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1 Introduction

The extraordinary precision of the Large Hadron Collider (LHC) allows to investigate in
detail the fundamental structure of elementary particles. A prime example is the strange-
quark content of the proton whose asymmetry has been predicted at three loop in QCD [1].
In the past, the strange-quark parton distribution function (PDF) has been determined by
non-LHC experiments [2, 3]. Nowadays, it can be constrained from the measurement of
W+c-jet at the LHC [4] and several such measurements have already been performed [5-10].

The basic idea is that at the Born level, the strange-quark PDF is directly related to the
cross section of the process. A charm quark in the final state, implies a strange quark in the
initial state (see left of figure 1). The inclusion of non-diagonal CKM elements (see middle
and right of figure 1) or higher-order QCD corrections (see table 1 of ref. [11]), however,
renders this picture significantly more complex. In order to benefit from new experimental
measurements, precise theory predictions are required for their interpretations.

The next-to-leading order (NLO) QCD cross sections for W+c-jet production at the
Tevatron [12] and at the LHC [13] have been known for a long time. More recently, ref. [14]



went beyond this by computing NLO QCD corrections matched to parton shower with mas-
sive charm quarks. In ref. [11], a first computation of next-to-next-to leading order (NNLO)
QCD corrections has been presented. In that reference, off-diagonal CKM elements were
included only at leading order (LO) and the flavored kr algorithm was used. Finally, while
electroweak (EW) corrections are known for inclusive W+j production [15-18], they were
still unknown for W+-c production and thus were not included in the predictions of ref. [11].

In the present work, we extend the computation of ref. [11] by presenting the first
NNLO QCD calculation of W+c production at the LHC with full CKM dependence. We
also compute the dominant NLO EW corrections for this process for the first time. In
addition, we study in detail the numerical effect of the charm-jet definition. This is partic-
ularly important since so far infrared(IR)-safe computations of processes involving flavored
jets beyond NLO QCD [19-22] have been computed with the flavored kr algorithm [23],
while experimental analyses have been carried out with the anti-k1 algorithm [24]. A fair
comparison between theory and experiment, therefore, requires either the use of unfolding
corrections or of comparable jet algorithms in both theory and experiment. We follow the
second approach and apply the recent IR-safe flavored anti-kt jet algorithm proposed by
some of us [25].1 Finally, in addition to these theoretical considerations, we also investigate
more phenomenological aspects that are crucial for a theory/experiment comparison. In
particular, we compare several process definitions regarding the charge and multiplicity of
charm jets.

The article is organized as follow: in section 2, the details of the calculations are pre-
sented. These include the numerical inputs and the phase-space definition used throughout.
Section 3 provides our best predictions which include full off-diagonal CKM dependence
up to NNLO QCD accuracy and NLO EW corrections. Section 4 represents a detailed
study of various theoretical aspects such as the flavored jet and process definitions, the
significance of off-diagonal CKM elements, scale and PDF dependence. Finally, section 5
contains a summary of our main findings and concluding remarks.

2 Details of the calculations

2.1 Definition of the process

The two processes under investigation are the production of a charm jet in association with
an off-shell W boson that decays into a muon and an anti-neutrino (an anti-muon and a
neutrino) at the LHC. The hadronic definition is thus:

PP — ;["l/ujc + X, (2.1)
PP = [ Vyje + X. (2.2)

At LO, the processes are defined at order O (asa?) in the strong and EW couplings. We
would like to emphasize that, unless stated otherwise, full dependence on the CKM matrix
is kept in all calculations. In figure 1, the three LO diagrams contributing to pp — u71,j,
are presented. The left diagram is proportional to a diagonal CKM element (Vcs) while

'We note that alternative proposals have been recently been made in the literature [26—28].
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Figure 1. Tree-level Feynman diagrams with diagonal CKM elements (left) and off-diagonal ele-
ments (centre and right) for pp — ptv,j,.

the other two (centre and right) are proportional to off-diagonal elements (V.q and Vg,
respectively). Note that in the following, we sometimes refer to the hadronic processes of
egs. (2.1) and (2.2) as pp — WTj. and pp — Wj,, respectively. Nonetheless, off-shell W
production is assumed throughout the article.

QCD corrections At NLO, the QCD corrections include all virtual and real contribu-
tions of order O (a?oﬂ). In the same way, at NNLO accuracy all double-virtual, double-real,
and real-virtual contributions of order O (a2a?) are taken into account. The calculation is
carried out in the 5-flavor scheme with massless bottom and charm quarks.

EW corrections In the present computation we provide NLO EW corrections of order
O (asa®). The EW virtual corrections are fully included. Thanks to the unitarity of the
CKM matrix, the CKM dependence completely factorises in one-loop EW amplitudes and
CKM-diagonal matrix elements can be used. In the present case, the real corrections
involve single real photon emission to cancel the corresponding IR divergences appearing
in the EW one-loop amplitude. No photon-induced contributions, which constitute an IR
finite set, are included. The resulting EW corrections have the advantage that they do not
depend on the jet algorithm (as they contain only one charm parton in the final state) and
thus are insensitive to the event selections regarding the multiplicity and type of c-jet (see
section 2.3.2). They can thus be combined with any of the corresponding QCD corrections
presented below. Note that the EW corrections have been obtained with the NNPDF3.1
set. Using the relative EW corrections with other PDF sets might lead to minor differences.

Subleading NLO corrections of order O (a4) are neglected here since they have been
found to be below a per cent at the level of the cross section for pp — Zj [29].

2.2 Numerical inputs

The numerical results presented here are for the LHC with a centre-of-mass energy of
/s = 13 TeV. The numerical values of the CKM elements are the ones from ref. [30]

Via = 0.97401, Vs = 0.22650, Vb = 0.00361,
Vea = 0.22636, Ves = 0.97320, Ve = 0.04053. (2.3)

The nominal PDF set used in this computation is NNPDF3.1 with ag = 0.118 [31]. To
evaluate the PDF uncertainty of the NNPDF3.1 sets, instead of reverting to the 100 replicas



provided, we have used specialised minimal PDF sets [32] which contain only 8 replicas.
In addition, we have computed predictions with the NNPDF3.0 [33] and NNPDF4.0 [34]
sets, both with ag = 0.118, and with the CT18NNLO set [35]. The present selection of
PDF sets does not include all available PDF sets. In the future, to make reliable statement
about the strange-quark content of the proton, other PDF sets such as MSHT20 [36] and
ABMP16 [37] should also be considered. In particular, they constraint the strange-quark
PDFs with different data and assume different functional forms for the strange-quark PDFs.

Regarding the EW input parameters, the electromagnetic coupling is taken in the G,
scheme [38] using the Fermi constant

2 M3
o= iGﬂMﬁv (1 - A}j) with G, = 1.16638 x 107> GeV 2. (2.4)
d Z

The numerical values of the masses and widths read

MP® = 91.1876 GeV, 95 = 2.4952 GeV,
MS® = 80.379 GeV, 'SP = 2.085 GeV. (2.5)

The pole masses and widths used in the numerical evaluation are translated from the
measured on-shell (OS) values for the massive gauge bosons by [39]

0OS
MV

ros
Vi 093/

My = .
VI 095 /MP)2

I'y

(2.6)

The intermediate W-boson resonances are treated in the complex-mass scheme [40-42] in
all the computations presented here. The mass of the charged lepton is set to zero.

Finally, as in ref. [11], the common central renormalization (ur) and factorization (ur)
scale used is

1
o =5 (Er,w +p1y.) > (2.7)

where Etw = \/ M2, + (Pre+ ﬁT,y)Q. To estimate missing higher-order QCD corrections,
a 7-points scale variation is performed.

2.3 Flavored jet algorithms and event selections
2.3.1 Jet algorithms

In the present study, we utilize two different flavored jet algorithms. This allows for their
systematic comparison and for quantifying the effect they have on experimental measure-
ments.

The first one, the flavored kt algorithm [23], requires the definition of a beam transverse
momentum (ktp and k). While all pseudo-jets have to be included in the definition, one
is free to include or not additional non-QCD particles (W bosons/leptons in the present
case) to the beam definition. There is further freedom in deciding whether cc or ¢c pairs



are considered flavored or not. This leads to the so called charge-agnostic and charge-
dependent algorithms, defined as follows:

charge agnostic : (Z fi> (mod2) #0,

charge dependent : Z fi #0, (2.8)

where f; is the flavor of parton i. The definition eq. (2.8) implies that a jet containing a
cc pair will be treated as flavorless by the charge agnostic algorithm but as flavored by the
charge dependent one. In refs. [11, 20], such pairs have been taken to be unflavored based
on the argument that experimentally, it is very challenging to determine the charge of the
jets in addition to its flavor. To be able to quantify such effects, in the present work we
have considered both cases.

We thus arrive at the following jet definitions
o flavored kr algorithm, charge agnostic (dubbed kpCA),
o flavored kr algorithm, charge dependent (dubbed k1rCD),

o flavored kt algorithm, charge dependent, with beam definition including W momenta
(dubbed kTCDB).

An alternative to this jet algorithm is the flavored anti-k7 algorithm [25] which has
the advantage that it is almost identical to the standard anti-k1 one [24] typically used in

experiments. It only requires a slight modification of the jet distance:

S;;j, if both i and j have non-zero flavor of opposite sign,

dglavored) _ dz(';tandard) %
1, otherwise.
(2.9)
where
T . 1 k%, + k%
Sij =1—0(1 — kyj) cos (2/%-) with K = . ;1%7; (2.10)

In our numerical study, we consider the values a = 0.2,0.1,0.05, which results in the
following realizations of the flavored anti-kt algorithm:

o flavored anti-kr algorithm, charge dependent, with a = 0.2,0.1,0.05 (dubbed ak1pCD-
0.2, akpCD-0.1, and akpCD-0.05, respectively),

o flavored anti-kr algorithm, charge agnostic, with a = 0.1 (dubbed ak1CA-0.1).

Therefore, in total, in this work we consider 7 different flavored jet algorithms.



2.3.2 Event selection

For the present work for LHC at 13 TeV, we take sightly different kinematic cuts than in
ref. [11] where the centre-of-mass energy considered was 7TeV. First, the charged lepton
((anti-)muon in our case) has to fulfill the following requirements:

pre > 30GeV, Ine| < 2.5. (2.11)
In addition, at least one c-tagged jet with:
prj, >20GeV, i [ <25, (2.12)

is required. At NNLO, in the double real radiation contribution, an event can contain up
to three c-jets.

Typically, experimental measurements aim at observing the so-called opposite-sign
(OS) contribution which contains a c-jet with electric charge sign opposite to the charge of
the charged lepton originating in the W decay. This is achieved by removing the same-sign
(SS) contribution (which is identified as containing a c-jet and a charged lepton of the
same electric charge). The motivation behind the SS/OS denomination is the idea that
contributions from g — cc splittings, which contribute equally to SS and OS but are not
directly related to the strange quark content of the proton, are removed.

The charge of the charm jet is determined by the charge of the lepton resulting from
the semileptonic decay of the D meson eventually produced by the fragmenting c-jet. Since
our study is performed at the partonic level, the jet charge is determined by the sign of the
jet’s charm quark and is +1 for a ¢ and —1 for a ¢. A comparison to data requires therefore
to correct the charm-jet definition with respect to D-meson tagging. The determination of
such corrections is beyond the scope of the present work. Therefore, we assume that such
corrections are provided by the experimental collaborations.

In this work we consider the charge agnostic case with the requirement for at least one
c-jet, as well as the following additional event selections

o The leading c-jet (based on its transverse momentum) is of OS type, no requirement
on c-jet multiplicity,

e One and only one c-jet is required, no requirement on c-jet charge,
e One and only one c-jet of OS type,
e One and only one c-jet of SS type,

o OS-SS (“OS minus SS”) cross section.

In all cases, the selection is inclusive in the number of non c-tagged jets.
Finally, for the EW corrections, the radiated photons are recombined with the charged
leptons and jets according to the anti-kt algorithm with a radius of R = 0.1.



Order Tw, [ pb] ow-j, [ pb] Ry = UW*jC/UW*jC

LO 113.817(2) %1% 119.711(2) Tg%4% 0.95076(2) T0-015%
NLO 162.4(1) 72 168.1(1) F09% 0.9659(9) *0-29%

£0.7% +3.8%(PDF) 10.6% +3.7%(PDF) £0.2% +2.1%(PDF)
NNLO | 168.6(8) 519 _3's%ppF) | 173-9(19) 1 30 “379ppF) | 0-96(1) 39 ~5 104 (PDF)

Table 1. Fiducial cross sections for pp — WTj., pp — W7j., and their ratios at the LHC at
/s = 13TeV at LO, NLO, and NNLO QCD. The digit in parenthesis indicates the Monte Carlo
statistical error while the sub- and super-script in per cent indicate the scale variation. In addition,
the PDF variation is provided for the NNLO QCD predictions. The full CKM matrix and the
NNLO NNPDF3.1 set with ag = 0.118 are used for all predictions. The c-jets are defined with the
krCA algorithm with the at least one c-jet requirement.

2.4 Tools

The QCD corrections presented here have been computed with the help of the STRIPPER
program, a C++ implementation of the four-dimensional formulation of the sector-improved
residue subtraction scheme [43-46]. With the same code, several V+jets calculations have
already been carried out [11, 25, 47-50]. The matrix elements have been obtained from the
AvVH library [51] for tree-level amplitudes and OPENLOOPS 2 [52] for the one-loop ones.
On the other hand, the two-loop amplitudes originate from ref. [53] and were numerically
evaluated with GINAC [54, 55].

The NLO EW corrections have been obtained from the private Monte Carlo program
MOCANLO in combination with the matrix-element provider RECOLA [56, 57] which has
already been used for several V(s)+jets computations [29, 58-64] at NLO EW accuracy.

3 Theoretical predictions

In this section, we provide updated predictions for the baseline set-up of ref. [11] where
only events containing at least one c-jet defined with the flavored kt algorithm k7CA are
kept. Our predictions maintain full CKM dependence through NNLO QCD and utilize the
NNPDF3.1 PDF set.

In table 1, the fiducial cross section is given at LO, NLO, and NNLO QCD accuracy.
The QCD corrections show good perturbative convergence. In particular, NNLO QCD
corrections are significantly smaller than the NLO ones. Note that, at variance with ref. [11]
and following the PDFALHC recommendations [65, 66], NNLO PDF sets are used for all
predictions at all orders. While the centre-of-mass energy is different from the one used in
ref. [11], the smaller corrections can principally be explained with the different choice of
PDF at LO and NLO accuracy. We also note that the NNLO K-factor in the ratio Ry
is essentially 1. It implies that this ratio constitutes a particularly reliable observable as
it is rather stable under perturbative corrections. As already pointed out in ref. [11], the
PDF uncertainty reaches almost 4% and is larger than the scale uncertainty at NNLO QCD
which varies between 0.6% and 2.1%. The inclusion of NNLO QCD corrections therefore



Order ow+j. [Pb] | ow-j [Pb] | Ryt = ow+ /ow-;,
NLO EW | 117.399(2) | 111.627(2) 0.95084(2)
Snoew[%) | —1.93 ~1.92 ~0.01

Table 2. Fiducial cross sections and relative NLO EW corrections at order O (ozsoz?’) for pp —
W*jc, pp — W7 j., and their ratios at the LHC at /s = 13 TeV. No QCD corrections are included

in these predictions. The digit in parenthesis indicates the Monte Carlo statistical error. The full
CKM matrix and the NNLO NNPDF3.1 set with oy = 0.118 are used.
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Figure 2. Differential distributions in the transverse momentum (left) and the absolute rapidity
(right) of the charged lepton for the process pp — V\7+jC at /s = 13TeV. The upper panel shows
the LO, NLO, and NNLO QCD absolute predictions without EW corrections. The middle panel
represents the NLO EW corrections normalised to the LO predictions. The lower panel displays
the LO and NNLO QCD predictions and data relative to the NLO QCD prediction.

allows for a clean future determination of the strange-quark content of the proton from
this observable.
In addition, in table 2, the NLO EW corrections are provided for both signatures. It
is interesting to notice that both processes receive almost the same corrections, resulting
therefore in an almost zero correction at the level of the Rwijc ratio. This is not a surprise
given that at the LHC, EW corrections are largely driven by Sudakov logarithms [67]. The
latter depend on the quantum numbers of the external states and the typical scale of the
process [68]. Given that for both signatures the quantum numbers are identical and the
typical scales are very close, the corrections are almost exactly the same. This implies
that the corrections essentially do not contribute at the level of the ratio (tenth of a per
mille), therefore reinforcing the statement made above that this ratio is very stable under
perturbative corrections in the Standard Model.
In figure 2, differential distributions in the transverse momentum and the absolute
rapidity of the charged lepton are shown for the plus signature. We refrain from showing

results for the minus signature as they are qualitatively very similar. As observed at the
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Table 3. Fiducial cross sections with full off-diagonal CKM dependence (full CKM), with only
Vea # 0 at LO (VEP £ 0), and with no off-diagonal dependence (no CKM). All predictions are
at NNLO QCD accuracy and are shown for both the pp — VVJrjC and pp - W™ j, process at
/s = 13TeV. The digit in parenthesis indicates the Monte Carlo statistical error while the sub-
and super-script in per cent indicate the scale variation. In addition, the PDF variation is also
provided for the NNLO NNPDF3.1 set with ay = 0.118.

level of the cross section and in ref. [11], the QCD corrections are characterised by large
NLO K-factors and moderate NNLO ones. As usual, these corrections are accompanied
by a significant reduction of the theoretical uncertainty estimated via scale variation. This
observation holds for both observables as well as for the transverse momentum and rapidity
of the charm jet (not shown).

On the other hand, the EW corrections have a rather different behaviour for the two
observables. For the transverse momentum, the corrections become negative and large
when going towards higher energy. At low transverse momentum, the corrections are at
the level of few per cent, as for the fiducial cross section, while they reach almost 10%
above 200 GeV. This behaviour is typical for EW corrections which are driven by Sudakov
logarithms in the high-energy limit. The situation is rather different for the rapidity of the
charged lepton. In this case, there is no enhancement due to Sudakov logarithms at high
energy. The corrections are thus flat and the offset is inherited from the corrections to the
fiducial cross section.

It is worth pointing out that the rapidity distribution of the charged lepton also receives
moderate QCD corrections with moderate shape distortion. It means that the rapidity
distribution of the charged lepton is largely insensitive to higher-order corrections of both
QCD and EW type, making it therefore a perfect observable to be measured experimentally.

4 Detailed analysis

4.1 Off-diagonal CKM elements

In ref. [11], our best predictions at NNLO QCD accuracy included the effects of non-zero
Veq element at LO only. In that previous work, we anticipated the effect to be “probably
within few per cent” with respect to a full computation with off-diagonal CKM elements.
Table 3 confirms this expectation. It provides NNLO QCD predictions with full off-diagonal
CKM dependence (dubbed full CKM), with only Vq # 0 at LO (dubbed VEO # 0), and
with no off-diagonal dependence (dubbed no CKM). For the plus signature and for the
minus signature the differences amount to about 2.5% and 3%, respectively. On the other
hand, for the two signatures, not considering any off-diagonal CKM elements amounts to
an effect of roughly 7% and 10%, respectively.



0 LHC 13 TeV PDF: NNPDF31 Scale: (Bt + prg)/2 o LHC 13 ToV PDF: NNPDF31 Scale: (Brw 1 pry)/2
tagging: kyCA
L10 at-least one c-jet

tagging: krCA
110 at-least-one ¢-jet

100

ratio to nominal
atio to nominal

0.90 7" s NNLO full CKM T 090 7 s NNLO full CKM
NNI .

— CKM .55 | === NNLO CKM

#0

T T T T T T T 0.80 - T T T T T T T T
50 7 100 125 150 175 200 225 2 50 7 100 125 150 175 200 225

pr(f) [GeV] pr(je) (GeV]

Figure 3. Ratios of differential distributions in the transverse momentum of the charged lepton
(left) and the charm jet (right) for the process pp — WTj_ at /s = 13TeV. It shows the NNLO
QCD predictions including only diagonal CKM elements (green) and the V.4 element included at
LO only (orange), normalised to the prediction with all off-diagonal CKM elements included (red).

This observation can also be made for the differential distributions in figure 3 which
show the VCI;lO # 0 and no CKM predictions normalised by the full CKM ones for the
transverse momentum of the charged lepton and the charm jet. The ratio plots do not
show significant shape distortion and the K-factor is largely inherited from the differences
observed at the level of the fiducial cross section. We note that while the predictions have
significant statistical uncertainties with respect to the ratio, one can still make a reliable
statements about the differences of the various predictions as they are statistically fully
correlated, i.e. they are based on the same sample of phase space points. The same holds
true for the rest of the article when ratio plots are displayed.

4.2 PDF dependence and scale setting

In this section, the dependence of the predictions on the PDF set and scale choice is
discussed. In particular, the PDF-set choice is of crucial importance due to the sensitiviy
to the strange-quark content of the proton.

First, in figure 4 the transverse momentum of the charged lepton is shown for different
central scales and different prescriptions for the scale variation. On the left-hand side,
the 7-points and 3-points scale-variation prescriptions are compared (upper plot). For the
transverse momentum, they agree rather well at high-transverse momentum while at low
transverse momentum, the 7-points variation is larger. Nonetheless, the differences do not
exceed 2%. In the lower part, three different central scales are compared: the nominal one
po from eq. (2.7) as well as half and twice this scale. At low transverse momentum, the
three choices agree within 3% while at 250 GeV, the spread reaches more than 5%. On
the right-hand side of figure 4, NNLO K-factors are shown for the three different scales.
For this observable, the smallest corrections are obtained for pp/2. On the other hand,
for the transverse momentum of the hardest c-jet (not shown), the smallest corrections
are obtained for pg. In general, at the level of the fiducial cross section, the smallest cross
section is obtained with 2ug. Note that for the plots with the 3 different scales, the 3-points
scale variation prescription is used.

In figure 5, the transverse momentum and the rapidity distributions of the charged
lepton are shown. In the upper plots, the 7-points scale variation is compared to the PDF
uncertainty. As at the level of the cross section (see table 1) and at 7TeV [11], NNLO
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NNPDF4.0, and CT18 sets.
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oNNLO [DPD] NNPDF3.1 NNPDF4.0 | NNPDF3.0 CT18

+0.7% +3.8%(PDF)
- 168.6(8) 1o "3sorippr) | 1743(8) | 156.3(8) | 160.1(8)

- 173.9(1.9) V5 T3 Ttpp) | 183.7(1.9) | 160.3(1.7) | 163.0(1.7)

Table 4. Fiducial cross sections with full off-diagonal CKM dependence at NNLO QCD accuracy
for both the pp — WTj_ and pp — W™j,. process at /s = 13 TeV. The predictions are provided
for four different PDF sets: NNPDF3.1 (default), NNPDF4.0, NNPDF3.0, and CT18. The digit in
parenthesis indicates the Monte Carlo statistical error. The scale variation and the PDF variation
is provided for the NNPDF3.1 set only.

scale variation is smaller than the PDF uncertainty. This implies that NNLO predictions
are crucial for the precise determination of strange and anti-strange PDFs. In particular,
NLO QCD predictions are insufficient for constraining PDFs given that the NLO scale
uncertainty is about twice the PDF uncertainty (see table 1). In the lower plots, the
predictions are provided at NNLO QCD for different sets. In addition to the nominal one
(NNPDF3.1), we also show predictions for the NNPDF3.0, NNPDF4.0, and CT18 sets. It
is worth emphasising that there are large variations between the different sets. While the
predictions with NNPDF4.0 are within the PDF uncertainty of NNPDF3.1, this is not the
case for CT18 across the whole phase space. Interestingly, the predictions obtained with
the NNPDF3.0 set are always outside of the PDF uncertainty band of the NNPDF3.1 set.

For completeness, we also provide in table 4 the central values for the four different
PDF sets. As at the differential level, we can observe that the spread is of the order of 10%.
In particular, among all the theoretical effects that we study in details in the present work,
the PDF is the largest source of uncertainty. This therefore strongly motivates the effort
for improving the determination of strange PDFs using state-of-the-art theory predictions

presented in this work.

4.3 Event selection and same-sign contribution

In this section, we scrutinise various event selections related to the definition of the charm
jet. Experimental measurements usually provide the OS—SS cross section. As explained
in section 2.3.2, the motivation behind this fact is to get rid of contributions of the type
q¢ — W + (g — c¢c) which do not carry a dependence on the strange-quark PDF. Since
such channels contribute equally to the OS and SS cross sections they are excluded from
the OS—SS cross section.

In the following we show predictions for the selections specified in section 2.3.2. The
various cross sections at NLO and NNLO QCD are tabulated in table 5. Note that at LO,
there is no dependence on the c-jet selection given that there is only one parton in the final
state.

As expected, the highest cross section corresponds to the selection with at least one
c-jet as it is inclusive in the charm jets. The second highest cross section corresponds to
exactly one c-jet. The third in size is obtained by enforcing the leading c-jet to be of OS
type which is very close to the requirement for only one c-jet of OS type. The lowest cross
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o [ pb] incl. leading c-jet OS | exactly one c-jet | exactly one OS c-jet 0S-SS

J§LO 162.4(1) 156.9(1) 161.0(1) 156.1(1) 151.1(1)
ONLO 168.1(1) 164.0(1) 166.9(1) 163.3(1) 159.7(1)
oinio | 168.6(8) 159.0(8) 165.8(8) 157.3(8) 148.9(8)
TN | 173.9(1.9) 166.8(1.8) 171.5(1.9) 165.2(1.8) 159.0(1.7)

Table 5. Fiducial cross sections at NLO QCD and NNLO QCD accuracy for different charm jet
selections: at least one c-jet (incl.), leading c-jet is OS, exactly one c-jet, exactly one OS c-jet, and
the OS—SS selection. The digit in parenthesis indicates the Monte Carlo statistical error.
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Figure 6. Ratio of differential distributions in the rapidity (left) and the transverse momentum
(right) of the charged lepton for the process pp — WTj_ at /s = 13TeV. The upper plots show
the results at NLO QCD while the lower ones are for NNLO QCD. Various event selection for the
charm jet are compared: at least one c-jet, the leading c-jet being of OS type, exactly one c-jet,
exactly one c-jet of OS type, and the OS-SS selection.

sections, the OS—SS one, differs from the exactly one OS c-jet selection by the size of the
SS contribution. It is interesting to notice that all these definitions differ by at most 5%
at NLO QCD accuracy while they can differ by almost 10% at NNLO QCD. This is due
to the fact that NNLO corrections contain double-real effects with ccc or ccc final states.
Note that the selection choice in ref. [11] was to retain events with one and only one c-jet.

It is interesting to note that in ref. [14], where NLO QCD predictions with parton
shower (PS) corrections were computed, the size of the SS contribution at 7 TeV has been
found to be between 5% and 10% for the W + D-meson and W + D*-meson signatures
while it is slightly below 3% for the W + j. final state. For the charm-jet final state, we
find a similar order of magnitude at NLO QCD accuracy. On the other hand, the SS
contributions can grow to about 5% due to the double-real contributions at NNLO.

Figure 6 provides the same information as table 5 but differentially, in terms of the
rapidity and transverse momentum of the charged lepton. For the rapidity of the charged
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lepton, the differences between the various selections are most significant in the high-
rapidity region. This is explained by the fact that the SS contribution is larger in this
region. The size of the SS contribution can be inferred by comparing the selections with
exactly one c-jet and with exactly one OS c-jet. At NLO, the difference is about 2.5% at zero
rapidity and it reaches 5% at the highest rapidity y(¢) = 2.5. This contribution is enhanced
at NNLO QCD with difference of about 5% and 7% at low and large rapidity, respectively.
Regarding the transverse momentum distribution, one observes shape differences between
the various selections. The differences are maximal at low transverse momentum (below
50 GeV), about 7% at NLO and 13% at NNLO QCD. The differences are smallest around
75 GeV and start to increase again towards large transverse momenta at both NLO and
NNLO.

Finally, recall that the motivation for the OS—SS cross section is its direct link with
the strange-quark PDF'. This relation is based on a LO argument which is modified once
off-diagonal CKM elements and higher-order corrections are included. Such effects dilute
the sensitivity of this selection to the strange quark content of the proton and must be
carefully accounted for in any precision extraction of the strange quark PDF.

4.4 Flavor jet algorithms

This section is devoted to the comparison of various jet algorithms that are used for defining
the process under study. We first focus on the differences between various kr algorithms,
after which we consider a newly-introduced flavored anti-kt algorithm. Finally, flavored
algorithms are compared against the standard anti-kr algorithm for NLO QCD+PS pre-
dictions.

4.4.1 Flavor kr algorithms

In this subsection, we compare the three implementations of the flavored kr algorithm [23]
listed in section 2.3.1. Their comparison for the absolute rapidity of the charged lepton,
at NLO and NNLO QCD, is shown in figure 7. Results are presented for the two event
selections given in section 2.3.2, namely, one and only one c-jet and one and only one
c-jet of SS type. For the charge dependent c-jet selection, it is interesting to observe that
the differences in the implementation of the flavored kt algorithms have little effect on
the differential results. In particular, the differences are well within the scale uncertainty
band. This conclusion holds at both NLO and NNLO QCD accuracy as well as for other
observables like the transverse momentum of the charged lepton, the transverse momentum
of the charm jet or the charm-jet rapidity (not shown).

The situation is rather different when selecting only one c-jet of SS type. While
choosing the jet algorithm to be either charge agnostic or charge dependent has no effect,
including the W momenta in the beam definition of the algorithm has a large effect. At
NLO QCD, the effects are about 10% at zero rapidity and 5% at maximal rapidity. At
NNLO QCD, the effects are even more significant, reaching more than 15% for central
rapidities and more than 10% in the peripheral region. The same level of differences can
be observed in other differential distributions.
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Figure 7. Ratio of differential distributions in the rapidity of the charged lepton for the process
pp — V\ﬁjC at /s = 13 TeV. The upper plots show the results at NLO QCD while the lower ones
are for NNLO QCD. The left-hand side plots are for one and only c-jet while the right-hand side
ones are for one and only one c-jet of SS type. Various definition of the flavored kr algorithm are
compared (see text).

It is particularly interesting to notice that while the SS contribution shows a large
dependence on the algorithm definition, this dependence is essentially absent when not
specifying the charge of the charm jet. This is simply due to the fact that the SS contri-
bution is rather small with respect to the OS one at 13 TeV (see section 4.3). Therefore,
the large differences disappear when adding SS and OS cross sections in a charge-agnostic
selection.

4.4.2 Flavor anti-kr algorithms

In this subsection, we consider the implementations of the flavored anti-kr algorithm [25]
specified in section 2.3.1. All the variants are compared against the flavored kt algorithm
k1CD which is charge dependent.

In figure 8 we consider the transverse momentum of the charged lepton computed with
the flavored anti-kr algorithm for different values of the a parameter. Since the value of
this parameter is not set from first principle, we vary it in the range between 0.2 and 0.05.
We observe that, essentially, this variation has no impact on the predictions for the exactly-
one-c-jet selection at both NLO and NNLO QCD. Furthermore, all these predictions are
within the scale variation band and are also in perfect agreement with the nominal kp
algorithm. This holds true not only for the transverse momentum of the charged lepton
but also for other standard observables like the pr and rapidity of j, and the charge muon’s
rapidity.

This situation is in stark contrast with the selection containing only one SS c-jet. In
this case, at NLO in QCD, the flavored anti-kt algorithm with ¢ = 0.2 differs from the
ones with a = 0.1,0.05 by about 5% around 60 GeV. At high transverse momentum the
nominal flavored kt algorithm differs from the flavored anti-kt algorithm with a = 0.1 by
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Figure 8. Ratio of differential distributions in the rapidity of the charged lepton for the process
pp — V\ﬁjC at /s = 13 TeV. The upper plots show the results at NLO QCD while the lower ones
are for NNLO QCD. The left-hand side plots are for one and only c-jet while the right-hand side
ones are for one and only one c-jet of same-sign type. Various definition of the flavored anti-krt
algorithm are compared. In addition, these predictions are compared to the nominal flavored kr
algorithm (see text).

about 5%. These differences become more pronounced at NNLO in QCD where the three
anti-k1 algorithms almost never agree within scale uncertainty, their differences ranging
between 5% and 20%. Similarly, the transverse momentum of the charged lepton shows a
completely different behaviour between the nominal flavored kt algorithm and the flavored
anti-k algorithm with a = 0.1. As can be seen in figure 8, the difference between the two
algorithms becomes larger than 20% at high transverse momentum (above 200 GeV).

Unlike the case of NLO QCD, at NNLO QCD the scale uncertainty band does not cover
these differences. This behaviour is analogous to the one already discussed in section 4.4.1
for the flavored kr algorithms.

4.4.3 NLO QCD with parton shower corrections

A suitable value for the parameter a entering the flavored anti-kr algorithm was determined
in ref. [25] based on the idea that predictions from the standard anti-kr and the flavored
anti-kT algorithms are close. Due to the lack of flavored IR-safety for the standard anti-kp
algorithm, such a comparison can only be done at NLO with the help of a parton shower.
In this section we extend the study of ref. [25] to the present context of W+-c production.
Such a study is also interesting given the large sensitivity of SS events to the value of the
anti-k1 algorithm’s a-parameter, see the discussion in section 4.4.2.

In this section we consider the transverse momentum and rapidity of the charged
lepton. The results are obtained with the help of MADGRAPH5 AMC@NLO [69] at NLO
QCD matched to the PYTHIA parton shower [70] with default parameters. Note that while
all input parameters and event selections are identical to the ones used for the fixed-order
results, the renormalization and factorization scales are chosen to be Hr, the default scale
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Figure 9. Differential distributions in the transverse momentum (top) and the rapidity of the
charged lepton (bottom) for the process pp — WTj. at /s = 13TeV. All results are at NLO
QCD+PS accuracy. The left-hand side plots are for charge agnostic c-jet while the right-hand side
ones are for the leading jet being of OS type. Various definitions of the flavored anti-kr algorithm
are compared. In addition, these predictions are compared to the nominal flavored kt algorithm as
well as the standard anti-kr algorithm. Vertical bars show statistical uncertainty.
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Figure 10. As in figure 9 but showing exactly one OS c-jet (left) and exactly one SS c-jet (right).

choice in MADGRAPH5 _AMC@NLO.? The events have been written into HEPMC files [71]
and are analysed using the RIVET analysis framework [72].

In figure 9, results for the transverse momentum (top) and the rapidity (bottom) of
the charged lepton for different algorithms are shown for a charge agnostic selection of the
charm jets (left) as well as requiring that the leading c-jet is of OS type (right). Again, to
be concise, the present results are for the plus signature.

For the transverse-momentum distribution where there are no requirement on the sign
of the charm jet (top-left), we observe a spread of about 10% between the different jet

2For this reason, we refrain from comparing the NLO QCD+PS predictions against the fixed-order ones.
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algorithms at about 200 GeV. Nonetheless, for the bulk of the cross section i.e. below
100 GeV, the differences do not exceed 5%. In particular, the difference between the anti-
kr algorithm and the flavored anti-kt variant with a = 0.1 (our nominal choice) is below
2%. For the rapidity distribution, we do not observe noticeable shape differences over the
full range. The difference between the anti-kt1 algorithm and the flavored anti-kr variant
with @ = 0.1 is also around 1 — 2%.

On the right-hand side of figure 9, a different selection is used, namely that the leading
charm jet is of OS type. One observes qualitative similarities with the results for the
charge agnostic c-jet selection: in the low transverse-momentum region, and over the whole
rapidity range, the differences between the anti-kt algorithm and the nominal flavored anti-
k1 variant with a = 0.1 are around 1%. The reason for the small difference between these
two selections is, as explained previously, in the smallness of the SS contribution.

In figure 10 (left) we show the results for a selection where exactly one OS c-jet is
present. The predictions are similar to the one for the selection where the leading c-jet
is OS however the dependence on the jet definition gets significantly reduced. The main
difference between these two selections is that the former one is less likely to contain cc
pairs in the final state. Clearly, this comparison independently confirms the observation
that the increase in jet definition sensitivity is related to the presence of cc pairs. Indeed,
the same observation can readily be made for the SS c-jet selection shown in figure 10
(right). This selection is dominated by cc pairs and just as observed in the NNLO case in
section 4.4.2, shows very strong sensitivity to the jet algorithm also at NLO+PS.

Overall, with the nominal choice of flavored anti-kt (a = 0.1), the difference for charge-
agnostic or OS selections with what is, to a good approximation, done in experimental
analyses is small. As a reference, this difference is comparable to the size of the missing
higher-order corrections of QCD type at NNLO QCD and is significantly smaller than the
PDF uncertainty.

5 Conclusions

In this article, we perform a detailed theoretical investigation of W+c-jet production at the
LHC. Extending our previous work [11], we address several open questions, for example the
size of off-diagonal CKM contributions beyond NLO QCD, the size of NLO EW corrections,
PDF uncertainties, the effect of charm-jet selections, and finally, the effect of flavored jet
algorithms. We also provide state-of-the art predictions for present and future W-c-jet
measurements at the LHC.

Electroweak corrections at NLO are found to be at the level of —1.9% for the fiducial
cross section and do not contribute in the ratio of the two signatures. Still, they can
approach —10% in differential distributions in the high-energy limit (for example above
200 GeV for the transverse momentum of the charged lepton).

The size of the non-diagonal CKM contributions at NNLO QCD is of the order of 10%.
We have checked that the simple-to-implement approximation where V.q # 0 contributions
are included at LO only (as was done in ref. [11]), already agrees with the full result
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within 3%. Still a 3% effect is comparable to, and often larger than, the size of the scale
uncertainty at NNLO and is, therefore, consequential in any precision study of W+charm.

At 13TeV, just like for LHC at 7TeV [11], the scale uncertainty of NNLO QCD is
significantly smaller than the PDF uncertainty. By comparing fiducial cross section pre-
dictions based on different PDF sets, we observe a spread between the different predictions
that can be as large as 10%. This strong PDF dependence can be viewed as an opportunity
for the precision extraction of the strange quark PDF from LHC data.

The differences between the charge agnostic, OS and OS—SS charm-jet selections at
the differential distribution level can be up to 15% for the kinematics ranges considered in
this work. We find that these selections exhibit little-to-mild sensitivity (of up to few per
cent) to the parametrization of the flavored jet algorithm. On the other hand, the so-called
SS selection exhibits strong sensitivity to the details of the jet algorithm and is numerically
much smaller - at the level of 5% - than the other charm jet selections. This behaviour of
the SS cross section is to be expected since it is the one predominantly containing cc pairs
in the final state. While our findings are specific to the process we study (W+c) some
lessons might translate to other processes, like Z+c. In particular, in Z+c the partonic
channels with gluon splittings to cc pairs are not as suppressed as they are in W+c and
one may expect that contributions due to gluon splittings to cc pairs in Z+c can be much
larger than in W+c.

Understanding the behaviour of the SS selection is important since experimentally,
the W+-c-jet process is typically extracted by measuring an OS—SS cross section. The idea
behind this extraction is that gluon splittings into charm-anticharm pairs diminish the sen-
sitivity of the measurement to the strange-quark content of the proton, and are subtracted
in the OS—-SS selection. However, as we have seen throughout this work, additional effects
like higher order corrections, off-diagonal CKM elements, etc. can be as large as the SS
itself and tend to dilute this simple LO picture. A high-precision measurement of this
process will therefore benefit from taking into account all effects quantified in the present
work.

In conclusion, in the present study we have shown that essentially all theoretical as-
pects of W+c-jet production at the LHC are under good theoretical control. The largest
remaining sensitivity is to the PDFs which in turn may allow a precise extraction of the
strange-quark content of the proton based on new LHC data. To this end, all predictions
obtained in this work are made publicly available.?

Acknowledgments

We thank Zahari Kassabov for providing us with the reduced NNLO PDF sets. The work
of M.C. was supported by the Deutsche Forschungsgemeinschaft under grant 396021762 —
TRR 257. The research of A.M., M.P., and R.P. has received funding from the European

*https://www.precision.hep.phy.cam.ac.uk/results/hf-jets/. The predictions are available in the
form of differential distributions. At this url, additional predictions with different phase spaces at NNLO
QCD accuracy are also available.

~19 —


https://www.precision.hep.phy.cam.ac.uk/results/hf-jets/

Research Council (ERC) under the European Union’s Horizon 2020 Research and Innova-
tion Programme (grant agreement no. 683211). A.M. was also supported by the UK STFC
grants ST/L002760/1 and ST/K004883/1. M.P. acknowledges support by the German
Research Foundation (DFG) through the Research Training Group RTG2044 and through
grant no INST 39/963-1 FUGG (bwForCluster NEMO) as well as the state of Baden-
Wiirttemberg through bwHPC. R.P. acknowledges the support from the Leverhulme Trust
and the Isaac Newton Trust.

Open Access. This article is distributed under the terms of the Creative Commons
Attribution License (CC-BY 4.0), which permits any use, distribution and reproduction in
any medium, provided the original author(s) and source are credited. SCOAP? supports
the goals of the International Year of Basic Sciences for Sustainable Development.

References

[1] S. Catani, D. de Florian, G. Rodrigo and W. Vogelsang, Perturbative generation of a
strange-quark asymmetry in the nucleon, Phys. Rev. Lett. 93 (2004) 152003
[hep-ph/0404240] [INSPIRE].

[2] H.L. Lai, P.M. Nadolsky, J. Pumplin, D. Stump, W.K. Tung and C.P. Yuan, The Strange
parton distribution of the nucleon: Global analysis and applications, JHEP 04 (2007) 089
[hep-ph/0702268] [INSPIRE].

[3] F. Faura, S. Iranipour, E.R. Nocera, J. Rojo and M. Ubiali, The Strangest Proton?, Eur.
Phys. J. C 80 (2020) 1168 [arXiv:2009.00014] [INSPIRE].

[4] U. Baur, F. Halzen, S. Keller, M.L. Mangano and K. Riesselmann, The Charm content of W
+ 1 jet events as a probe of the strange quark distribution function, Phys. Lett. B 318 (1993)
544 [hep-ph/9308370] [INSPIRE].

[5] ATLAS collaboration, Measurement of the production of a W boson in association with a
charm quark in pp collisions at /s = 7 TeV with the ATLAS detector, JHEP 05 (2014) 068
[arXiv:1402.6263] [INSPIRE].

[6] CMS collaboration, Measurement of associated production of W bosons with charm quarks in
proton-proton collisions at \/s = 13 TeV with the CMS experiment at the LHC,
CMS-PAS-SMP-17-014 (2018) [NSPIRE].

[7] CMS collaboration, Measurement of associated production of a W boson and a charm quark
in proton-proton collisions at \/s = 13 TeV, Eur. Phys. J. C 79 (2019) 269
[arXiv:1811.10021] [INSPIRE].

[8] CMS collaboration, Measurement of the associated production of a W boson and a charm
quark at /s = 8 TeV, CMS-PAS-SMP-18-013 (2019) [inSPIRE].

[9] CMS collaboration, Measurements of the associated production of a W boson and a charm
quark in proton—proton collisions at /s = 8 TeV, Eur. Phys. J. C' 82 (2022) 1094
[arXiv:2112.00895] [INSPIRE].

[10] CMS collaboration, Measurement of the production cross section of a W boson in association
with a charm quark in proton-proton collisions at /s = 13 TeV, CMS-PAS-SMP-21-005
(2022) [INSPIRE].

—90 —


https://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1103/PhysRevLett.93.152003
https://arxiv.org/abs/hep-ph/0404240
https://inspirehep.net/literature/649140
https://doi.org/10.1088/1126-6708/2007/04/089
https://arxiv.org/abs/hep-ph/0702268
https://inspirehep.net/literature/745266
https://doi.org/10.1140/epjc/s10052-020-08749-3
https://doi.org/10.1140/epjc/s10052-020-08749-3
https://arxiv.org/abs/2009.00014
https://inspirehep.net/literature/1814303
https://doi.org/10.1016/0370-2693(93)91553-Y
https://doi.org/10.1016/0370-2693(93)91553-Y
https://arxiv.org/abs/hep-ph/9308370
https://inspirehep.net/literature/357740
https://doi.org/10.1007/JHEP05(2014)068
https://arxiv.org/abs/1402.6263
https://inspirehep.net/literature/1282447
https://inspirehep.net/literature/1669702
https://doi.org/10.1140/epjc/s10052-019-6752-1
https://arxiv.org/abs/1811.10021
https://inspirehep.net/literature/1705068
https://inspirehep.net/literature/1743695
https://doi.org/10.1140/epjc/s10052-022-10897-7
https://arxiv.org/abs/2112.00895
https://inspirehep.net/literature/1982672
https://inspirehep.net/literature/2110183

[11] M. Czakon, A. Mitov, M. Pellen and R. Poncelet, NNLO QCD predictions for W+c-jet
production at the LHC, JHEP 06 (2021) 100 [arXiv:2011.01011] INSPIRE].

[12] W.T. Giele, S. Keller and E. Laenen, QCD corrections to W boson plus heavy quark
production at the Tevatron, Phys. Lett. B 372 (1996) 141 [hep-ph/9511449] [INSPIRE].

[13] W.J. Stirling and E. Vryonidou, Charm production in association with an electroweak gauge
boson at the LHC, Phys. Rev. Lett. 109 (2012) 082002 [arXiv:1203.6781] INSPIRE].

[14] G. Bevilacqua, M.V. Garzelli, A. Kardos and L. Toth, W + charm production with massive ¢
quarks in PowHel, JHEP 04 (2022) 056 [arXiv:2106.11261] [INSPIRE].

[15] J.H. Kiihn, A. Kulesza, S. Pozzorini and M. Schulze, Electroweak corrections to large
transverse momentum production of W bosons at the LHC, Phys. Lett. B 651 (2007) 160
[hep-ph/0703283] [INSPIRE].

[16] J.H. Kiithn, A. Kulesza, S. Pozzorini and M. Schulze, Electroweak corrections to hadronic
production of W bosons at large transverse momenta, Nucl. Phys. B 797 (2008) 27
[arXiv:0708.0476] [INSPIRE].

[17] W. Hollik, T. Kasprzik and B.A. Kniehl, Electroweak corrections to W-boson hadroproduction
at finite transverse momentum, Nucl. Phys. B 790 (2008) 138 [arXiv:0707.2553] [INSPIRE].

[18] A. Denner, S. Dittmaier, T. Kasprzik and A. Miick, Electroweak corrections to W + jet
hadroproduction including leptonic W-boson decays, JHEP 08 (2009) 075 [arXiv:0906.1656|
[INSPIRE].

[19] A. Behring, M. Czakon, A. Mitov, A.S. Papanastasiou and R. Poncelet, Higher order
corrections to spin correlations in top quark pair production at the LHC, Phys. Rev. Lett.
123 (2019) 082001 [arXiv:1901.05407] [INSPIRE].

[20] R. Gauld, A. Gehrmann-De Ridder, E.-W.N. Glover, A. Huss and 1. Majer, Associated
production of a Higgs boson decaying into bottom quarks and a weak vector boson decaying
leptonically at NNLO in QCD, JHEP 10 (2019) 002 [arXiv:1907.05836] [INSPIRE].

[21] M. Czakon, A. Mitov and R. Poncelet, NNLO QCD corrections to leptonic observables in
top-quark pair production and decay, JHEP 05 (2021) 212 [arXiv:2008.11133] [INSPIRE].

[22] R. Gauld, A. Gehrmann-De Ridder, E.-W.N. Glover, A. Huss and 1. Majer, Predictions for Z
-Boson Production in Association with a b-Jet at O(a2), Phys. Rev. Lett. 125 (2020) 222002
[arXiv:2005.03016] [iNSPIRE].

[23] A. Banfi, G.P. Salam and G. Zanderighi, Infrared safe definition of jet flavor, Eur. Phys. J.
C 47 (2006) 113 [hep-ph/0601139] [INSPIRE].

[24] M. Cacciari, G.P. Salam and G. Soyez, The anti-k; jet clustering algorithm, JHEP 04 (2008)
063 [arXiv:0802.1189] [INSPIRE].

[25] M. Czakon, A. Mitov and R. Poncelet, Infrared-safe flavoured anti-kr jets,
Cavendish-HEP-22/06 (2022), arXiv:2205.11879 [INSPIRE].

[26] S. Caletti, A.J. Larkoski, S. Marzani and D. Reichelt, A fragmentation approach to jet flavor,
JHEP 10 (2022) 158 [arXiv:2205.01117] [NSPIRE].

[27] S. Caletti, A.J. Larkoski, S. Marzani and D. Reichelt, Practical jet flavour through NNLO,
Eur. Phys. J. C 82 (2022) 632 [arXiv:2205.01109] [INSPIRE].

[28] R. Gauld, A. Huss and G. Stagnitto, A dress of flavour to suit any jet, BONN-TH-2022-17
(2022), arXiv:2208.11138 [INSPIRE].

- 21 —


https://doi.org/10.1007/JHEP06(2021)100
https://arxiv.org/abs/2011.01011
https://inspirehep.net/literature/1827928
https://doi.org/10.1016/0370-2693(96)00078-0
https://arxiv.org/abs/hep-ph/9511449
https://inspirehep.net/literature/402882
https://doi.org/10.1103/PhysRevLett.109.082002
https://arxiv.org/abs/1203.6781
https://inspirehep.net/literature/1095512
https://doi.org/10.1007/JHEP04(2022)056
https://arxiv.org/abs/2106.11261
https://inspirehep.net/literature/1869566
https://doi.org/10.1016/j.physletb.2007.06.028
https://arxiv.org/abs/hep-ph/0703283
https://inspirehep.net/literature/747279
https://doi.org/10.1016/j.nuclphysb.2007.12.029
https://arxiv.org/abs/0708.0476
https://inspirehep.net/literature/757444
https://doi.org/10.1016/j.nuclphysb.2007.09.013
https://arxiv.org/abs/0707.2553
https://inspirehep.net/literature/756017
https://doi.org/10.1088/1126-6708/2009/08/075
https://arxiv.org/abs/0906.1656
https://inspirehep.net/literature/822565
https://doi.org/10.1103/PhysRevLett.123.082001
https://doi.org/10.1103/PhysRevLett.123.082001
https://arxiv.org/abs/1901.05407
https://inspirehep.net/literature/1714024
https://doi.org/10.1007/JHEP10(2019)002
https://arxiv.org/abs/1907.05836
https://inspirehep.net/literature/1743735
https://doi.org/10.1007/JHEP05(2021)212
https://arxiv.org/abs/2008.11133
https://inspirehep.net/literature/1813241
https://doi.org/10.1103/PhysRevLett.125.222002
https://arxiv.org/abs/2005.03016
https://inspirehep.net/literature/1794712
https://doi.org/10.1140/epjc/s2006-02552-4
https://doi.org/10.1140/epjc/s2006-02552-4
https://arxiv.org/abs/hep-ph/0601139
https://inspirehep.net/literature/708784
https://doi.org/10.1088/1126-6708/2008/04/063
https://doi.org/10.1088/1126-6708/2008/04/063
https://arxiv.org/abs/0802.1189
https://inspirehep.net/literature/779080
https://arxiv.org/abs/2205.11879
https://inspirehep.net/literature/2087130
https://doi.org/10.1007/JHEP10(2022)158
https://arxiv.org/abs/2205.01117
https://inspirehep.net/literature/2075904
https://doi.org/10.1140/epjc/s10052-022-10568-7
https://arxiv.org/abs/2205.01109
https://inspirehep.net/literature/2075911
https://arxiv.org/abs/2208.11138
https://inspirehep.net/literature/2141281

[29]

[30]

[31]

[32]

[33]

[34]

[35]

[36]

[39]

[40]

[41]

A. Denner, S. Dittmaier, M. Pellen and C. Schwan, Low-virtuality photon transitions
~v* — ff and the photon-to-jet conversion function, Phys. Lett. B 798 (2019) 134951
[arXiv:1907.02366] [INSPIRE].

PARTICLE DATA GROUP collaboration, Review of Particle Physics, PTEP 2020 (2020)
083C01 [INSPIRE].

NNPDF collaboration, Parton distributions from high-precision collider data, Eur. Phys. J.
C 77 (2017) 663 [arXiv:1706.00428] [INSPIRE].

S. Carrazza, S. Forte, Z. Kassabov and J. Rojo, Specialized minimal PDFs for optimized
LHC calculations, Eur. Phys. J. C 76 (2016) 205 [arXiv:1602.00005] [InSPIRE].

NNPDF collaboration, Parton distributions for the LHC Run II, JHEP 04 (2015) 040
[arXiv:1410.8849] [iNSPIRE].

NNPDF collaboration, The path to proton structure at 1% accuracy, Eur. Phys. J. C 82
(2022) 428 [arXiv:2109.02653] INSPIRE].

T.-J. Hou et al., New CTEQ global analysis of quantum chromodynamics with high-precision
data from the LHC, Phys. Rev. D 103 (2021) 014013 [arXiv:1912.10053] [nSPIRE].

S. Bailey, T. Cridge, L.A. Harland-Lang, A.D. Martin and R.S. Thorne, Parton distributions
from LHC, HERA, Tevatron and fized target data: MSHT20 PDFs, Fur. Phys. J. C 81
(2021) 341 [arXiv:2012.04684] [INSPIRE].

S. Alekhin, J. Blimlein and S. Moch, NLO PDFs from the ABMP16 fit, Eur. Phys. J. C T8
(2018) 477 [arXiv:1803.07537] [INSPIRE].

A. Denner, S. Dittmaier, M. Roth and D. Wackeroth, Electroweak radiative corrections to
ete™ — WW — 4 fermions in double pole approzimation: The RACOONWW approach,
Nucl. Phys. B 587 (2000) 67 [hep-ph/0006307] [INSPIRE].

D.Y. Bardin, A. Leike, T. Riemann and M. Sachwitz, Energy Dependent Width Effects in
ete™ Annihilation Near the Z Boson Pole, Phys. Lett. B 206 (1988) 539 [NSPIRE].

A. Denner, S. Dittmaier, M. Roth and D. Wackeroth, Predictions for all processes eTe™ — 4
fermions +v, Nucl. Phys. B 560 (1999) 33 [hep-ph/9904472] [INSPIRE].

A. Denner, S. Dittmaier, M. Roth and L.H. Wieders, Electroweak corrections to
charged-current ete™ — 4 fermion processes: Technical details and further results, Nucl.
Phys. B 724 (2005) 247 [hep-ph/0505042] [INSPIRE].

A. Denner and S. Dittmaier, The Complex-mass scheme for perturbative calculations with
unstable particles, Nucl. Phys. B Proc. Suppl. 160 (2006) 22 [hep-ph/0605312] [INSPIRE].

M. Czakon, A nowvel subtraction scheme for double-real radiation at NNLO, Phys. Lett. B
693 (2010) 259 [arXiv:1005.0274] INSPIRE].

M. Czakon, Double-real radiation in hadronic top quark pair production as a proof of a
certain concept, Nucl. Phys. B 849 (2011) 250 [arXiv:1101.0642] INSPIRE].

M. Czakon and D. Heymes, Four-dimensional formulation of the sector-improved residue
subtraction scheme, Nucl. Phys. B 890 (2014) 152 [arXiv:1408.2500] INSPIRE].

M. Czakon, A. van Hameren, A. Mitov and R. Poncelet, Single-jet inclusive rates with exact
color at O(a?), JHEP 10 (2019) 262 [arXiv:1907.12911] [INSPIRE].

M. Pellen, R. Poncelet and A. Popescu, Polarised W+j production at the LHC: a study at
NNLO QCD accuracy, JHEP 02 (2022) 160 [arXiv:2109.14336] [INSPIRE].

- 29 —


https://doi.org/10.1016/j.physletb.2019.134951
https://arxiv.org/abs/1907.02366
https://inspirehep.net/literature/1742652
https://doi.org/10.1093/ptep/ptaa104
https://doi.org/10.1093/ptep/ptaa104
https://inspirehep.net/literature/1812251
https://doi.org/10.1140/epjc/s10052-017-5199-5
https://doi.org/10.1140/epjc/s10052-017-5199-5
https://arxiv.org/abs/1706.00428
https://inspirehep.net/literature/1602475
https://doi.org/10.1140/epjc/s10052-016-4042-8
https://arxiv.org/abs/1602.00005
https://inspirehep.net/literature/1418824
https://doi.org/10.1007/JHEP04(2015)040
https://arxiv.org/abs/1410.8849
https://inspirehep.net/literature/1325552
https://doi.org/10.1140/epjc/s10052-022-10328-7
https://doi.org/10.1140/epjc/s10052-022-10328-7
https://arxiv.org/abs/2109.02653
https://inspirehep.net/literature/1918284
https://doi.org/10.1103/PhysRevD.103.014013
https://arxiv.org/abs/1912.10053
https://inspirehep.net/literature/1773096
https://doi.org/10.1140/epjc/s10052-021-09057-0
https://doi.org/10.1140/epjc/s10052-021-09057-0
https://arxiv.org/abs/2012.04684
https://inspirehep.net/literature/1835346
https://doi.org/10.1140/epjc/s10052-018-5947-1
https://doi.org/10.1140/epjc/s10052-018-5947-1
https://arxiv.org/abs/1803.07537
https://inspirehep.net/literature/1663334
https://doi.org/10.1016/S0550-3213(00)00511-3
https://arxiv.org/abs/hep-ph/0006307
https://inspirehep.net/literature/529378
https://doi.org/10.1016/0370-2693(88)91627-9
https://inspirehep.net/literature/263569
https://doi.org/10.1016/S0550-3213(99)00437-X
https://arxiv.org/abs/hep-ph/9904472
https://inspirehep.net/literature/499024
https://doi.org/10.1016/j.nuclphysb.2011.09.001
https://doi.org/10.1016/j.nuclphysb.2011.09.001
https://arxiv.org/abs/hep-ph/0505042
https://inspirehep.net/literature/682093
https://doi.org/10.1016/j.nuclphysbps.2006.09.025
https://arxiv.org/abs/hep-ph/0605312
https://inspirehep.net/literature/717880
https://doi.org/10.1016/j.physletb.2010.08.036
https://doi.org/10.1016/j.physletb.2010.08.036
https://arxiv.org/abs/1005.0274
https://inspirehep.net/literature/853713
https://doi.org/10.1016/j.nuclphysb.2011.03.020
https://arxiv.org/abs/1101.0642
https://inspirehep.net/literature/883132
https://doi.org/10.1016/j.nuclphysb.2014.11.006
https://arxiv.org/abs/1408.2500
https://inspirehep.net/literature/1310414
https://doi.org/10.1007/JHEP10(2019)262
https://arxiv.org/abs/1907.12911
https://inspirehep.net/literature/1747058
https://doi.org/10.1007/JHEP02(2022)160
https://arxiv.org/abs/2109.14336
https://inspirehep.net/literature/1934979

[48]

[49]

[50]

[51]

M. Pellen, R. Poncelet, A. Popescu and T. Vitos, Angular coefficients in W+ j production at
the LHC with high precision, Eur. Phys. J. C 82 (2022) 693 [arXiv:2204.12394| [INSPIRE].

H.B. Hartanto, R. Poncelet, A. Popescu and S. Zoia, Next-to-next-to-leading order QCD
corrections to Wbb production at the LHC, Phys. Rev. D 106 (2022) 074016
[arXiv:2205.01687] [INSPIRE].

H.B. Hartanto, R. Poncelet, A. Popescu and S. Zoia, Flavour anti-kp algorithm applied to
Wbb production at the LHC, CAVENDISH-HEP-22/07 (2022), arXiv:2209.03280 [INSPIRE].

M. Bury and A. van Hameren, Numerical evaluation of multi-gluon amplitudes for High
Energy Factorization, Comput. Phys. Commun. 196 (2015) 592 [arXiv:1503.08612]
[INSPIRE].

F. Buccioni et al., OpenLoops 2, Eur. Phys. J. C 79 (2019) 866 [arXiv:1907.13071]
[INSPIRE].

T. Gehrmann and L. Tancredi, Two-loop QCD helicity amplitudes for qq — W*~ and
qq — Z°%y, JHEP 02 (2012) 004 [arXiv:1112.1531] [INSPIRE].

C.W. Bauer, A. Frink and R. Kreckel, Introduction to the GiNaC framework for symbolic
computation within the C++ programming language, J. Symb. Comput. 33 (2002) 1
[cs/0004015] [INSPIRE].

J. Vollinga and S. Weinzierl, Numerical evaluation of multiple polylogarithms, Comput. Phys.
Commun. 167 (2005) 177 [hep-ph/0410259] [INSPIRE].

S. Actis, A. Denner, L. Hofer, A. Scharf and S. Uccirati, Recursive generation of one-loop
amplitudes in the Standard Model, JHEP 04 (2013) 037 [arXiv:1211.6316] INSPIRE].

S. Actis, A. Denner, L. Hofer, J.-N. Lang, A. Scharf and S. Uccirati, RECOLA: REcursive
Computation of One-Loop Amplitudes, Comput. Phys. Commun. 214 (2017) 140
[arXiv:1605.01090] [iNSPIRE].

B. Biedermann, A. Denner and M. Pellen, Large electroweak corrections to vector-boson
scattering at the Large Hadron Collider, Phys. Rev. Lett. 118 (2017) 261801
[arXiv:1611.02951] [INSPIRE].

B. Biedermann, A. Denner and M. Pellen, Complete NLO corrections to WH W scattering
and its irreducible background at the LHC, JHEP 10 (2017) 124 [arXiv:1708.00268]
[INSPIRE].

A. Denner, S. Dittmaier, P. Maierhofer, M. Pellen and C. Schwan, QCD and electroweak
corrections to WZ scattering at the LHC, JHEP 06 (2019) 067 [arXiv:1904.00882]
[INSPIRE].

S. Bréauer, A. Denner, M. Pellen, M. Schénherr and S. Schumann, Fized-order and merged
parton-shower predictions for WW and WWj production at the LHC including NLO QCD
and EW corrections, JHEP 10 (2020) 159 [arXiv:2005.12128] [InSPIRE].

A. Denner, R. Franken, M. Pellen and T. Schmidt, NLO QCD and EW corrections to
vector-boson scattering into ZZ at the LHC, JHEP 11 (2020) 110 [arXiv:2009.00411]
[INSPIRE].

A. Denner, R. Franken, M. Pellen and T. Schmidt, Full NLO predictions for vector-boson
scattering into Z bosons and its irreducible background at the LHC, JHEP 10 (2021) 228
[arXiv:2107.10688] [INSPIRE].

~ 93 -


https://doi.org/10.1140/epjc/s10052-022-10641-1
https://arxiv.org/abs/2204.12394
https://inspirehep.net/literature/2072454
https://doi.org/10.1103/PhysRevD.106.074016
https://arxiv.org/abs/2205.01687
https://inspirehep.net/literature/2077368
https://arxiv.org/abs/2209.03280
https://inspirehep.net/literature/2148214
https://doi.org/10.1016/j.cpc.2015.06.023
https://arxiv.org/abs/1503.08612
https://inspirehep.net/literature/1357021
https://doi.org/10.1140/epjc/s10052-019-7306-2
https://arxiv.org/abs/1907.13071
https://inspirehep.net/literature/1747023
https://doi.org/10.1007/JHEP02(2012)004
https://arxiv.org/abs/1112.1531
https://inspirehep.net/literature/1080394
https://doi.org/10.1006/jsco.2001.0494
https://arxiv.org/abs/cs/0004015
https://inspirehep.net/literature/526688
https://doi.org/10.1016/j.cpc.2004.12.009
https://doi.org/10.1016/j.cpc.2004.12.009
https://arxiv.org/abs/hep-ph/0410259
https://inspirehep.net/literature/662237
https://doi.org/10.1007/JHEP04(2013)037
https://arxiv.org/abs/1211.6316
https://inspirehep.net/literature/1204468
https://doi.org/10.1016/j.cpc.2017.01.004
https://arxiv.org/abs/1605.01090
https://inspirehep.net/literature/1455789
https://doi.org/10.1103/PhysRevLett.118.261801
https://arxiv.org/abs/1611.02951
https://inspirehep.net/literature/1496632
https://doi.org/10.1007/JHEP10(2017)124
https://arxiv.org/abs/1708.00268
https://inspirehep.net/literature/1613898
https://doi.org/10.1007/JHEP06(2019)067
https://arxiv.org/abs/1904.00882
https://inspirehep.net/literature/1727600
https://doi.org/10.1007/JHEP10(2020)159
https://arxiv.org/abs/2005.12128
https://inspirehep.net/literature/1797636
https://doi.org/10.1007/JHEP11(2020)110
https://arxiv.org/abs/2009.00411
https://inspirehep.net/literature/1814403
https://doi.org/10.1007/JHEP10(2021)228
https://arxiv.org/abs/2107.10688
https://inspirehep.net/literature/1890396

[64]

[65]

[66]

[67]

[68]

[69]

[70]

[71]

A. Denner, R. Franken, T. Schmidt and C. Schwan, NLO QCD and EW corrections to
vector-boson scattering into Wt W~ at the LHC, JHEP 06 (2022) 098 [arXiv:2202.10844]
[INSPIRE].

J. Butterworth et al., PDF/LHC recommendations for LHC Run II, J. Phys. G 43 (2016)
023001 [arXiv:1510.03865] [INSPIRE].

PDF4LHC WORKING GROUP collaboration, The PDF/LHC21 combination of global PDF
fits for the LHC Run III, J. Phys. G 49 (2022) 080501 [arXiv:2203.05506] [INSPIRE].

A. Denner and S. Dittmaier, Electroweak Radiative Corrections for Collider Physics, Phys.
Rept. 864 (2020) 1 [arXiv:1912.06823] [INSPIRE].

A. Denner and S. Pozzorini, One loop leading logarithms in electroweak radiative corrections.
1. Results, Eur. Phys. J. C 18 (2001) 461 [hep-ph/0010201] [INSPIRE].

J. Alwall et al., The automated computation of tree-level and next-to-leading order
differential cross sections, and their matching to parton shower simulations, JHEP 07 (2014)
079 [arXiv:1405.0301] [INSPIRE].

C. Bierlich et al., A comprehensive guide to the physics and usage of PYTHIA 8.3, LU-TP
22-16 (2022), SciPost Phys. Codebases 8 (2022) [arXiv:2203.11601] [INSPIRE].

M. Dobbs and J.B. Hansen, The HepMC C++ Monte Carlo event record for High Energy
Physics, Comput. Phys. Commun. 134 (2001) 41 INSPIRE].

C. Bierlich et al., Robust Independent Validation of Fxperiment and Theory: Rivet version 3,
SciPost Phys. 8 (2020) 026 [arXiv:1912.05451] [INSPIRE].

—94 —


https://doi.org/10.1007/JHEP06(2022)098
https://arxiv.org/abs/2202.10844
https://inspirehep.net/literature/2037249
https://doi.org/10.1088/0954-3899/43/2/023001
https://doi.org/10.1088/0954-3899/43/2/023001
https://arxiv.org/abs/1510.03865
https://inspirehep.net/literature/1397826
https://doi.org/10.1088/1361-6471/ac7216
https://arxiv.org/abs/2203.05506
https://inspirehep.net/literature/2049642
https://doi.org/10.1016/j.physrep.2020.04.001
https://doi.org/10.1016/j.physrep.2020.04.001
https://arxiv.org/abs/1912.06823
https://inspirehep.net/literature/1774520
https://doi.org/10.1007/s100520100551
https://arxiv.org/abs/hep-ph/0010201
https://inspirehep.net/literature/535298
https://doi.org/10.1007/JHEP07(2014)079
https://doi.org/10.1007/JHEP07(2014)079
https://arxiv.org/abs/1405.0301
https://inspirehep.net/literature/1293923
https://doi.org/10.21468/SciPostPhysCodeb.8
https://arxiv.org/abs/2203.11601
https://inspirehep.net/literature/2056998
https://doi.org/10.1016/S0010-4655(00)00189-2
https://inspirehep.net/literature/553387
https://doi.org/10.21468/SciPostPhys.8.2.026
https://arxiv.org/abs/1912.05451
https://inspirehep.net/literature/1770135

	Introduction
	Details of the calculations
	Definition of the process
	Numerical inputs
	Flavored jet algorithms and event selections
	Jet algorithms
	Event selection

	Tools

	Theoretical predictions
	Detailed analysis
	Off-diagonal CKM elements
	PDF dependence and scale setting
	Event selection and same-sign contribution
	Flavor jet algorithms
	Flavor kT algorithms
	Flavor anti-kT algorithms
	NLO QCD with parton shower corrections


	Conclusions

