion of NLO QCD+EW corrections for pp ! W +(n+1) jets becomes mandatory.

6.1 W+ + 1 jet

Among the various W+(multi)jet production processes, the inclusive production of a W boson
in association with (at least) one jet is the one that features the strongest sensitivity to NLO
QCD radiation. This is clearly illustrated by the results shown in Figures 13–14 and Table 2. In
particular, large NLO QCD effects arise in the tails of the inclusive distributions in the W -boson and

12Note that at variance with the definition (5.3) of ˆHT, here we use transverse momenta and not transverse energies.
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be drastically suppressed as compared to the QCD⇥EW one. This feature is typically encountered
in observables that receive huge QCD corrections of real-emission type. In such situations, NLO
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be included, while LO EW–QCD mixed and photon-induced terms of O(↵n�1
S ↵2) will be discussed

in Section 6.4. In order to identify potentially large effects due to the interplay of EW and QCD
corrections beyond NLO, we will also consider the following factorised combination of EW and
QCD corrections,
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If this approach can be justified by a clear separation of scales—such as in situations where QCD
corrections are dominated by soft interactions well below the EW scale—the factorised formula
(6.6) can be regarded as an improved prediction. Otherwise, the difference between (6.5) and (6.6)
should be considered as an estimate of unknown higher-order corrections.

In the following sections, we will present QCD+EW and QCD⇥EW NLO corrections relative
to �NLO

QCD, which corresponds to the ratios
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Note that the QCD⇥EW ratio (6.8) corresponds to the usual NLO EW correction relative to LO,
which is free from NLO QCD effects, while the QCD+EW ratio (6.7) depends on �NLO

QCD. In particu-
lar, for observables that receive large NLO QCD corrections, the relative QCD+EW correction can
be drastically suppressed as compared to the QCD⇥EW one. This feature is typically encountered
in observables that receive huge QCD corrections of real-emission type. In such situations, NLO
QCD+EW predictions for pp ! W +n jets are dominated by tree-level contributions with one extra
jet, and the inclusion of NLO QCD+EW corrections for pp ! W +(n+1) jets becomes mandatory.

6.1 W+ + 1 jet

Among the various W+(multi)jet production processes, the inclusive production of a W boson
in association with (at least) one jet is the one that features the strongest sensitivity to NLO
QCD radiation. This is clearly illustrated by the results shown in Figures 13–14 and Table 2. In
particular, large NLO QCD effects arise in the tails of the inclusive distributions in the W -boson and

12Note that at variance with the definition (5.3) of ˆHT, here we use transverse momenta and not transverse energies.
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Relative corrections w.r.t. NLO QCD:

Here j1 denotes the first jet, while the total transverse energy Htot
T is defined in terms of the jet

and W -boson transverse momenta12 as

Htot
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X

k

pT,jk , (6.3)
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be drastically suppressed as compared to the QCD⇥EW one. This feature is typically encountered
in observables that receive huge QCD corrections of real-emission type. In such situations, NLO
QCD+EW predictions for pp ! W +n jets are dominated by tree-level contributions with one extra
jet, and the inclusion of NLO QCD+EW corrections for pp ! W +(n+1) jets becomes mandatory.

6.1 W+ + 1 jet

Among the various W+(multi)jet production processes, the inclusive production of a W boson
in association with (at least) one jet is the one that features the strongest sensitivity to NLO
QCD radiation. This is clearly illustrated by the results shown in Figures 13–14 and Table 2. In
particular, large NLO QCD effects arise in the tails of the inclusive distributions in the W -boson and

12Note that at variance with the definition (5.3) of ˆHT, here we use transverse momenta and not transverse energies.
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Figure 7. Virtual NLO EW sample diagrams for W+ + 2-jet production to the subprocces (from left to
right) u

i

d̄
i

! W+dd̄.

4.2 On-shell approximation

In our calculation the W+ is produced as a stable final state particle on its mass shell. In this way
the highest jet multiplicities (n = 3) can be achieved and the calculation can easily be extended to
include W decays in the NWA.

For n � 2 in the NLO EW contributions of O(↵2↵n
S) potentially resonant diagrams can ap-

pear, both, in the virtual and in the gluon bremsstrahlung contributions - but not in the photon
bremsstrahlung. Example diagrams with potentially resonant W and Z gauge bosons are shown in
Fig ??. Similar resonances can arise from top (in b-quark initiated processes) and Higgs (attached
to massive quark loops) propagators. In the virtual contributions resonant propagators can either
appear as EW insertions in a one-loop amplitude in interference with a QCD Born amplitude or in
an EW Born amplitude in interference with a pure QCD one-loop amplitude. Here we want to note
that at the considered order of perturbation theory such resonant diagrams can only enter via inter-
ferences with non-resonant ones. Therefore, no physical Breit-Wigner–like resonance but rather an
integrable pseudo singularity emerges that has to be regularized for numerical convergence. To this
end, for the particular process under consideration, we cannot consistently apply the complex mass
scheme due to the stable W in the final state. A finite W -width would alter the IR structure and
would require a cumbersome redefinition of the QED subtraction. Instead, we opt for a regulator
approach introducing a finite width �

reg

in all potentially resonant propagators while keeping the
EW mixing angle real, as defined in the on-shell scheme. In the virtual contributions this regulator
width has to be introduced with care to not spoil the IR structure of the diagrams. In particular no
width should be introduced in W propagators which are directly coupled to a photon. The obtained
result is independent of �

reg

in the smooth limit �
reg

! 0 where any gauge-dependence vanishes.
Furthermore, for a finite width any gauge-dependent contributions due to a regulated propagator
of a massive particle i are suppressed at least by O(�

reg

/Mi).

5 Setup of the simulation

In the following we present a series of NLO QCD+EW simulations for W+ production in association
with one, two, and three jets in proton–proton collisions at 13TeV. As input parameters for the
gauge boson, Higgs boson and top quark masses we use

MZ = 91.1876 GeV, MW = 80.385 GeV, MH = 126 GeV, mt = 173.2 GeV. (5.1)

The corresponding Lagrangian parameters are kept strictly real since we treat all heavy particles as
stable. The electroweak couplings are derived from the gauge boson masses and the Fermi constant,
Gµ = 1.16637⇥10�5 GeV�2, in the so-called Gµ-scheme, where the fine structure constant is given
by

↵ =

p
2

⇡
GµM

2
W

✓
1� M2

W

M2
Z

◆
, (5.2)

and the cosine of the weak mixing angle reads cos ✓w = MW /MZ . The CKM matrix is assumed to
be diagonal, while colour effects and related interferences are included throughout, without applying
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any large-Nc expansion. For the regularisation of spikes that can result from the interference of
singular propagators with non-resonant NLO EW contributions, if not stated otherwise we use a
technical width parameter �

reg

= 1GeV, as explained in Section 4.2.
For the calculation of hadron-level cross sections we employ the NNPDF2.3 QED parton distri-

butions [61], which includes NLO QCD and LO QED effects, and we use the PDF set corresponding
to ↵S(MZ) = 0.118.4 Matrix elements are evaluated using the running strong coupling supported by
the PDFs and, consistently with the variable flavour number scheme implemented in the NNPDFs,
at the top threshold we switch from five to six active quark flavours in the renormalisation of ↵S.
All light quarks, including bottom quarks, are treated as massless particles. The NLO PDF set is
used throughout, i.e. for LO as well as for NLO QCD and NLO EW predictions. Using the same
PDFs for LO and NLO predictions exposes matrix element correction effects in a more transparent
way. In particular, it guarantees that NLO EW K-factors remain free from QCD effects related to
the difference between LO and NLO PDFs.

The renormalization scale µR and factorization scale µF are set to

µR,F = ⇠R,Fµ0 with µ0 = ĤT/2, (5.3)

where ĤT is the scalar sum of the transverse energy of all partonic final state particles,

ĤT =
X

partons

ET =
X

i

ET,ji + ET,� +
q

p2T,W +M2
W . (5.4)

Our default scale choice corresponds to ⇠R = ⇠F = 1, and theoretical uncertainties are assessed by
applying the scale variations (⇠R, ⇠F) = (2, 2), (2, 1), (1, 2), (1, 1), (1, 0.5), (0.5, 1), (0.5, 0.5). As
shown in [14–19] the scale choice (5.3) guarantees a good perturbative convergence for W+multijet
production over a wide range of observables and energy scales.

For the definition of jets we employ the anti-kT algorithm [89] with R = 0.4. More precisely,
in order to guarantee IR safeness in presence of NLO QCD and EW corrections, we adop the
democratic clustering approach introduced in Section 2.4. To separate QCD jets from photons we
impose an upper bound zthr = 0.5 to the photon energy fraction inside jets, and the recombination
of collinear (anti)quark–photon pairs is applied within a cone of radius Rrec

�q = 0.1. We perform three
separate parton level NLO simulations of pp ! W + n jets, with 1  n  3. Events are categorised
according to the number of jets in the transverse momentum and pseudo-rapidity region defined by

pT,j > 30GeV, |⌘j| < 4.5, (5.5)

and for each W+n jet sample we present an inclusive analysis, where we do not impose any selection
cut apart from requiring the presence of n (or more) jets. In addition, to study the high-energy
behaviour of EW corrections, we also consider cross sections and distributions in presence of one of
the following cuts:

pT,W > 1TeV , pT,j1 > 1TeV , H jet
T > 2TeV , or Htot

T > 2TeV . (5.6)

Here j1 denotes the first jet, while the transverse energies H jet
T and Htot

T are defined in terms of the
jet and W boson transverse momenta5 as

H jet
T =

X

i

pT,ji , Htot
T = H jet

T + pT,W, (5.7)

where all jets with |⌘j| < 4.5 are included. In practice, for each W + n-jet sample, the first n jets
that contribute to H jet

T and Htot
T must satisisfy the pT cut in (5.5), while the contribution from the

extra jet at NLO can be arbitrarily soft.
4To be precise we use the NNPDF23_nlo_as_0118_qed set interfaced through the LHAPDF library 5.8.9.
5Note that at variance with the definition of ˆHT (5.4), here we use transverse momenta and not transverse energies.

– 14 –

ui

d̄i

Z/� W+

di

d̄i

ui

d̄i

Z/� W+

di

d̄i

Figure 7. Virtual NLO EW sample diagrams for W+ + 2-jet production to the subprocces (from left to
right) u

i

d̄
i

! W+dd̄.

4.2 On-shell approximation

In our calculation the W+ is produced as a stable final state particle on its mass shell. In this way
the highest jet multiplicities (n = 3) can be achieved and the calculation can easily be extended to
include W decays in the NWA.

For n � 2 in the NLO EW contributions of O(↵2↵n
S) potentially resonant diagrams can ap-

pear, both, in the virtual and in the gluon bremsstrahlung contributions - but not in the photon
bremsstrahlung. Example diagrams with potentially resonant W and Z gauge bosons are shown in
Fig ??. Similar resonances can arise from top (in b-quark initiated processes) and Higgs (attached
to massive quark loops) propagators. In the virtual contributions resonant propagators can either
appear as EW insertions in a one-loop amplitude in interference with a QCD Born amplitude or in
an EW Born amplitude in interference with a pure QCD one-loop amplitude. Here we want to note
that at the considered order of perturbation theory such resonant diagrams can only enter via inter-
ferences with non-resonant ones. Therefore, no physical Breit-Wigner–like resonance but rather an
integrable pseudo singularity emerges that has to be regularized for numerical convergence. To this
end, for the particular process under consideration, we cannot consistently apply the complex mass
scheme due to the stable W in the final state. A finite W -width would alter the IR structure and
would require a cumbersome redefinition of the QED subtraction. Instead, we opt for a regulator
approach introducing a finite width �
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in all potentially resonant propagators while keeping the
EW mixing angle real, as defined in the on-shell scheme. In the virtual contributions this regulator
width has to be introduced with care to not spoil the IR structure of the diagrams. In particular no
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In the following we present a series of NLO QCD+EW simulations for W+ production in association
with one, two, and three jets in proton–proton collisions at 13TeV. As input parameters for the
gauge boson, Higgs boson and top quark masses we use

MZ = 91.1876 GeV, MW = 80.385 GeV, MH = 126 GeV, mt = 173.2 GeV. (5.1)

The corresponding Lagrangian parameters are kept strictly real since we treat all heavy particles as
stable. The electroweak couplings are derived from the gauge boson masses and the Fermi constant,
Gµ = 1.16637⇥10�5 GeV�2, in the so-called Gµ-scheme, where the fine structure constant is given
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with variable jet multiplicity can be realised with a multijet merging approach of LO complexity.
The main physical motivation for a virtual EW approximation is given by the fact that Sudakov
EW logarithms—the main source of large NLO EW effects at high energy—arise only from virtual
corrections. Moreover, in various cases, such as for vector-boson production in association with
one [33] or two jets [45], it turns out that a virtual EW approximation can provide percent-level
accuracy for a wide range of observables and energy scales, also well beyond the kinematic regions
where Sudakov EW logarithms become large.

Motivated by these observations, we adopt the following virtual approximation for the NLO
EW corrections to V + n jet production,

d�n,NLO EWvirt =
h
Bn(�n) + Vn,EW(�n) + In,EW(�n)

i
d�n. (5.2)

Here Bn(�n) stands for the Born contribution of O(↵n
S↵

2), and Vn,EW(�n) denotes the exact one-
loop EW corrections of O(↵n

S↵
3). The cancellation of virtual infrared singularities is implemented

through the In,EW(�n) term, which represents the NLO EW generalisation of the Catani–Seymour
I-operator [41]. This latter term does not contain the EW K and P operators. It results from the
analytic integration over all end-point dipole subtraction terms of O(↵n

S↵
3), which arise from the

insertion of QED and QCD dipole kernels in O(↵n
S↵

2) squared Born matrix elements and O(↵n�1
S ↵3)

QCD–EW mixed Born terms, respectively.
In the following the shorthand EWvirt will be used to denote the virtual EW approximation

of (5.2). The accuracy of this approximation is illustrated in Figures 16–19 by comparing it to exact
NLO EW results for various (physical and unphysical) differential observables in pp ! ``/`⌫/⌫⌫ +
1, 2 jet production. 7 Exact and approximate results are compared both for the case of a conventional
NLO calculation for V + 1 jet (rcut2/1 = 1) and combining NLO predictions for V + 1, 2 jets with
exclusive sums (rcut2/1 = 0.1). Exclusive sums provide a quantitative indication of the accuracy of the
EWvirt approximation in a framework that mimics, although in a rough way, the multijet merging
approach that will be adopted in Sections 5.3–5.5.

For the various processes and distributions in Figures 16–19 the EWvirt approximation turns
out to be in generally good agreement with exact NLO predictions. The most striking exception
is given by the m`` and m`⌫ invariant-mass distributions in the off-shell region below the Breit–
Wigner peak. In this case, real QED radiation off the charged leptons leads to corrections of a few
tens of percent, which can not be reproduced by the EWvirt approximation as exclusive real photon
emission is not included. In contrast, for distributions in the transverse momentum of the vector
bosons or of the charged leptons that arise from their decays, we observe very good agreement,
typically at the 1–2% level, from low pT up to the multi-TeV region.

The leading-jet pT distribution represents a special case. Here, the EWvirt approximation
performs quite well up to about 500GeV, but at the TeV scale it is plagued by sizable inaccuracies.
We have checked that this is largely due to the contribution of mixed bremsstrahlung, i.e. to the
QCD–EW interference between matrix elements that describe the real emission of QCD partons at
O(↵n

S↵
3). Such contributions are not covered by the EWvirt approximation, while in a standard

NLO EW calculation for V + 1 jet (rcut2/1 = 1) they can reach 30–50% in the multi-TeV region. In
contrast, in the exclusive-sums approach mixed bremsstrahlung is suppressed by the separation cut
between 1-jet and 2-jet regions (rcut2/1 = 0.1), and the discrepancy between exact EW corrections and
EWvirt approximation is reduced to less than 10% at 3TeV. On the one hand, this level of agreement
can be further improved by lowering the value of the separation cut. Thus in our implementation
of multijet merging we will adopt a merging cut that corresponds to rcut2/1 ⌧ 0.1 in the multi-TeV

7Process-dependent correction factors are introduced in Figures 16–19 such that the integrated NLO QCD+EW
virt

predictions match the complete NLO QCD+EW results. These factors are k⌫`⌫̄` ⇡ 1.00 for ⌫`⌫̄` +jets, k`⌫ ⇡ 0.99
for `⌫ +jets and k`` ⇡ 0.98 for `+`� +jets.
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Figure 14. Differential distribution in the transverse momentum of the hardest jet, p
T,j

1

, for `�⌫̄` + jets
(left) and `+`�+ jets (right). Shown are predictions merged with exclusive sums using rcut

2/1 = 0.1. The
upper panels display absolute LO (light blue), NLO QCD (green), NLO QCD+EW (red), NLO QCD⇥EW
(black) and NLO QCD+EW+LO mix (orange) predictions, where “LO mix” denotes QCD–EW mixed
Born contributions of O(↵

S

↵3

) in the two-jet sample. Relative corrections with respect to NLO QCD are
displayed in the lower panels. The bands correspond to scale variations, and in the case of ratios only the
numerator is varied. The dashed magenta curves illustrate the relative importance of one-jet contributions
(r

2/1 < rcut
2/1) with respect to the combined one- and two-jet sub-samples at NLO QCD.

bremsstrahlung in the one-jet region (r2/1 > rcut2/1). Their inclusion is thus crucial for a consistent
combination of different jet multiplicities.

In the vector-boson pT distribution (Fig. 15) we observe that, similarly as in Fig. 14, the relative
weight of V + 2 jet topologies grows with pT up to about 300 GeV as a result of the acceptance cut
on the second jet. However, in contrast to the case of the jet pT, in the region of high pT where the
separation cut rcut2/1 = 0.1 comes into play, we see that one-jet contributions become increasingly
important again. This indicates that the higher a boost of the W boson is required by the observable,
the less likely it is to have two jets of comparable pT, leading to a hierarchical pattern of QCD
radiation. In this situation NLO calculations for V + 1 jet prodution are expected to be reliable,
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Z(rec)

j1

j2

Z(rec)

j1

MUNIICH+OpenLoops

‣ Large EW Sudakov corrections 
independent of the decay mode (with 
inclusive lepton selections)

W± ! `+⌫`, `
�⌫̄` Z ! `+`� Z ! ⌫`⌫̄`

` 2 e, µ e, µ e, µ, ⌧

pT,`± [GeV] > 25 25
6ET [GeV] > 25 25
mW

T [GeV] > 40
m`+`� [GeV] 2 [66, 116]
|⌘`± | < 2.5 2.5
�R`±j > 0.5 0.5
�R`+`� > 0.2

Table 1. Selection cuts for the various V+ jets production and decay processes. The missing transverse
energy 6E

T

is calculated from the vector sum of neutrino momenta, and the W-boson transverse mass is
defined as mW

T

=

p
2p

T,`pT,⌫(1� cos��`⌫). The lepton–jet separation cut, �R`±j > 0.5 is applied to all
jets in the region (2.4).

that are inside the jet, but outside the technical recombination cone with �R�q < 0.1. The
recombination of (anti)quark–photon pairs with �R�q < 0.1 represents a technical regularisation
prescription to ensure the cancellation of collinear photon–quark singularities. As demonstrated
in [41], this provides an excellent approximation to a more rigorous approach for the cancellation
of collinear singularities based on fragmentation functions.

For the selection of signatures of type ``/`⌫/⌫⌫ +1, 2 jets, which result from the various vector-
boson decays, we apply the leptonic cuts listed in Table 1. They correspond to the ATLAS analysis
of [86].

Events will be categorised according to the number of anti-kT jets with R = 0.4 in the
transverse-momentum and pseudo-rapidity region

pT,j > 30GeV, |⌘j | < 4.5. (2.4)

Additionally, for certain observables we present results vetoing a second jet with details explained
in the text.

2.4 Input parameters, scale choices and variations

As input parameters to simulate pp ! ``/`⌫/⌫⌫+ jets at NLO QCD+EW we use the gauge-boson
masses and widths [87]

MZ = 91.1876 GeV, MW = 80.385 GeV, �Z = 2.4955 GeV, �W = 2.0897 GeV. (2.5)

The latter are obtained from state-of-the art theoretical calculations. For the top quark we use the
mass reported in [87], and we compute the width at NLO QCD,

mt = 173.2 GeV, �t = 1.339 GeV. (2.6)

For the Higgs-boson mass and width [88] we use

MH = 125 GeV, �H = 4.07 MeV. (2.7)

Electroweak contributions to pp ! V +2 jets involve topologies with s-channel top-quark and Higgs
propagators that require a finite top and Higgs width. However, at the perturbative order considered
in this paper, such topologies arise only in interference terms that do not give rise to Breit–Wigner
resonances. The dependence of our results on �t and �H is thus completely negligible.
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Leptonic observables
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‣ up to 50% from QED Bremsstrahlung. 
‣ Similar shape as for NC DY

‣ moderate EW corrections at large 
mT,W 

‣ no (strong) Sudakov enhancement
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Table 1. Selection cuts for the various V+ jets production and decay processes. The missing transverse
energy 6E

T

is calculated from the vector sum of neutrino momenta, and the W-boson transverse mass is
defined as mW

T

=
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T,`pT,⌫(1� cos��`⌫). The lepton–jet separation cut, �R`±j > 0.5 is applied to all
jets in the region (2.4).

that are inside the jet, but outside the technical recombination cone with �R�q < 0.1. The
recombination of (anti)quark–photon pairs with �R�q < 0.1 represents a technical regularisation
prescription to ensure the cancellation of collinear photon–quark singularities. As demonstrated
in [41], this provides an excellent approximation to a more rigorous approach for the cancellation
of collinear singularities based on fragmentation functions.

For the selection of signatures of type ``/`⌫/⌫⌫ +1, 2 jets, which result from the various vector-
boson decays, we apply the leptonic cuts listed in Table 1. They correspond to the ATLAS analysis
of [86].

Events will be categorised according to the number of anti-kT jets with R = 0.4 in the
transverse-momentum and pseudo-rapidity region

pT,j > 30GeV, |⌘j | < 4.5. (2.4)

Additionally, for certain observables we present results vetoing a second jet with details explained
in the text.
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mass reported in [87], and we compute the width at NLO QCD,

mt = 173.2 GeV, �t = 1.339 GeV. (2.6)

For the Higgs-boson mass and width [88] we use

MH = 125 GeV, �H = 4.07 MeV. (2.7)

Electroweak contributions to pp ! V +2 jets involve topologies with s-channel top-quark and Higgs
propagators that require a finite top and Higgs width. However, at the perturbative order considered
in this paper, such topologies arise only in interference terms that do not give rise to Breit–Wigner
resonances. The dependence of our results on �t and �H is thus completely negligible.
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Subleading Born: pT, V

23

pT,V [GeV]

pp → ℓ−ℓ+ + 2j @ 13 TeV

d
σ
/d

σ
N

L
O

Q
C

D

2000100050020010050

100

10−1

10−2

10−3

10−4

10−5

10−6

10−7

10−8

pT,V [GeV]

pp → ℓ−ℓ+ + 2j @ 13 TeV

d
σ
/d

σ
N

L
O

Q
C

D

2000100050020010050

100

10−1

10−2

10−3

10−4

10−5

10−6

10−7

10−8

pp → νν̄ + 2j @ 13 TeV

d
σ
/d

σ
N

L
O

Q
C

D

100

10−1

10−2

10−3

10−4

10−5

10−6

10−7

pp → νν̄ + 2j @ 13 TeV

d
σ
/d

σ
N

L
O

Q
C

D

100

10−1

10−2

10−3

10−4

10−5

10−6

10−7

LO γγ
LO γp

100

10−3

10−6

10−9

10−12

10−15 LO EW

−LO mix
LO mix
LO

NLO QCD

100

10−3

10−6

10−9

10−12

10−15

d
σ
/d

p T
,
V

[p
b
/G

eV
]

ℓ−ℓ+ + 2j / 103

νν̄ + 2j

pp → νν̄/ℓ−ℓ+ + 2j @ 13 TeV

100

10−3

10−6

10−9

10−12

10−15

d
σ
/d

p T
,
V

[p
b
/G

eV
]

ℓ−ℓ+ + 2j / 103

νν̄ + 2j

pp → νν̄/ℓ−ℓ+ + 2j @ 13 TeV

100

10−3

10−6

10−9

10−12

10−15

pT,V [GeV]

pp → ℓ−ν̄ + 2j @ 13 TeV

d
σ
/d

σ
N

L
O

Q
C

D

2000100050020010050

100

10−1

10−2

10−3

10−4

10−5

pT,V [GeV]

pp → ℓ−ν̄ + 2j @ 13 TeV

d
σ
/d

σ
N

L
O

Q
C

D

2000100050020010050

100

10−1

10−2

10−3

10−4

10−5

pp → ℓ+ν + 2j @ 13 TeV

d
σ
/d

σ
N

L
O

Q
C

D

100

10−1

10−2

10−3

10−4

10−5

pp → ℓ+ν + 2j @ 13 TeV

d
σ
/d

σ
N

L
O

Q
C

D

100

10−1

10−2

10−3

10−4

10−5

LO γγ
LO γp

100

10−3

10−6

10−9

10−12

10−15 LO EW

−LO mix
LO mix
LO

NLO QCD

100

10−3

10−6

10−9

10−12

10−15

d
σ
/d

p T
,
V

[p
b
/G

eV
]

ℓ−ν̄ + 2j / 103

ℓ+ν + 2j

pp → ℓ+ν/ℓ−ν̄ + 2j @ 13 TeV

100

10−3

10−6

10−9

10−12

10−15

d
σ
/d

p T
,
V

[p
b
/G

eV
]

ℓ−ν̄ + 2j / 103

ℓ+ν + 2j

pp → ℓ+ν/ℓ−ν̄ + 2j @ 13 TeV

100

10−3

10−6

10−9

10−12

10−15



      NLO QCD+EW for backgrounds in monojet DM searches                              Jonas M. Lindert

Subleading Born: pT, j1
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Figure 4: NNPDF2.3 NLO γ PDF at Q2 = 104 GeV as a function of x. The 100 replicas,

the 68% confidence level and the MRST2004QED γ PDF are also shown. Plot taken from

Ref. [2].
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Figure 5: Comparison of predictions and respective ratios for high-mass Drell-Yan Z →

e+e−. The insertion of the γγ channel (blue distribution) increases the uncertainty. The

new sources of uncertainty is the uncertainty of γ PDF ( taken from NNPDF2.3). Plot

taken from Ref. [3].

– 21 –


