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The WþW− cross section has remained one of the most consistently discrepant channels compared to
Standard Model (SM) predictions at the LHC, measured by both ATLAS and CMS at 7 and 8 TeV.
Developing a better modeling of this channel is crucial to understanding properties of the Higgs and potential
new physics. In this paper we investigate the effects of next-to-next-to-leading-log transverse momentum
resummation in measuring the WþW− cross section. In the formalism we employ, transverse momentum
resummation does not change the total inclusive cross section but gives a more accurate prediction for the pT

distribution of the diboson system. By reweighting the pT distribution of events produced by Monte Carlo
generators, we find a systematic shift that decreases the experimental discrepancy with the SM prediction by
approximately 3%–7% depending on the Monte Carlo generator and parton shower used. The primary effect
comes from the jet-veto cut used by both experiments. We comment on the connections to jet-veto
resummation and other methods the experiments can use to test this effect. We also discuss the correlation of
resummation effects in this channel with other diboson channels. Ultimately pT resummation improves the
agreement between the SM and experimental measurements for most generators but does not account for the
measured ∼20% difference with the SM, and further investigations into this channel are needed.
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I. INTRODUCTION

The Standard Model (SM) of particle physics has been
tested at a new energy frontier by the Large Hadron
Collider (LHC). SM cross sections were measured at both
7 and 8 TeV, and the SM has passed with flying colors in
almost every channel. Nevertheless there has been one
channel that has been consistently off at the LHC for both
the ATLAS and CMS experiments, the WþW− cross
section measured in the fully leptonic final state. This state
is naively one of the most straightforward channels to
measure both theoretically and experimentally as it is an
electroweak final state with two hard leptons. However, at 7
and 8 TeV ATLAS [1,2] and CMS [3,4] have measured a
discrepancy with the SM next-to-leading-order (NLO)
calculation [5,6] ofOð20%Þ, and this extends to differential
measurements not just simply an overall rescaling.
This discrepancy is particularly compelling for a number

of reasons. First and foremost, one of the most important
channels for the Higgs is the WþW− decay channel of
which SM WþW− is the largest background. Since this
channel does not have a particular kinematic feature akin to
bumps in the γγ or ZZ channels, it is important to
understand the shape of the SM background quite well.
CMS [7] and ATLAS [8] use data-driven techniques
to extrapolate and find the signal strength of the Higgs.
While these data-driven techniques are validated in many
ways, it is oftentimes difficult to find perfectly orthogonal

control regions, and correlations may arise at higher order
in theoretical calculations or because of new physics
contributions. Given the shape differences observed,
whether or not this is due to an insufficient SM calculation
or new physics, it is important to understand that there
could possibly be effects which alter the signal strength of
the Higgs when the SM WþW− channel is understood
better [9].
Another compelling reason for understanding the dis-

crepancy is the possibility of new sub-TeV scale physics.
The dileptonþ missing transverse energy ðMETÞ final
state is an important background to many searches, but
even more so, the large OðpbÞ discrepancy currently
observed still allows for the possibility of new
Oð100Þ GeV particles. While models of this naively would
have been ruled out by previous colliders, or other searches
at the LHC, in fact it turns out that there could be numerous
possibilities for physics at the electroweak (EW) scale.
These include Charginos [10], Sleptons [11], Stops [12–14]
or even more exotic possibilities [15]. Remarkably, as first
shown in Ref. [10], not only could new physics be present
at the EW scale, but it in fact can improve the fit to data
compared to the SM significantly, because it preferentially
fills in gaps in the differential distributions when new
physics is at the EW scale. In particular the possibility of
particles responsible for naturalness in supersymmetry
being at the weak scale and realizing a solution of the
hierarchy problemmakes this particularly compelling given
all the negative results in other channels.
Finally, it is particularly interesting simply from the point

of QCD and the SM to understand why theWþW− channel
has a persistently discrepant experimental result compared
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to SM predictions when other similar uncolored final
states, e.g. ZZ and WZ, seem to agree quite well with
experiment. There are potential theoretical reasons within
the SM that could explain the difference compared to
experiment and to other EW channels. One of the first
points that could be addressed in the context of the WþW−

measurement is whether or not the fixed-order calculation
was sufficient to describe the data. Currently the WþW−

channel is formally known at NLO, and this is imple-
mented in various NLO Monte Carlo (MC) generators
employed by ATLAS and CMS in their analyses.
However, partial next-to-next-to-leading-order (NNLO)
results are also incorporated, since gg → WþW− via a
quark loop is included through the generator gg2VV
[16,17]. The merging of NLO WW and WWj predictions
has been investigated in Refs. [18–20], while approximate
calculations for higher-order corrections to gg → WþW−

are performed in Ref. [21]. Theoretically the full NNLO
calculation of WþW− production turns out to be quite
difficult, but within the past year there has been a great
deal of progress; the complete NNLO calculation for the
ZZ total cross section has recently been completed [22].
The results of Ref. [22] are interesting, given that
compared to NLO the NNLO effect can be sizable
Oð10%Þ. However, when examined closely, if the full
NNLO results are compared to the NLOþ gg → ZZ, the
difference is less than Oð5%Þ. Given this result for ZZ,
unless there were large differences from a channel with
very similar contributions, it would be highly unlikely that
the full NNLO result could explain the discrepancies in
the WþW− result.
There can be effects beyond the fixed-order calculation

that matter as well. As with any calculation there are
additional logarithms that arise whenever there is an extra
scale in the problem, for instance threshold resummation
logs, or logs of the transverse momentum of the system
compared to the hard scale of the system. These logarithms
can either change the overall cross section as in the case of
threshold resummation or the shape of the pT distribution
in pT resummation. In Ref. [23] the threshold resummation
effects were calculated to approximate next-to-next-
to-leading-log (NNLL) accuracy for WþW− production,
and the effects were found to be small for the overall cross
section of Oð:5–3%Þ compared to NLO (the NNLO
calculation would largely include these logs, and thus
these effects should not be taken independently in magni-
tude). Another contribution which primarily affects the
overall cross section comes from π2 resummation [24–26].
This has yet to be computed for WþW−; however, it would
affect other EW channels similarly, so the WþW− channel
should not be singled out, and it clearly does not explain a
discrepancy of Oð20%Þ as measured in that channel.
While the aforementioned effects primarily affect the

total cross-section, there are avenues that change the shape
in a differential direction while keeping the total cross

section constant. One such effect is pT resummation first
calculated for WþW− in Refs. [27,28]. An interesting
difference that arises with pT resummation, compared to
threshold resummation, is the interplay between the effects
of resummation and the way the cross section is measured
for WþW−. Given that pT resummation changes the shape
of the pT distribution, and the pT distribution would be a
delta function at 0 at the Born level, QCD effects are crucial
for getting this distribution correct. These effects are
normally sufficiently accounted for by using a parton
shower [matched to leading order (LO) or NLO fixed order]
which only approaches next-to-leading-log (NLL) accu-
racy. However, in theWþW− channel compared to theW�Z
and ZZ channels there is an additional jet-veto requirement
for the measurement. This requirement arises because there
is an overwhelming background to WþW− coming from tt̄
production and decay. The most straightforward way to
reduce the tt̄ background is to veto on extra jets to isolate the
WþW− contribution. Given this jet veto, and the correlation
between jet-veto efficiency and the pT shape of theWþW−

system, there is an added sensitivity to the jet veto and the
shape of the pT distribution that other channels typically do
not have. There is precedent for turning to pT resummation
rather than using a parton shower alone when shape
differences are important, e.g. the W mass measurement
at the D0 [29].
In this paper we will examine the detailed effects of

pT resummation at approximate NNLL accuracy when
combined with how the experimental measurements are
performed. Typically the comparison between pT
resummed processes, e.g. Drell-Yan or ZZ, is done at
the unfolded level experimentally. However, the extrapo-
lation from the fiducial cross section to the inclusive cross
section can be the source of the discrepancy, and a new
analysis has to be carefully performed to understand the
WþW− channel. The difficulty in doing this of course is
that in the context of pT resummation all radiation is
inclusively summed without reference to a jet algorithm,
and there is no jet veto that can be explicitly performed. In
light of this, we undertake a procedure similar to what is
done for Higgs production predictions at the LHC using
HqT [30] to predict the transverse momentum distribution
of the Higgs. We investigate the effects of taking NLOþ
parton shower generated events for WþW−, reweighting
them with the NNLL resummed pT distribution before
cuts and then applying the cuts to find the fiducial cross
section and how the total cross section should be inter-
preted. We find that this leads to Oð3–7%Þ changes in
the total cross section, for central choices of scales,
which reduces the discrepancy. Additionally, we find that
differential distributions are improved.
A jet veto introduces an additional scale and thus logs

related to this scale. Such logs are not identical to the logs
accounted for by pT resummation. A program of jet-veto
resummation [31–38] would in principle be required to
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isolate these effects. These logs are clearly not taken
account in our calculation explicitly due to the fact that
there are no jets in our resummation calculation.
Nevertheless, as mentioned earlier, the probability of an
event passing the jet veto and the transverse momentum of
the WþW− system is strongly correlated; therefore, in the
process of reweighting the parton showered events and
using a jet algorithm, there is a large overlap between the
logs accounted for in jet-veto resummation and the logs
accounted for in our procedure. This correlation was
observed for instance in Ref. [31], where for Higgs and
Drell-Yan the effects of reweighting the pT distribution
agreed very well with the jet-veto efficiency coming from a
jet-veto resummation calculation. Given that Higgs pro-
duction is dominated by gluon initial states, we expect the
agreement between reweighting and jet-veto resummation
to be even better for WþW−. An additional motivation for
performing pT resummation and reweighting is that we can
perform detector simulations on the fully exclusive events
and predict differential observables. In particular, the pT
distribution of the WþW− system, which ATLAS has
shown at 7 and 8 TeV, has had a shape discrepancy which
we find is in better agreement when performing pT
resummation. In the context of a jet-veto resummation
calculation alone it is impossible to predict this shape
without resorting to a reweighting procedure as well.
Nevertheless, it would be interesting to understand the
interplay of jet veto and pT resummation effects even
further, which we leave to future work.
The rest of the paper is structured as follows. In Sec. II,

we outline our methodology and calculation of the NNLL
resummed WþW− pT distribution. In Sec. III we explicitly
describe our reweighting procedure and demonstrate the
effects on the total cross section at various energies from
different NLO generators and parton showers. Finally, in
Sec. IV we discuss the implications of these results both for
scale choices used in resummation and the associated errors
as well as how to test these effects in other channels. In
particular, given the similarity in scales of WþW−, W�Z
and ZZ processes and the fact that resummation does not
differentiate with respect to the hard matrix element,
if resummation effects are responsible for even part of
the discrepancy as currently measured there are distinct
predictions in other channels.

II. WþW− TRANSVERSE MOMENTUM
RESUMMATION

A. Resummation method

For hadron collider production of electroweak bosons
with invariant mass M and transverse momentum pT , the
fixed-order perturbative expansion acquires powers of large
logarithms, αns logmðM=pTÞ, with m ≤ 2n − 1, which can
be resummed to all orders [39–48]. We implement the
method of Refs. [49,50] to calculate the WW transverse

momentum distribution at partial NNLLþ LO.1 Some
aspects of the method are outlined below. The factorized
cross section is

dσWW

dp2
T

ðpT;M; sÞ

¼
X
a;b

Z
1

0

dx1

Z
1

0

dx2fa=h1ðx1; μ2FÞfb=h2ðx2; μ2FÞ

×
dσ̂WW

ab

dp2
T

ðpT;M; ŝ; αsðμ2RÞ; μ2R; μ2FÞ; ð2:1Þ

where fa=h1 and fb=h2 are the parton distribution functions
for the parton species a and b in the two colliding hadrons,
ŝ ¼ sx1x2 is the partonic center-of-mass energy, and
dσ̂WW

ab =dp2
T is the partonic cross section. The partonic

cross section will be the sum of a resummed part and a
finite part; the finite part matches resummation with fixed-
order calculations. In our case, we will give approximate
NNLLþ LO results which effectively include the exact LO
results at Oðαsðμ2RÞÞ plus approximate NNLL resummation
correction terms at Oðαns ðμ2RÞÞ, 2 ≤ n ≤ ∞.
The quantity that is resummed directly is actually the

double transform of the partonic cross section,

WWW
ab;Nðb;M;αsðμ2RÞ; μ2R; μ2FÞ; ð2:2Þ

where b, the impact parameter, is the Fourier transform
moment with respect to pT , while N is the Mellin transform
moment with respect to z ¼ M=ŝ. To invert the Mellin
transform, we use the standard formula

WWW
ab ðb;M; ŝ ¼ M2=z; αsðμ2RÞ; μ2R; μ2FÞ

¼
Z

cþi∞

c−i∞

dz
2πi

z−NWWW
ab;Nðb;M; αsðμ2RÞ; μ2R; μ2FÞ ð2:3Þ

where c, a positive number, is the intercept between
the integration contour and the real axis. In numerical
implementations, the contour is deformed to the left on
both the upper and lower complex planes, leaving the
integral invariant but improving numerical convergence. To
perform the convolution in Eq. (2.1), we fit the parton
distribution functions with simple analytic functions [51] to
obtain analytical Mellin transforms. We multiply the Mellin
transform of the parton distribution functions with the
Mellin transform of the partonic cross section, before we
actually invert the transform. The error associated with
fitting is less than 10−3.

1In our convention, LO pT distribution is at the same αs order
as the NLO total cross section.
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To invert the Fourier transform in Eq. (2.1), we use

dσ̂WW
ab

dp2
T

ðpT;M; ŝ; αsðμ2RÞ; μ2R; μ2FÞ

¼ M2

ŝ

Z
d2b
4π

eib·pTWWW
ab ðb;M; ŝ; αsðμ2RÞ; μ2R; μ2FÞ

¼ M2

ŝ

Z
d2b
4π

b
2
J0ðbpTÞWWW

ab ðb;M; ŝ; αsðμ2RÞ; μ2R; μ2FÞ:
ð2:4Þ

The double transform in Eq. (2.1) contains large logarithms
of the form ∼ logðMbÞ which correspond to ∼ log ðM=pTÞ
before the Fourier transform. Ignoring the finite term from
matching to fixed-order results, the large logarithms are
resummed to all orders by exponentiation (omitting sum-
mation over flavor indices, which is needed when multiple
parton flavors mix under DGLAP evolution) [49],

WWW
ab;Nðb;M; αsðμ2RÞ; μ2R; μ2FÞ
¼ HWW

N ðM; αsðμ2RÞ;M2=μ2F;M
2=Q2Þ

× exp fGNðαsðμ2RÞ; L;M2=μ2R;M
2=Q2Þg; ð2:5Þ

where the HWW
NN function is only sensitive to physics at the

scale comparable with M and hence does not depend on b.
On the other hand, the function GN is sensitive to physics at
the scale of 1=b ∼ pT and is exponentiated to all orders in
αs. The quantity L is defined as

L≡ ln
Q2b2

b20
; b0 ≡ 2e−γE ≈ 1.12; ð2:6Þ

where Q, termed the resummation scale, is chosen to be
comparable in magnitude to the hard scale of the process. It
is an inherent ambiguity in resummation calculations, in
addition to the usual μR and μF ambiguities for fixed-order
calculations.
The exponent in Eq. (2.5) can be expanded in successive

logarithmic orders [49,52]

GNðαs; L;M2=μ2R;M
2=Q2Þ

¼ Lgð1ÞðαsLÞ þ gð2ÞN ðαsL;M2=μ2R;M
2=Q2Þ

þ αs
π
gð3ÞN ðαsL;M2=μ2R;M

2=Q2Þ

þ
Xþ∞

n¼4

�αs
π

�
n−2

gðnÞN ðαsL;M2=μ2R;M
2=Q2Þ: ð2:7Þ

This expansion makes sense if we regard αsL as of order
unity. The gð1Þ term is the leading logarithmic term, while
gð2Þ and gð3Þ are the NLL and NNLL terms, and so on. The
variation of Q shuffles terms between the fixed-order and

resummed terms and can give an estimate for as yet
uncomputed higher logs.
An alternative representation [48,49] of Eq. (2.7) is (for

illustration, we give the expression that is valid when there
is a single parton flavor)

GNðαs; L;M2=μ2R;M
2=Q2Þ

¼ −
Z

Q2

b2
0
=b2

dq2

q2

�
Aðαsðq2ÞÞ ln

M2

q2
þ ~BNðαsðq2ÞÞ

�
; ð2:8Þ

~BNðαsÞ¼defBðαsÞ þ 2βðαsÞ
d lnCNðαsÞ

d ln αs
þ 2γNðαsÞ; ð2:9Þ

where AðαsÞ and BðαsÞ come from the Sudakov form
factor, while CNðαsÞ is related to the perturbative gener-
ation of transverse momentum dependent parton distribu-
tions from collinear parton distributions and γNðαsÞ is the
moment-space expression for the DGLAP splitting kernel.
We include AðαsÞ to α3s order, BðαsÞ to α2s order, the
DGLAP splitting kernel γN to α2s order (i.e. NLO), and the
CNðαsÞ coefficient to αs order. Most of the above ingre-
dients are available in Refs. [48,49], except the α3s order
piece of AðαsÞ which is calculated in Ref. [53]. We reused
part of the QCD-Pegasus code [54] to calculate the NLO
DGLAP splitting kernel in complex moment space. The
spin-averaged one-loop virtual correction to qq̄ → WþW−,
computed in Ref. [5], is absorbed into the order αs flavor-
diagonal part of the CN function. We also do not have
the full two-loop virtual corrections to the qq̄ → WþW−

amplitude. Therefore, our results have approximate NNLL
accuracy.
To ensure that the resummed and matched prediction

preserves the NLO total cross section, in Eq. (2.7) we shift
L from the definition Eq. (2.6) to the modified value
ln ðQ2b2=b20 þ 1Þ, which imposes GN ¼ 0 when b ¼ 0.
This shift does not affect the low pT region to leading
power in pT=M.

B. Numerical results

The full details about the underlying resummation
formalism, in particular the diagonalization of the
DGLAP splitting kernel in the multiflavor case and the
matching to fixed-order calculations, are covered in
Refs. [49,50] and will not be repeated here. We now go
on to present numerical results. To make sure our numerical
implementation is correct, we have reproduced the Z-boson
resummed transverse momentum distribution in Ref. [50],
including effects of varying the resummation scale Q.
We use the MSTW 2008 NLO parton distribution

functions [55]. The central scales we use are μR ¼
μF ¼ 2mW , Q ¼ mW . In Fig. 1, we plot the resummed,
fixed-order, and finite part of the WþW− transverse
momentum distribution using central scales for 8 TeV
pp collisions to make it easier for future studies to compare
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results directly. We can see that resummation cures the
pT → 0 divergence of the LO distribution and generates
substantial corrections. The total cross section obtained
from integrating our pT distribution agrees with exact
fixed-order results to better than 0.5%, which is a con-
sistency check for our numerical accuracy.
To assess perturbative scale uncertainties, we simulta-

neously vary μR and μF up and down by a factor of 2 and
separately vary Q up and down by a factor of 2. The
resulting variations in the transverse momentum distribu-
tions are plotted in Fig. 2 for 8 TeV collisions. We can see
that the largest scale uncertainties result from varying the
resummation scale Q. By adding μR and μF variations and
Q variations in quadrature,2 we produce the distribution
with error bands, for 7, 8 and 14 TeV, shown in Fig. 3. if the
combined scale uncertainty at the peak of the distribution is
around �10% for each collision energy.
We now briefly mention nonperturbative effects. In

Eq. (2.4) WWW
ab in fact becomes singular at large b due

to the divergence of the QCD running coupling below the
scale ΛQCD. This is a nonperturbative issue and becomes
important at low pT. Many prescriptions for regulating the
nonperturbative singularity exists, such as the b� model
[43,47] and the minimal prescription [56]. We adopt a
simple cutoff at b ¼ 2 GeV−1 for the choice of resumma-
tion scale Q ¼ 2mW and b ¼ 4 GeV−1 for Q ¼ mW and
Q ¼ mW=2 and give results both with and without an
additional nonperturbative Gaussian smearing factor of
exp ½−g2NP GeV2b2� with gNP ¼ 1. The WþW− fiducial
cross sections after reweighting parton shower events only
differ by about 1% with and without the Gaussian smearing

factor, much smaller than the perturbative scale uncertain-
ties we will encounter. In Fig. 4 we compare the predicted
WW transverse momentum distribution with and without
the Gaussian smearing factor. The smearing causes the
peak to shift by about 0.5 GeV to larger pT.
There are of course uncertainties not directly related to

our calculation; for instance using different PDF sets can
have a few percent effect as demonstrated in Ref. [2]. Since
the PDF uncertainties affect both the resummed result and
the parton shower result, we expect the effect to largely
cancel in the reweighting factor.
Finally, we compare our pT distribution at 8 TeV with

the soft collinear effective theory (SCET)-based resumma-
tion calculation by Ref. [28] in Fig. 5. The results are in
good agreement, but our results show a larger error band
because we varied both μR (with μF locked to be equal to
μR) and the resummation scale Q, the latter of which
indicates ambiguities in splitting contributions into the
resummed part and the finite part, while the calculation by
Ref. [28] only considers the variation of one scale.

III. TRANSVERSE MOMENTUM REWEIGHTING
AND FIDUCIAL CROSS SECTIONS

The transverse momentum resummation shown in Sec. II
systematically improves our understanding of the pT
distribution of the diboson system. However, the WþW−

pT distribution as measured by the LHC experiments is not
the same as the distribution that is calculated in Sec. II. This
is because the detector only measures a certain fiducial
region of phase space, there are additional cuts put on the
physics objects to reduce backgrounds, and finally there are
detector effects which smear the pT distribution compared
to the theoretical prediction. In very clean channels such as
Drell-Yan or ZZ production, these effects can be unfolded
more easily, and an unambiguous prediction for the pT of
the system can be compared to theoretical predictions. For
WþW− the effects are more difficult to unfold, and as of yet
a full analysis has not been compared to the experimental
results for the WþW− diboson system’s pT . In fact, only
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FIG. 1 (color online). Plot of resummed, finite (matching) and
fixed-order WþW− transverse momentum distributions from
8 TeV proton collisions. Note that the LO pT distribution has
the same αs order as the NLO total cross section.
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FIG. 2 (color online). Plot of renormalization, factorization and
resummation scale variations of the WþW− transverse momen-
tum distribution for 8 TeV collisions.

2For example, if the simultaneous variation of μR and μF up
and down by a factor of 2 produces a variation of þa1= − b1, and
similarly the Q variation produces a variation of þa2= − b2, we
take the combined scale uncertainty to be þ

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
a21 þ a22

p
=−ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

b21 þ b22
p

. This procedure for combining uncertainties is used
throughout.
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ATLAS has released a distribution, the vector sum of the pT
of the leptons and MET, directly correlated to the pT of the
diboson system.
To compare to data, we must implement the same cuts

that the experiments perform. Immediately this runs into
potential problems as the distributions predicted in Sec. II
are fully inclusive, and even at the leptonic level there are
cuts that restrict the distributions to a fiducial phase space.
To circumvent these difficulties we implement a reweight-
ing procedure on generated events for the pT of the system

prior to cuts and then perform the analysis cuts to find the
effects of pT resummation. This of course is not a perfect
matching of the effects of resummation and data, but
without unfolded distributions this is the closest possible
comparison that can be made at this point. This procedure is
akin to that used for predicting the Higgs signal at the LHC,
where the transverse momentum resummed shape, taken
from HqT for instance [57], is used to reweight the MC
simulated events.
It is possible that a comparison between reweighted

events after experimental cuts and the original Monte Carlo
events could predict the same cross section. The formalism
we use by definition does not change the total inclusive
cross section. However, if the reweighted distributions that
have a different shape are also cut on, then this will affect
the total measured cross section. This happens because the
cuts change the fiducial cross section and hence the inferred
total cross section once the acceptances and efficiencies are
unfolded. As we will show, there is not a direct cut on the
reweighted pT distribution, but the jet-veto cut is highly
correlated with it and significantly affects the extrapolated
total cross section. Additionally, the cause of the correlation
will also reflect that different underlying Monte Carlo
generators and parton showers will have different size
effects when extrapolating to the total cross section. These
differences are demonstrated in Fig. 6 where the pT
distributions predicted by resummation are compared to
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FIG. 3 (color online). NNLOþ LO predictions, with error bands, for the WþW− transverse momentum distribution for 7, 8 and
14 TeV collisions.
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various Monte Carlos (POWHEG BOX [58–60],
MadGraph/aMC@NLO and matched Madgraph 0jþ 1j
[61]) in combination with different parton showers from
Herwigþþ [62] and Pythia8[63]. MSTW2008 NLO
parton distribution function (pdf) sets were used for all
NLO event generations to be consistent with resummation,
and the CTEQ6 LO pdf [64] was used for the Madgraph
0þ 1j analysis.
Since the resummation procedure predicts pTWW

shape,
we reweight with respect to truth level events, i.e. pTWW

, just
after the shower but before detector simulation. To perform
the reweighting procedure, resummed theory curves from
Sec. II and MC events are binned into 0.5 GeV bins along
pTWW

. A reweighting factor is then computed:

F½pT � ¼
Resummed bin½pT �

MCbin½pT �
: ð3:1Þ

To approximate detector effects MC events are then
smeared using Delphes [65] for a fast detector simulation.3

Finally, once detector level events are produced we apply
the cuts performed by the LHC experiments. An example of
the cuts implemented by the ATLAS measurement at 7 TeV
is reproduced below in Table I. The cuts from CMS are
quite similar, the jet veto as we will show turns out to be the
most important effect, and CMS has a jet veto of 30 GeV
compared to 25 GeV for ATLAS. We comment on this
slight difference in Sec. IV; however, since CMS has not
produced a plot of the pT of the WþW− system similar to
ATLAS, we adopt the ATLAS cuts when demonstrating the
effects of using the pT resummed reweighted distributions.
Pythia8 was used with default tuning, and since all our
results are shape dependent, the reweighting procedure
should be performed again using our resummation-theory
curves when using a nondefault Pythia8 tuning.

A. Reweighting results

We perform the reweighting as described above using a
central scale Q ¼ mW as well as varying the resummation
scale Q up and down by a factor of 2 while keeping μR and
μF fixed. We define the percentage difference caused by
reweighting as

TABLE I. ATLAS cut flow for 7 TeV analysis [1].

Exactly two opposite-sign leptons, pT > 20 GeV;
pT leading > 25 GeV

mll0 > 15; 15; 10 GeV (ee, μμ, eμ)
jmll0 −mZj > 15; 15; 0 GeV (ee, μμ, eμ)
Emiss
T;Rel > 45; 45; 25 GeV (ee, μμ, eμ)

Jet Veto 25 GeV
pTll0 > 30 GeV

TABLE II. Percentage differences of reweighted theory pre-
dictions compared to Powhegþ Pythia8 at 8 TeV for σFid and
various choices of scale. The second column does not include the
Gaussian smearing factor for nonperturbative effects, while the
third column includes a nonzero nonperturbative factor gNP ¼ 1
typical for quark dominated initial states.

Scale choice
Difference

(%)
Difference with
gNP ¼ 1 ()

Central � combined error 6.5þ5.0
−3.0 6.4þ5.0

−3.0
Central scales, Q ¼ mW ,
μR ¼ μF ¼ 2mW

6.5 6.4

Q ¼ 2 × central 5.0 4.8
Q ¼ 0.5 × central 10.8 10.6
μR ¼ μF ¼ 0.5 × central 3.9 3.8
μR ¼ μF ¼ 2 × central 9.2 9.0

TABLE III. Percentage differences for σFid of reweighted
theory predictions compared to MCsþ parton showers at 7 TeV.

MCþ parton shower Corrections (%)

Powhegþ Pythia8 6.4þ4.7
−2.8

Powhegþ Herwig þþ 3.8þ4.5
−2.6

aMC@NLOþ Herwig þþ 3.3þ5.0
−3.0

TABLE IV. Percentage differences for σFid of reweighted
theory predictions compared to MCsþ parton showers at 8 TeV.

MCþ parton shower Corrections (%)

Powhegþ Pythia8 6.5þ5.0
−3.0

Powhegþ Herwig þþ 3.8þ4.3
−2.5

aMC@NLOþ Herwig þþ 3.1þ5.0
−3.0

MADGRAPH LOþ Pythia6 −9.6þ4.4
−2.7

TABLE V. Percentage differences for σFid of reweighted theory
predictions compared to MCsþ parton showers at 14 TeV.

MCþ parton shower Corrections (%)

Powhegþ Pythia8 7.0þ6.4
−5.1

Powhegþ Herwig þþ 4.4þ5.9
−4.7

aMC@NLOþ Herwig þþ 4.2þ6.5
−5.2

3The detector simulation is important to match data, as the pT
distribution of the diboson system predicted by MC@NLO [66]
shown by ATLAS cannot be matched without additional smear-
ing of the MET. We demonstrated this with both PGS and
Delphes. In the end, however, this smearing does not affect the
resummation reweighting effects shown here, because the under-
lying MC events and resummed reweighted events are affected
in the same way. We have demonstrated this explicitly by
changing the MET resolution by a factor of 2 each way, which
simply shifts the peak of the pT distribution.

TRANSVERSE MOMENTUM RESUMMATION EFFECTS IN … PHYSICAL REVIEW D 90, 114006 (2014)

114006-7



percentage difference ¼ ðeventsres − eventsMCÞ · 100
eventsMC

;

ð3:2Þ
where

(i) eventsMC is events predicted by the MC before
reweighting,

(ii) eventsres is events after reweighting the MC events,
with a positive percentage difference implying an increase
in the theoretical prediction on σFid. To demonstrate

the effects of other scale variations on σFid we also
varied μR and μF as well as the nonperturbative factor
discussed in Sec. II and report the percentage differences
compared to Powhegþ Pythia8 (8 TeV) as an example in
Table II.
We find that, as observed in Sec. II, the Q variation leads

to a larger percentage difference than the μF or μR scale
variation. The nonperturbative factor gNP shifts the peak of
the underlying pT distributions slightly, but in the end has a
minimal effect on the cross section. We show the effects of

FIG. 7 (color online). aMC@NLOþ Herwigþþ observables histogrammed forWþW− transverse momentum distribution for 7 TeV
collisions and including the reweighting correction.

MC prediction Reweighted Scale Variation
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reweighting on MC generators and parton showers in
Tables III, IV, and V for 7, 8, and 14 TeV, respectively.
To demonstrate the effects on differential distributions,

we use the ATLAS cut flows and show the predictions of
pT resummation for the 7 TeVATLAS study [1] compared
to the original MC@NLOþ Herwigþþ results used by
ATLAS. In Fig. 7, we plot the four distributions shown in
Ref. [1]. As can be seen in Fig. 7, pT reweighting can
improve the differential distributions somewhat but is not
capable of explaining the full discrepancy using a central
choice of scales. With further statistics at the next run it
would be useful for the experiments to start to quantify
these shape discrepancies rather than simply reporting the
total cross section.
To demonstrate the effects at 8 TeV we show the

distribution most affected, pTðllþ Emiss
T Þ, in Fig. 8 using

the same cut flows and different generators. This distribu-
tion is directly correlated with the pT of the diboson system
predicted by resummation and shows the variation com-
pared to MC generatorsþ parton showers. The largest
discrepancy compared to MC comes from the use of
Powhegþ Pythia8, while both Powheg and aMC@NLO
are in much better agreement when Herwigþþ is used as
the parton shower. However, this does not mean the effects
of the parton shower are the sole cause of the discrepancy.
In the fractional difference shown in Fig. 8, we see the
roughly the same shape dependence for both Powheg
curves, but the overall magnitude is reduced for Powhegþ
Herwigþþ compared to Powhegþ Pythia8.

B. Jet veto

As we have shown thus far, even though the inclusive
total cross sections are the same by design, there are
appreciable corrections to the fiducial cross section after
reweighting. This means that some of the cuts are well
correlated with the pTWW variable and seem to preferen-
tially select the low pTWW region where the resummation
curve dominates all the MCs except Madgraph LO. The
percentage change due to reweighting at each cut level was
analyzed, and as an example the effects of reweighting at

each state in the cut flow is shown for Powheg-Pythia8 at
8 TeV in Table VI. The jet-veto stage is the largest
contributor to the reweighting excess. To explicitly check
this, the order of the jet veto and pTll cuts was reversed, and
the biggest jump was found to still be the jet-veto cut. In
Fig. 9 we show the correlation between 0 jet events and> 0
jet events as a function of pTðllþ Emiss

T Þ before the jet veto
is applied. Note that in Fig. 9, 0-jet events primarily
comprise the low pT of the diboson system, and as such
a jet veto implies that the fiducial cross section will become
more sensitive to the shape given by pT resummation. This
clearly points to the jet-veto cut as the major contributor to
changes in the fiducial cross section from pT resummation
reweighting. If the jet veto were increased this result would
still hold; however, the 0-jet cross section would then be
integrated over a larger range of pT for the diboson, and
thus there would be a smaller effect on the fiducial cross
section. In particular, if the jet veto were dropped entirely
this would be equivalent to integrating over the entire
diboson pT which by definition would not change the
measured cross section.

IV. DISCUSSION

As we have shown, pT resummation, when used to
reweight NLO MC distributions, can have a sizable effect
on the predicted fiducial and the inferred total cross
sections. The general trend in comparison with Monte
Carlo generators and parton showers is to increase the
predicted cross section ∼3–7% and thus decrease the
observed discrepancy compared to ATLAS and CMS.
Our change in the predicted cross section and differential
distributions depends on the choice of resummation scale
for the WþW− final state of which the uncertainty is not
accounted for in fixed-order þ parton shower calculations.
At large pT the fixed-order calculation is valid, while at
small to moderate pT the resummation calculation is most
reliable. This scale in practice is analogous to the matrix
element-parton shower matching scale when implementing
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FIG. 9 (color online). Events before the jet veto. The number of
0-jet events or events with one or more jets is shown as a function
of the pT of the diboson system. Since one or more jet events are
vetoed, this sculpts the pT shape.

TABLE VI. Percentage increase due to resummation-reweight-
ing (Q ¼ mW

2
, μR ¼ μF ¼ 2mW) compared to Powheg-Pythia8 at

8 TeV for each cut stage in the cut flows listed from Table I. All
percentages are cumulative showing that the jet veto is the largest
effect.

Cut Difference (%)

Exactly two opposite-sign leptons,
pT > 20 GeV; pT leading > 25 GeV

1.36

mll0 cuts 1.16

Emiss
T;Rel 0.83

Jet veto 9.72
pTll0 10.75
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matching procedures between the two. As discussed in
Sec. II, the resummation scale should be similar to the other
hard scales in the problem.We have chosen the simple scale
choice, analogous to what is done for Drell-Yan[50,67], of
∼M=2, which for the WþW− process we have approxi-
mated as the fixed scale Q ¼ MW . We have demonstrated
that the variation in this scale actually can imply quite a
deal of uncertainty. For instance at 8 TeV using
Powhegþ Pythia8, by varying Q by a factor of 2 each
time we introduce a variation on the measured cross
section ∼� 3%.
Given that there is no a priori correct choice of the scale

Q, a question naturally arises whether one can simply
choose a scale to match the experimental data presented
thus far. It is important to note that the measurements
presented thus far have used different event generators and
parton showers. For instance the preliminary result at 8 TeV
by CMS [4] used Madraph LOþ Pythia6, whereas the
ATLAS full luminosity result [2] used Powhegþ Pythia8.
As shown in Table IV, the excess shown by CMS should be
even larger based on our results, while the ATLAS
discrepancy should be reduced as mentioned above.
Therefore, even if a single scale were chosen for the results
thus far, it would not imply that it could put both experi-
ments results into better agreement with the SM. However,
if a consistent choice of generator were implemented, we
could in principle address the question of choosing a scale
that is best for this process.
If one chooses a best-fit scale Q to fit the experimental

discrepancy in WþW− data there are potential implications
elsewhere. Given that the premise behind resummation is
that it should be approximately factorized from the hard
process, if the initial partons for two processes are the same
and there are no colored particles that are exclusively
identified in the final state, the effects of resummation
should be universal for different processes with similar
scales. Thus, if there is a “correct" choice of scale for the
WþW− process, then this choice of scale should be
implemented for W�Z and ZZ diboson processes as well,
because of the similar hard scales in these diboson systems.
TheW�Z and ZZ processes are experimentally even easier
channels, especially the ZZ channel where the pT of the ZZ
system can be reconstructed with less uncertainty. The
drawback of course is the reduced number of events in
these channels, but nevertheless statistics are starting to
approach the point where a useful comparison can be made,
e.g. the recent CMS 8 TeV measurement [4]. The ZZ cross
section and pT distribution [68] are in remarkable agree-
ment with the SM, and as such if there were a large change
in the pT distribution caused by the use of the best-fit
WþW− scale Q then it would cause the agreement with the
SM of ZZ to become worse. However, we note that the
change from pT resummation in the WþW− process is
mostly due to the imposition of a jet veto which the ZZ
channel does not have. We find that choosing a scale that

fits the WþW− discrepancy and naively calculating the
inclusive change for ZZ causes a disagreement with data in
all pT bins. Further study of course is warranted, and a
simultaneous fit should be employed to understand the
agreement between the SM and measured diboson proc-
esses. This of course brings up a more general point that, in
analyzing the agreement between the SM and LHC data,
similar theoretical methods should be employed and not
just a choice of what fits best for a given process. The
understanding of the different choices made by experiments
contains important theoretical information about the SM,
and in the worst-case scenario new physics could be
inadvertently missed being discovered.
Another important lesson reemphasized by this study is

the need for further theoretical investigations of jet vetos.
As we have shown pT resummation causes a sizable effect
on the total cross section because of the interplay between
the jet veto and the pT distribution. Clearly the correlation
demonstrated in Sec. III, especially Fig. 9, shows that the
effects calculated in jet-veto resummation should be well
approximated by the method employed here, similar to
what was shown in Ref. [31]. Of course there are additional
logs related to the jet veto which cannot be systematically
improved upon within pT resummation. However, the
distributions shown in Figs. 7 and 8 cannot be reproduced
in jet-veto resummation alone, whereas our methods can.
It would be interesting to further investigate the interplay of
these two types of resummation and the reweighting of
parton showered events for more processes.
Another interesting question associated with the jet veto

is how the LHC experiments can test the effects of the jet
veto on theWþW− cross section measurement. The jet veto
is a necessary evil in the context of measuring WþW−

without being overwhelmed by tt̄. However, if the jet veto
were weakened significantly, then the effects demonstrated
in this paper would disappear both in the context of pT
resummation and jet-veto resummation. If the jet veto were
varied, this could be compared to definitive predictions for
the cross section as a function of the jet veto. To alleviate
the issue of the tt̄ background, we suggest that the
experiments separately implement a b-jet veto and a light
jet veto, of which the light jet veto should be varied to study
its effects.
In this paper we have not explicitly demonstrated the

effects of resummation on the contribution of gg → WþW−

to the WþW− cross section. This contribution is a small
fraction of the total cross section, and as such, even though
resummation effects will modify its shape as well, it will
not change our conclusions. However, it is important to
note that the peak of the pT spectrum for gg → WþW−

should be at approximately 10 GeV higher than for quark
initiated WþW−, as is generic for gg initiated processes, in
e.g. Ref. [49]). For a sufficiently precise measurement of
the pT distribution it would be necessary to have the shape
of this distribution correct as well. A more interesting
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direction is the implications of understanding the correct
shape of the SM WþW− production background for the
extraction of the Higgs signal in the H → WþW− decay
channel. Given that theWþW− background is extracted via
data-driven methods, it is important that the shape of the
distributions of the WþW− background is known when
extrapolating from control to signal regions. While the pT
of the WþW− system is not a variable used for the signal/
control regions, as shown in our results for the reweighted
kinematic distributions at 7 TeV, there is a non-negligible
effect on the shape of relevant variables. Future inves-
tigation is needed to study the effects of resummation on
the measured signal strength of the Higgs in the WþW−

channel.
There are other avenues for future study, for instance

investigating simultaneous resummation ofWþW− pT with
other observables, such as rapidity, to determine if any
of the other cuts put on the fiducial phase space could
alter the extraction of a total cross section. Regardless of
future direction, this work has clearly demonstrated the

importance of pT resummation when combined with
fiducial phase space cuts. Similar to how the pT distribution
of the Higgs signal is reweighted to make precise pre-
dictions for Higgs physics, it is important to use the correct
pT shape when considering processes where the WþW−

signal is either being measured or is an important back-
ground. To help facilitate future studies we plan to
distribute the underlying pT resummed distributions used
in this study to any group interested in using them via a
website.
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