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More WW pairs than expected?

Inclusive WW production:
(so they think)

Process of interest
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More WW pairs than expected?

Inclusive WW production:
(so they think)

Process of interest

ATLAS CMS Theory (MCFM)
p

s � [pb] � [pb] � [pb]

7 TeV 51.9+2.0+3.9+2.0
�2.0�3.9�2.0 [13] 52.4+2.0+4.5+1.2

�2.0�4.5�1.2 [14] 47.04+2.02+0.90
�1.51�0.66

8 TeV 71.4+1.2+5.0+2.2
�1.2�4.4�2.1 [15] 69.9+2.8+5.6+3.1

�2.8�5.6�3.1 [16] 57.25+2.35+1.09
�1.60�0.80

Table 1: Comparison of cross-section measurements of ATLAS and CMS experiments and the
NLO theory predictions as obtained from MCFM for pp! W+W� at

p
s = 7 and 8 TeV. The first,

second and third errors in the experimental results are the statistical, systematic and luminosity
errors, respectively, while the first and second errors in theory calculations are the scale and PDF
uncertainties, respectively.

For example, pp ! WW ! `⌫`⌫ is the dominant background in the measurement of the Higgs
decay channel, h ! WW ⇤ ! `⌫`⌫ [1, 2]. Although the backgrounds are normalized to data in
the control region, their extrapolation to the signal region requires theoretical inputs of di↵erential
cross-sections. The SM pp! W+W� production can also be a significant background for certain
new physics processes, where the problem of separating signals from backgrounds is exacerbated
by the loss of information due to invisible neutrinos. Without a proper theoretical understanding
of the total and di↵erential cross-sections, the WW background samples could be contaminated
beyond expectation.

Recently, ATLAS and CMS experiments have presented their results for the W+W� total in-
clusive cross-sections using the leptonic decay channels of the W bosons, which are summarized in
Table 1. In the same table, we have also shown the next-to-leading-order (NLO) theoretical predic-
tions for the total inclusive cross-sections obtained from a MC program MCFM [3,4]. The numerical
results from MCFM include contributions from the gg channel,1 which is formally higher order, O(↵2

s ),
as compared to the qq̄ channel, which is O(↵0

s ). The theoretical results use MSTW2008nlo PDFs [5]2

with both renormalization and factorization scales set to W boson mass (µr = µf = m
W

) and the
scale uncertainties were obtained by varying the scales in the range m

W

/2 < µr = µf < 2m
W

.
It is interesting to note that, while compatible within 2�, the experimental results are nonethe-

less consistently higher than the NLO predictions for both ATLAS and CMS and for both 7- and
8-TeV runs, by as much as 10–20%. The two experiments seem more consistent with each other
than with the NLO prediction. This mild discrepancy between the measured and predicted W+W�

cross-sections have led to speculations that new physics with 2` + /ET signatures could be hiding
in the W+W� measurement [7–12]. It is therefore imperative to assess higher-order corrections to
the SM predictions.

Let us briefly review the status of higher order corrections to the process pp ! W+W�. The
QCD NLO corrections to qq̄ ! W+W� have been known for a long time [17, 18], including the
full leptonic decays of the W bosons [19, 20]. The K-factor for the total inclusive cross-section is

1 not including the higgs contributions, which would be at most ⇠ 3 pb for the 8-TeV run even without considering

lower lepton e�ciencies due to softer leptons from an o↵-shell W±. See discussions in Section 4.4.
2 The PDF uncertainties are considerably higher (⇠ 3 – 3.5%) when CT10 PDFs [6] are used instead of our default

choice of MSTW2008nlo PDFs (⇠ 1.5 – 2%).
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More WW pairs than expected?

Inclusive WW production:
(so they think)

Process of interest

A mild, but persistent excess. 
Two experiments more consistent  
with each other than with theory.
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Table 1: Comparison of cross-section measurements of ATLAS and CMS experiments and the
NLO theory predictions as obtained from MCFM for pp! W+W� at

p
s = 7 and 8 TeV. The first,

second and third errors in the experimental results are the statistical, systematic and luminosity
errors, respectively, while the first and second errors in theory calculations are the scale and PDF
uncertainties, respectively.

For example, pp ! WW ! `⌫`⌫ is the dominant background in the measurement of the Higgs
decay channel, h ! WW ⇤ ! `⌫`⌫ [1, 2]. Although the backgrounds are normalized to data in
the control region, their extrapolation to the signal region requires theoretical inputs of di↵erential
cross-sections. The SM pp! W+W� production can also be a significant background for certain
new physics processes, where the problem of separating signals from backgrounds is exacerbated
by the loss of information due to invisible neutrinos. Without a proper theoretical understanding
of the total and di↵erential cross-sections, the WW background samples could be contaminated
beyond expectation.

Recently, ATLAS and CMS experiments have presented their results for the W+W� total in-
clusive cross-sections using the leptonic decay channels of the W bosons, which are summarized in
Table 1. In the same table, we have also shown the next-to-leading-order (NLO) theoretical predic-
tions for the total inclusive cross-sections obtained from a MC program MCFM [3,4]. The numerical
results from MCFM include contributions from the gg channel,1 which is formally higher order, O(↵2

s ),
as compared to the qq̄ channel, which is O(↵0

s ). The theoretical results use MSTW2008nlo PDFs [5]2

with both renormalization and factorization scales set to W boson mass (µr = µf = m
W

) and the
scale uncertainties were obtained by varying the scales in the range m

W

/2 < µr = µf < 2m
W
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It is interesting to note that, while compatible within 2�, the experimental results are nonethe-

less consistently higher than the NLO predictions for both ATLAS and CMS and for both 7- and
8-TeV runs, by as much as 10–20%. The two experiments seem more consistent with each other
than with the NLO prediction. This mild discrepancy between the measured and predicted W+W�

cross-sections have led to speculations that new physics with 2` + /ET signatures could be hiding
in the W+W� measurement [7–12]. It is therefore imperative to assess higher-order corrections to
the SM predictions.

Let us briefly review the status of higher order corrections to the process pp ! W+W�. The
QCD NLO corrections to qq̄ ! W+W� have been known for a long time [17, 18], including the
full leptonic decays of the W bosons [19, 20]. The K-factor for the total inclusive cross-section is

1 not including the higgs contributions, which would be at most ⇠ 3 pb for the 8-TeV run even without considering

lower lepton e�ciencies due to softer leptons from an o↵-shell W±. See discussions in Section 4.4.
2 The PDF uncertainties are considerably higher (⇠ 3 – 3.5%) when CT10 PDFs [6] are used instead of our default

choice of MSTW2008nlo PDFs (⇠ 1.5 – 2%).
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Perhaps new physics?
(with dilepton + MET signature)

Perhaps SUSY?

e.g.

……..
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Signs of New Physics from the LHC
Physicists may have overlooked hints of supersymmetry

Aug 19, 2014 | By Maggie McKee |  

Physics is at an impasse. The path its practitioners have been
following for decades, known as the Standard Model, came to a triumphant end in
2012, when researchers found the model's last undiscovered particle, the Higgs
boson. The Standard Model describes the behavior of known particles remarkably
well, but it cannot explain what dark matter is, among other things. Thus, many
physicists have turned to supersymmetry, or SUSY.

SUSY posits that every known particle has a heavier partner, which gives it the power
to explain dark matter. And some versions of it can account for why the Higgs boson,
which gives other particles mass, has the mass that it does.

But the search for the exotic particles at the world's most powerful particle smasher,
CERN's Large Hadron Collider (LHC) near Geneva, has so far come up empty,
leading to no small amount of hand-wringing over SUSY's existence. “Lots of people
are pessimistic,” says David Curtin of Stony Brook University.

Two teams of researchers have lately been asking if perhaps physicists have simply
missed SUSY trail markers. That could happen if supersymmetric particles do not
reveal themselves dramatically but instead have just the right mass to decay into
ordinary particles with unremarkable energies and other supersymmetric particles
that can escape notice. In this way, SUSY particles could get lost in the shuffle of
particles produced by more common Standard Model processes. “Signs of
supersymmetry could be hiding right under our noses,” says Curtin, a member of one
team.

That indeed might explain the slight overabundance of two kinds of particles
detected at the LHC in 2011 and 2012, before it shut down for an upgrade. In two
separate preprint papers put forward in June, each team argues that the
supersymmetric partner of the ordinary top quark, known as the stop, as well as two
other superparticles, could explain the observations while also being in the right
weight division to help account for the Higgs boson's mass.

But other researchers counter that an underestimate of Standard Model processes

See Inside
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FIG. 1: Examples of electroweak gaugino production and decay for our gauge-mediated SUSY benchmark model (Chargino
pairs on the left and Chargino-Neutralino on the right). Both processes give a W+W� + MET final state, since the decay
products of the o↵-shell W ⇤ in the right diagram are typically too soft to be detected.

In the rest of this letter, we will quantitatively demon-
strate the e↵ects of a particular SUSY scenario for the
W+W� measurement at 7 TeV and 8 TeV. We then in-
vestigate the bounds on these scenarios, and their contri-
butions to other multi-gauge boson and Higgs measure-
ments/searches. Finally we discuss the impact of this
scenario and possible ways to test for it and other closely
related scenarios in the future. While the discrepancies
in W+W� may simply be due to background model-
ing, this letter clearly demonstrates that EW charginos
could have been hiding in plain sight, and can improve a
number of SM measurements done thus far at the LHC.

W+W� CROSS SECTION AT 7 TEV

ATLAS [1] and CMS [2] measure the W+W� produc-
tion cross section in the dileptonic final state ee, µµ or
eµ with 5 fb�1 of LHC7 data. The main backgrounds to
pp ! W�W� ! `+`�⌫⌫̄ are Drell-Yan, top quark, W
+ jet and other diboson production. ATLAS imposes a
series of cuts designed to remove excess jet activity and
focus on real OS leptons (not from a Z) + MET, without
an upper cut on MET. CMS imposes similar if not softer
cuts, but has di↵erent restrictions on the dilepton sys-
tem overall and imposes additional vetoes, resulting in
higher signal purity. Both analyses have an acceptance
of about 6% for pair-produced W ’s in the fully leptonic
channel. ATLAS and CMS also use di↵erent methods to
estimate their acceptances for signal. In the end their
similar but still di↵erent approaches result in extremely
consistent measured central values for the W+W� cross
section, perhaps making the particular value measured
quite compelling.

To demonstrate the agreement or lack thereof between
data and the SM, kinematic distributions from ATLAS
are shown in Figure 2 (CMS has similar but slightly fewer
kinematic distributions available). There is some dis-

agreement, not only in the overall normalization but also
in the shape – bins at high and low values of the kine-
matic variables generally fit quite well, while the middle
bins display somewhat more significant excesses. As men-
tioned earlier, if new particles are produced which then
decay into OS leptons and missing energy, one could po-
tentially explain discrepancies with the data. Within the
MSSM framework, pair-produced charginos are a natural
candidate for such particles, though our statements are
more broadly applicable in the simplified model context.

In order to display similar kinematics to SM W+W�

and improve agreement with data, the simplest possi-
bility is for charginos to decay via on-shell W ’s with a
production cross section of a few pb, setting a rough up-
per bound on their mass scale. Slightly more complicated
possibilities arise through decays via either o↵ shell W’s
or slepton decays. Taking into account the chargino mass
bound from LEP [4], this implies 100 GeV . m

�̃

±
1

.
130 GeV, wino-like charginos, and a mass gap to an in-
visible detector-stable particle larger than m

W

[37]. This
can easily be achieved both in gravity mediation (with
a light bino LSP) or gauge mediation (with a gravitino
LSP). However, recent trilepton searches from ATLAS
[6], and searches for associated production of W±h in
the bb̄ channel [7], significantly constrain �±�0 decays
into W±h or W±Z final states. We will discuss these
bounds later in this letter, but ultimately they lead to
two possible SUSY scenarios for increasing the W+W�

cross section that remain in agreement with all other ex-
perimental data. The first is a gauge mediated scenario
with chargino NLSP, resulting in exclusively W+W� +
MET final states. The second scenario, which is realized
in gravity mediation, relies on an intermediate slepton to
avoid �0

2 ! �0
1h/Z decays and soften lepton p

T

’s su�-
ciently to avoid bounds. In this letter we focus on the
first scenario as a benchmark while the second, which
doesn’t rely on actual W ’s to a↵ect the W+W� cross

From Curtin, Jaiswal & Meade, 1206.6888



Or perhaps not …
Subtlety: Experiments actually only measure
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Figure 2: The invariant mass distributions for eµ (left) and ee + µµ (right) events after the dilepton
selection and requiring mll > 15/10 GeV for the same-flavour or different-flavor channels respectively.
Here, ee and µµ selected events have been summed in the same figure. The Drell-Yan process (labelled
as Z+jets MC) with Z or g⇤ decaying to same flavor leptons is the dominant contribution. For the eµ
events, Drell-Yan production is only a minor background, mainly due to Z decays into leptonically
decaying t-leptons. The points represent data and the stacked histograms are the MC predictions, which
are normalised to 20.3 fb�1 using SM cross sections. The last bin is an overflow bin. Only statistical
uncertainties are shown.
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Figure 3: Jet multiplicity distributions for eµ (left) and ee+µµ (right) events before the jet-veto require-
ment is applied. The points represent data and the stacked histograms are the MC predictions, which are
normalised to 20.3 fb�1 using SM cross sections. The tt̄ contribution is normalised to the NNLO+NNLL
theoretical calculation. Only statistical uncertainties are shown.
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Or perhaps not …
Subtlety: Experiments actually only measure

Use only 0-jet bin, i.e., 
impose Jet Veto:
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as Z+jets MC) with Z or g⇤ decaying to same flavor leptons is the dominant contribution. For the eµ
events, Drell-Yan production is only a minor background, mainly due to Z decays into leptonically
decaying t-leptons. The points represent data and the stacked histograms are the MC predictions, which
are normalised to 20.3 fb�1 using SM cross sections. The last bin is an overflow bin. Only statistical
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Or perhaps not …
Subtlety: Experiments actually only measure

Use only 0-jet bin, i.e., 
impose Jet Veto:

Or can theory be subtle with jet veto?

Excess?

 [GeV]llm
50 100 150 200 250 300

Ev
en

ts
 / 

5 
G

eV

10

210

310

410

ATLAS Preliminary
-1 Ldt = 20.3 fb∫ = 8 TeV, s

 channelν

±

µ ν±e

 Data
 WW MC
 Top MC
 Zjets MC
 Wjets MC
 other diboson MC
stat. unc.

 [GeV]llm
50 100 150 200 250 300

Ev
en

ts
 / 

5 
G

eV

10

210

310

410

510

610

710

810

910
ATLAS Preliminary

-1 Ldt = 20.3 fb∫ = 8 TeV, s
 channelsν-µ ν+µ + ν- eν+e

 Data
 WW MC
 Top MC
 Zjets MC
 Wjets MC
 other diboson MC
stat. unc.

Figure 2: The invariant mass distributions for eµ (left) and ee + µµ (right) events after the dilepton
selection and requiring mll > 15/10 GeV for the same-flavour or different-flavor channels respectively.
Here, ee and µµ selected events have been summed in the same figure. The Drell-Yan process (labelled
as Z+jets MC) with Z or g⇤ decaying to same flavor leptons is the dominant contribution. For the eµ
events, Drell-Yan production is only a minor background, mainly due to Z decays into leptonically
decaying t-leptons. The points represent data and the stacked histograms are the MC predictions, which
are normalised to 20.3 fb�1 using SM cross sections. The last bin is an overflow bin. Only statistical
uncertainties are shown.
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Figure 3: Jet multiplicity distributions for eµ (left) and ee+µµ (right) events before the jet-veto require-
ment is applied. The points represent data and the stacked histograms are the MC predictions, which are
normalised to 20.3 fb�1 using SM cross sections. The tt̄ contribution is normalised to the NNLO+NNLL
theoretical calculation. Only statistical uncertainties are shown.
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Yes, it’s subtle!
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Inclusive case:

= a function of only one mass scale
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Jet-veto case:

= a function of two scales
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Can’t minimize both logs!
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Do the logs matter?

Biggest log at 1-loop ~
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ŝ (15)

M2

WW

(16)

2

pveto

T

= 30 GeV, M
WW

= 300 GeV (13)

(log 100)

2 ⇠ 20 (14)
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So we did.

Comparing jet-veto cross-sections directly:

Nicely compatible!
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Table 2: Comparison of our theory predictions for jet-veto cross-section with those measured by the
ATLAS and CMS experiments at

p
s = 7- and 8-TeV LHC runs. The Higgs jet-veto cross-sections

are taken from [43].

the packages. Reproducing those tunes, however, is beyond the scope of this work. It would
be beneficial to both theoretical and experimental communities if the jet-veto cross-sections
were directly presented by the collaborations.

• Although the leptons from the Higgs decay h ! WW ⇤ ! 2`2⌫ are expected to be softer
compared to those from on-shell W -pair production, there would be some contamination from
this channel. It is conceivable that Higgs decays could lead to a further increase by ⇠ 1 – 2
pb in the theory prediction.

• The gg !WW process without involving the higgs, which are considered at the LO without
resummation in our work, is estimated to be ⇠ 3% at

p
s ⇠ 8 TeV. The NLO contributions

to this channel can further influence the theory prediction and needs to be studied.

• Finally and possibly most importantly, we would like to point out that some of the background
processes to W pair production may also have been incorrectly estimated from the MC+PS
simulations in the 0-jet bin. This applies to many di-boson backgrounds that are purely
estimated from fixed-order MC, but also some of the data-driven methods such as tt̄ and tW ,
which too rely on MC partially. This may be particularly important for the slight discrepancy

41

p
s = 7 TeV

R = 0.4 R = 0.5
pveto
T = 25 GeV pveto

T = 30 GeV
ATLAS
�veto

WW

[pb]
37.9+3.8%+5.0%+3.8%

�3.8%�5.0%�3.8% �
CMS
�veto

WW

[pb]
� 41.5+3.8%+7.2%+2.3%

�3.8%�7.2%�2.3%

Theory
�veto

WW

[pb]
37.6+4.2%

�3.4% 39.1+2.8%
�2.5%

Theory
�veto

h!WW

[pb]
2.1+13.5%

�11.4% 2.3+11.5%
�10.6%

p
s = 8 TeV

R = 0.4 R = 0.5
pveto
T = 25 GeV pveto

T = 30 GeV
ATLAS
�veto

WW

[pb]
48.1+1.7%+6.2%+3.1%

�1.7%�5.2%�2.9% �
CMS
�veto

WW

[pb]
� 54.2+4.0%+6.5%+4.4%

�4.0%�6.5%�4.4%

Theory
�veto

WW

[pb]
44.9+3.8%

�3.1% 46.8+2.5%
�2.3%

Theory
�veto

h!WW

[pb]
2.6+13.3%

�11.7% 2.9+11.5%
�11.5% 35

40

45

50

55

60

�
ve

to
W

W
[p

b]

p
s = 8 TeV

pveto
T = 25 GeV

R = 0.4
pveto

T = 30 GeV
R = 0.5

Theory
(WW only) ATLAS CMS

Table 2: Comparison of our theory predictions for jet-veto cross-section with those measured by the
ATLAS and CMS experiments at

p
s = 7- and 8-TeV LHC runs. The Higgs jet-veto cross-sections

are taken from [43].

the packages. Reproducing those tunes, however, is beyond the scope of this work. It would
be beneficial to both theoretical and experimental communities if the jet-veto cross-sections
were directly presented by the collaborations.

• Although the leptons from the Higgs decay h ! WW ⇤ ! 2`2⌫ are expected to be softer
compared to those from on-shell W -pair production, there would be some contamination from
this channel. It is conceivable that Higgs decays could lead to a further increase by ⇠ 1 – 2
pb in the theory prediction.

• The gg !WW process without involving the higgs, which are considered at the LO without
resummation in our work, is estimated to be ⇠ 3% at

p
s ⇠ 8 TeV. The NLO contributions

to this channel can further influence the theory prediction and needs to be studied.

• Finally and possibly most importantly, we would like to point out that some of the background
processes to W pair production may also have been incorrectly estimated from the MC+PS
simulations in the 0-jet bin. This applies to many di-boson backgrounds that are purely
estimated from fixed-order MC, but also some of the data-driven methods such as tt̄ and tW ,
which too rely on MC partially. This may be particularly important for the slight discrepancy

41

Our!
Resummed!
Calculation

Our!
Resummed!
Calculation



How did we do it?
Resummation automatic if “right viewpoint” adopted.



How did we do it?
Resummation automatic if “right viewpoint” adopted.

In perturbative QFT calculations,

Vertices — Easy.

Propagators — Hard.



How did we do it?
Resummation automatic if “right viewpoint” adopted.

In perturbative QFT calculations,

Vertices — Easy.

Propagators — Hard.

Polynomial, hence analytic in momenta.

Can lead to singularities when on-shell.



How did we do it?
Resummation automatic if “right viewpoint” adopted.

In perturbative QFT calculations,

Vertices — Easy.

Propagators — Hard.

Polynomial, hence analytic in momenta.

Can lead to singularities when on-shell.

We should use a maximally vertices-like lagrangian,

aka an effective field theory!
(for the processes in question)
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In “familiar” EFTs (to BSM model builders) e.g. Fermi theory



Particles

Guaranteed-off-shell 
particles

Can-be-on-shell 
particles

Reclassify them as vertices!
(“integrate them out”)

e.g.   ,     

p = (E, 0, 0, E) (25)

k =

⇣
zE, 0, p

T

, zE +O(p2

T

/E)

⌘
q =

⇣
(1�z)E, 0, �p

T

, (1�z)E �O(p2

T

/E)

⌘
(26)

⌘ =

1

2

log

k0

+ k3

k0 � k3

⇠ log

E

p2

T

/E
⇠ log

E

p
T

� 1 (27)

⌘ ⇠ log

p2

T

/E

E
⇠ � log

E

p
T

⌧ �1 (28)

k0 ± k3 k2 ⇠ p2

T

(29)

| {z } (30)

q q̄ �, Z �+

1

��
1

W

+

W

� e
G

e
N

1

˜`+ `+

˜`� `�

(31)

g � W

±
(32)

@µ

⇤

⌧ 1 µ (33)

p0

+ p3 ⇠M
WW

p0 � p3 ⇠ ✏2M
WW

p1,2 ⇠ ✏M
WW

✏ ⌘ pveto

T

M
WW

⌧ 1 (34)

8
<

:

p1,2 ⇠ ✏M
WW

p0 � p3 ⇠ ✏2M
WW

p0

+ p3 ⇠ M
WW

(35)

3

p = (E, 0, 0, E) (25)

k =

⇣
zE, 0, p

T

, zE +O(p2

T

/E)

⌘
q =

⇣
(1�z)E, 0, �p

T

, (1�z)E �O(p2

T

/E)

⌘
(26)

⌘ =

1

2

log

k0

+ k3

k0 � k3

⇠ log

E

p2

T

/E
⇠ log

E

p
T

� 1 (27)

⌘ ⇠ log

p2

T

/E

E
⇠ � log

E

p
T

⌧ �1 (28)

k0 ± k3 k2 ⇠ p2

T

(29)

| {z } (30)

q q̄ �, Z �+

1

��
1

W

+

W

� e
G

e
N

1

˜`+ `+

˜`� `�

(31)

g � W

±
(32)

@µ

⇤

⌧ 1 µ (33)

p0

+ p3 ⇠M
WW

p0 � p3 ⇠ ✏2M
WW

p1,2 ⇠ ✏M
WW

✏ ⌘ pveto

T

M
WW

⌧ 1 (34)

8
<

:

p1,2 ⇠ ✏M
WW

p0 � p3 ⇠ ✏2M
WW

p0

+ p3 ⇠ M
WW

(35)

3

e.g.   ,    

p = (E, 0, 0, E) (25)

k =

⇣
zE, 0, p

T

, zE +O(p2

T

/E)

⌘
q =

⇣
(1�z)E, 0, �p

T

, (1�z)E �O(p2

T

/E)

⌘
(26)

⌘ =

1

2

log

k0

+ k3

k0 � k3

⇠ log

E

p2

T

/E
⇠ log

E

p
T

� 1 (27)

⌘ ⇠ log

p2

T

/E

E
⇠ � log

E

p
T

⌧ �1 (28)

k0 ± k3 k2 ⇠ p2

T

(29)

| {z } (30)

q q̄ �, Z �+

1

��
1

W

+

W

� e
G

e
N

1

˜`+ `+

˜`� `�

(31)

g � W

±
(32)

@µ

⇤

⌧ 1 µ (33)

p0

+ p3 ⇠M
WW

p0 � p3 ⇠ ✏2M
WW

p1,2 ⇠ ✏M
WW

✏ ⌘ pveto

T

M
WW

⌧ 1 (34)

8
<

:

p1,2 ⇠ ✏M
WW

p0 � p3 ⇠ ✏2M
WW

p0

+ p3 ⇠ M
WW

(35)

3

p = (E, 0, 0, E) (25)

k =

⇣
zE, 0, p

T

, zE +O(p2

T

/E)

⌘
q =

⇣
(1�z)E, 0, �p

T

, (1�z)E �O(p2

T

/E)

⌘
(26)

⌘ =

1

2

log

k0

+ k3

k0 � k3

⇠ log

E

p2

T

/E
⇠ log

E

p
T

� 1 (27)

⌘ ⇠ log

p2

T

/E

E
⇠ � log

E

p
T

⌧ �1 (28)

k0 ± k3 k2 ⇠ p2

T

(29)

| {z } (30)

q q̄ �, Z �+

1

��
1

W

+

W

� e
G

e
N

1

˜`+ `+

˜`� `�

(31)

g � W

±
(32)

@µ

⇤

⌧ 1 µ (33)

p0

+ p3 ⇠M
WW

p0 � p3 ⇠ ✏2M
WW

p1,2 ⇠ ✏M
WW

✏ ⌘ pveto

T

M
WW

⌧ 1 (34)

8
<

:

p1,2 ⇠ ✏M
WW

p0 � p3 ⇠ ✏2M
WW

p0

+ p3 ⇠ M
WW

(35)

3

In “familiar” EFTs (to BSM model builders) e.g. Fermi theory

Propagators — Analytic



Particles

Guaranteed-off-shell 
particles

Can-be-on-shell 
particles

Reclassify them as vertices! Keep them.
(“integrate them out”)
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In “familiar” EFTs (to BSM model builders) e.g. Fermi theory

Propagators — Analytic Propagators — Can go singular



In more general EFTs (e.g. HQET, NRQED, SCET)
used in this work

Particles

Guaranteed-off-shell 
particles

Can-be-on-shell 
particles

Propagators — Analytic

Reclassify them as vertices!
Propagators — Can go singular

Keep them.
(“integrate them out”)

Do the same thing mode-by-mode
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Fourier modes

Guaranteed-off-shell 
modes

Can-be-on-shell 
modes

(a la Wilson, except in Minkowski  
 instead of Euclidean space)

Propagators — Analytic Propagators — Can go singular
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Can-be-on-shell modes may be divided further
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Can-be-on-shell modes may be divided further
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Collinear can-be-on-shell modes have large positive rapidity:
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�ŝ� i0

+

(pveto

T

)

2

= log

M2

WW

(pveto

T

)

2

� i⇡ (18)

⇡2 ⇠ 10 (19)

|p2 �m2| > ⇤

2 |p2 �m2| < ⇤

2

(20)

⌘
c

� 1 ⌘ > ⌘
c

⌘ < �⌘
c

(21)

p = (E, 0, 0, E) (22)

k =

⇣
zE, 0, p

T

, zE +O(p2

T

/E)

⌘
q =

⇣
(1�z)E, 0, �p

T

, (1�z)E �O(p2

T

/E)

⌘
(23)

⌘ =

1

2

log

k0

+ k3

k0 � k3

⇠ log

E

p2

T

/E
⇠ log

E

p
T

� 1 (24)

2

collinear
~ collinear

~ collinear
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Collinear can-be-on-shell modes have large positive rapidity:

Anticollinear modes have large negative rapidity:
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Can-be-on-shell modes may be divided further
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ŝ (15)

M2

WW

(16)

log

�M2

WW

� i0

+

(pveto

T

)

2

= log

M2

WW

(pveto

T

)

2

� i⇡ (17)

⇡2 ⇠ 10 (18)

|p2 �m2| > ⇤

2 |p2 �m2| < ⇤

2

(19)

⌘
c

� 1 ⌘ > ⌘
c

⌘ < �⌘
c

(20)

p = (E, 0, 0, E) (21)

k =

�
zE, 0, p

T

, zE + O(p2

T

/E)

�
q =

�
(1� z)E, 0, p

T

, (1� z)E �O(p2

T

/E)

�
(22)

⌘ =

1

2

log

k0

+ k3

k0 � k3

⇠ log

E

p2

T

/E
⇠ log

E

p
T

� 1 (23)

⌘ ⇠ log

p2

T

/E

E
⇠ � log

E

p
T

⌧ �1 (24)

2

pveto

T

= 30 GeV, M
WW

= 300 GeV (13)

(log 100)

2 ⇠ 20 (14)
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Collinear can-be-on-shell modes have large positive rapidity:

Anticollinear modes have large negative rapidity:
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Their virtualities are the same,             .  
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collinear
~ collinear

~ collinear

Their             components scale oppositely in     . 
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Collinear/anticollinear modes obey different scaling laws:



Multiple cutoffs in EFT

Artificial boundaries to separate different groups of modes



Multiple cutoffs in EFT

Artificial boundaries to separate different groups of modes

All EFTs have a “UV” cutoff    :
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Guaranteed-off-shell.
Integrate it out!
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Can-be-on-shell.
Keep it!

In our SCET, virtuality ~ 
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Multiple cutoffs in EFT

Artificial boundaries to separate different groups of modes

All EFTs have a “UV” cutoff    :
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Guaranteed-off-shell.
Integrate it out!

We also need a rapidity cutoff            : 
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— collinear
— anticollinear
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Can-be-on-shell.
Keep it!

In our SCET, virtuality ~ 

k =

⇣
zE, 0, p

T

, zE +O(p2

T

/E)

⌘
q =

⇣
(1�z)E, 0, �p

T

, (1�z)E �O(p2

T

/E)

⌘
(25)

⌘ =

1

2

log

k0

+ k3

k0 � k3

⇠ log

E

p2

T

/E
⇠ log

E

p
T

� 1 (26)

⌘ ⇠ log

p2

T

/E

E
⇠ � log

E

p
T

⌧ �1 (27)

k0 ± k3 k2 ⇠ p2

T

(28)

| {z } (29)

q q̄ �, Z

0 �+

1

��
1

W

+

W

� e
G

e
N

1

˜`+ `+

˜`� `�

(30)

g (31)

@µ

⇤

⌧ 1 µ (32)

p0

+ p3 ⇠M
WW

p0 � p3 ⇠ ✏2M
WW

p1,2 ⇠ ✏M
WW

✏ ⌘ pveto

T

M
WW

⌧ 1 (33)

8
<

:

p1,2 ⇠ ✏M
WW

p0 � p3 ⇠ ✏2M
WW

p0

+ p3 ⇠ M
WW

(34)

x
1,2 x

0

+ x
3

x
0

� x
3

@0

+ @3

(35)

3

k =

⇣
zE, 0, p

T

, zE +O(p2

T

/E)

⌘
q =

⇣
(1�z)E, 0, �p

T

, (1�z)E �O(p2

T

/E)

⌘
(25)

⌘ =

1

2

log

k0

+ k3

k0 � k3

⇠ log

E

p2

T

/E
⇠ log

E

p
T

� 1 (26)

⌘ ⇠ log

p2

T

/E

E
⇠ � log

E

p
T

⌧ �1 (27)

k0 ± k3 k2 ⇠ p2

T

(28)

| {z } (29)

q q̄ �, Z

0 �+

1

��
1

W

+

W

� e
G

e
N

1

˜`+ `+

˜`� `�

(30)

g (31)

@µ

⇤

⌧ 1 µ (32)

p0

+ p3 ⇠M
WW

p0 � p3 ⇠ ✏2M
WW

p1,2 ⇠ ✏M
WW

✏ ⌘ pveto

T

M
WW

⌧ 1 (33)

8
<

:

p1,2 ⇠ ✏M
WW

p0 � p3 ⇠ ✏2M
WW

p0

+ p3 ⇠ M
WW

(34)

x
1,2 x

0

+ x
3

x
0

� x
3

@0

+ @3

(35)

3

=      cutoff 

k =

⇣
zE, 0, p

T

, zE +O(p2

T

/E)

⌘
q =

⇣
(1�z)E, 0, �p

T

, (1�z)E �O(p2

T

/E)

⌘
(25)

⌘ =

1

2

log

k0

+ k3

k0 � k3

⇠ log

E

p2

T

/E
⇠ log

E

p
T

� 1 (26)

⌘ ⇠ log

p2

T

/E

E
⇠ � log

E

p
T

⌧ �1 (27)

k0 ± k3 k2 ⇠ p2

T

(28)

| {z } (29)

q q̄ �, Z

0 �+

1

��
1

W

+

W

� e
G

e
N

1

˜`+ `+

˜`� `�

(30)

g (31)

@µ

⇤

⌧ 1 µ (32)

p0

+ p3 ⇠M
WW

p0 � p3 ⇠ ✏2M
WW

p1,2 ⇠ ✏M
WW

✏ ⌘ pveto

T

M
WW

⌧ 1 (33)

8
<

:

p1,2 ⇠ ✏M
WW

p0 � p3 ⇠ ✏2M
WW

p0

+ p3 ⇠ M
WW

(34)

x
1,2 x

0

+ x
3

x
0

� x
3

@0

+ @3

(35)

3



Multiple cutoffs in EFT

Artificial boundaries to separate different groups of modes
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Guaranteed-off-shell.
Integrate it out!
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We have TWO cutoffs! (Boundaries b/w on- vs off-shell modes 
 & b/w collinear vs anticollinear modes)



Multiple Renormalization Groups
Cutoffs are artificial mode boundaries.
Physical observables should be

independent

independent
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Multiple Renormalization Groups
Cutoffs are artificial mode boundaries.
Physical observables should be

independent

independent

Familiar RGEs

Rapidity RGEs!
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Multiple Renormalization Groups
Cutoffs are artificial mode boundaries.
Physical observables should be

independent

independent

Familiar RGEs

Rapidity RGEs!

In practice, sharp boundaries are cumbersome. 
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Virtuality RGEs: Rapidity RGEs:
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ŝ (15)

M2

WW

(16)

log

M2

WW

(pveto

T

)

2

(17)

log
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(4) Attach real gluons to                   .
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(3) Run      RGE to lower allowed virtuality from  
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Allowed virtuality ~
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Now,

(5) Perform jet-clustering and impose jet veto.
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(N.B.) In steps (1) & (3), take             to also resum      terms. 
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(B) Nonlocality
In “familiar” EFTs:
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Similarly, anticollinear sector is non-local in             . 
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(C) Multiple              gauge groups
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Anticoll. gluon — contains only anticollinear modes
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Need             gauge transformations with all possible modes
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In SCET

Collinear gluon — contains only collinear modes

p
=

(E
,
0,

0,
E

)

(
2
5
)

k
=

⇣
zE

,
0,

p
T

,
zE

+O
(p

2T

/E
) ⌘

q
=

⇣
(
1�

z
)E

,
0, �

p
T

,
(
1�

z
)E
�O

(p
2T

/E
) ⌘

(
2
6
)

⌘
=

1

2

l
o
g

k
0

+

k
3

k
0�

k
3 ⇠

l
o
g

E

p
2T

/E
⇠

l
o
g

Ep
T �

1

(
2
7
)

⌘ ⇠
l
o
g

p
2T

/E

E
⇠
�

l
o
g

Ep
T ⌧

�
1

(
2
8
)

k
0±

k
3

k
2⇠

p
2T

(
2
9
)

|
{z

}
(
3
0
)

q

q̄

�
,

Z

�
+1

�
�1

W

+

W

�
eG

eN
1

˜

`
+

`
+

˜

` �
` �(
3
1
)

g

�
W

±
(
3
2
)

@
µ⇤

⌧
1

µ
(
3
3
)

p
0

+

p
3⇠

M
W

W

p
0�

p
3⇠

✏
2M

W

W

p
1,

2⇠
✏M

W

W

✏ ⌘
p

v
e
t
o

T

M
W

W

⌧
1

(
3
4
)

8<:

p
1,

2

⇠
✏M

W

W

p
0�

p
3

⇠
✏
2M

W

W

p
0

+

p
3

⇠
M

W

W

(
3
5
)

3

couples to collinear    but not to anticollinear
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Anticoll. gluon — contains only anticollinear modes
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Need             gauge transformations with all possible modes



In full theory

So, we need two sets of gauge transformations:

(C) Multiple              gauge groups
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Gauge            — a redundancy to remove gluons’ unphysical polarizations. 
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Global            — a real symmetry in full theory, a real symmetry in EFT.
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Only one gluon field with all possible Fourier modes
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In SCET

Collinear gluon — contains only collinear modes

p
=

(E
,
0,

0,
E

)

(
2
5
)

k
=

⇣
zE

,
0,

p
T

,
zE

+O
(p

2T

/E
) ⌘

q
=

⇣
(
1�

z
)E

,
0, �

p
T

,
(
1�

z
)E
�O

(p
2T

/E
) ⌘

(
2
6
)

⌘
=

1

2

l
o
g

k
0

+

k
3

k
0�

k
3 ⇠

l
o
g

E

p
2T

/E
⇠

l
o
g

Ep
T �

1

(
2
7
)

⌘ ⇠
l
o
g

p
2T

/E

E
⇠
�

l
o
g

Ep
T ⌧

�
1

(
2
8
)

k
0±

k
3

k
2⇠

p
2T

(
2
9
)

|
{z

}
(
3
0
)

q

q̄

�
,

Z

�
+1

�
�1

W

+

W

�
eG

eN
1

˜

`
+

`
+

˜

` �
` �(
3
1
)

g

�
W

±
(
3
2
)

@
µ⇤

⌧
1

µ
(
3
3
)

p
0

+

p
3⇠

M
W

W

p
0�

p
3⇠

✏
2M

W

W

p
1,

2⇠
✏M

W

W

✏ ⌘
p

v
e
t
o

T

M
W

W

⌧
1

(
3
4
)

8<:

p
1,

2

⇠
✏M

W

W

p
0�

p
3

⇠
✏
2M

W

W

p
0

+

p
3

⇠
M

W

W

(
3
5
)

3

couples to collinear    but not to anticollinear

p = (E, 0, 0, E) (25)

k =

⇣
zE, 0, p

T

, zE +O(p2

T

/E)

⌘
q =

⇣
(1�z)E, 0, �p

T

, (1�z)E �O(p2

T

/E)

⌘
(26)

⌘ =

1

2

log

k0

+ k3

k0 � k3

⇠ log

E

p2

T

/E
⇠ log

E

p
T

� 1 (27)

⌘ ⇠ log

p2

T

/E

E
⇠ � log

E

p
T

⌧ �1 (28)

k0 ± k3 k2 ⇠ p2

T

(29)

| {z } (30)

q q̄ �, Z �+

1

��
1

W

+

W

� e
G

e
N

1

˜`+ `+

˜`� `�

(31)

g � W

±
(32)

@µ

⇤

⌧ 1 µ (33)

p0

+ p3 ⇠M
WW

p0 � p3 ⇠ ✏2M
WW

p1,2 ⇠ ✏M
WW

✏ ⌘ pveto

T

M
WW

⌧ 1 (34)

8
<

:

p1,2 ⇠ ✏M
WW

p0 � p3 ⇠ ✏2M
WW

p0

+ p3 ⇠ M
WW

(35)

3

p = (E, 0, 0, E) (25)

k =

⇣
zE, 0, p

T

, zE +O(p2

T

/E)

⌘
q =

⇣
(1�z)E, 0, �p

T

, (1�z)E �O(p2

T

/E)

⌘
(26)

⌘ =

1

2

log

k0

+ k3

k0 � k3

⇠ log

E

p2

T

/E
⇠ log

E

p
T

� 1 (27)

⌘ ⇠ log

p2

T

/E

E
⇠ � log

E

p
T

⌧ �1 (28)

k0 ± k3 k2 ⇠ p2

T

(29)

| {z } (30)

q q̄ �, Z �+

1

��
1

W

+

W

� e
G

e
N

1

˜`+ `+

˜`� `�

(31)

g � W

±
(32)

@µ

⇤

⌧ 1 µ (33)

p0

+ p3 ⇠M
WW

p0 � p3 ⇠ ✏2M
WW

p1,2 ⇠ ✏M
WW

✏ ⌘ pveto

T

M
WW

⌧ 1 (34)

8
<

:

p1,2 ⇠ ✏M
WW

p0 � p3 ⇠ ✏2M
WW

p0

+ p3 ⇠ M
WW

(35)

3

Anticoll. gluon — contains only anticollinear modes
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Collinear             = gauge transformations w/ collinear modes only
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= singlet
Anticoll.             = gauge transformations w/ anticoll. modes only
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Differences from pT resummation

(1) Jet-algorithm dependence
In Jet-veto resummation, jet-by-jet
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(P. Meade et al., arXiv:1407.4481)
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Differences from pT resummation

(2)      resummation
We did.
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(a) (b) (c)

Figure 2: The NLL and NNLL jet-veto cross-sections for the process, pp! W+W� for (a) the 7-
TeV and (b) the 8-TeV LHC runs. (c) is the same as (b) except that it is without ⇡2 resummation,
i.e., it is evaluated with µ2

h > 0 as opposed to µ2
h < 0. The shaded regions in all the plots indicate

the scale uncertainties.
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Figure 3: Same as Fig. 2 but for di↵erential jet-veto cross-sections with respect to the W+W�

invariant mass.

minimize those logarithms, an obvious choice for the matching scale may be µ2
h ⇠ M2. However,

due to the presence of a branch cut, additional factors of ⇡2 arise when the logarithms are squared.
As suggested in [34–36], a better choice for the matching scale is µ2

h ⇠ �(M2 +i0+) < 0 so that the
⇡2 terms are also resummed via RG evolution. To relate the QCD coupling constants at positive
and negative values of µ2, we use the following relation [84]:

↵s(µ2)
↵s(�µ2)

= 1� ia(µ2) +
�1

�0

↵s(µ2)
4⇡

log[1� ia(µ2)] +O(↵2
s ) (4.1)

where a(µ2) ⌘ �0↵s(µ2)/4. We then evolve C(h)
f

using (3.19) down to the factorization scale
µ2

f ⇠ +(pveto
T )2 > 0, and substitute it into the cross section formula (2.77).

The resummed NLL and NNLL jet-veto cross-section for the pp!W+W� as a function of pveto
T

are shown in Fig. 2a and Fig. 2b for
p

s = 7 and 8 TeV, respectively, in the 5-flavor number scheme.
The error bands are obtained by separately varying the hard scale µh and the factorization scale
µf by factors of 1/2 and 2, and adding the uncertainties from those two variations in quadrature.
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Figure 5: (a) The fully matched (0, 0) + (1, 1) (“NLL+NLO’) and (1, 0) + (1, 1) (“NNLL+NLO”)

jet-veto cross sections for the 7-TeV LHC run, using consistent power counting. (b) The same

as (a) for the 8-TeV LHC run. (c) For the purpose of seeing the e↵ects of collinear anomalies,

the matched jet-veto cross-sections are obtained for the 8-TeV LHC using the inconsistent power

counting described in the text.

be surprising. The reason for such a dramatic increase is the presence of large logR terms in the

coe�cient dveto2 (see Ref. [44]) inside the F
qq̄

function (3.27) of the collinear anomaly. However, as

discussed in Section 2.4, it is reasonable to assume that the numerical impact of higher-order terms

in logR for R ⇠ 0.5 are small and this drastic change is thus actually under control. We conclude

this section by noting that the power corrections are generally found to be small, decreasing the

unmatched NNLL (i.e., (1,0) without adding (1,1)) cross sections presented in Section 4.1 by no

more than a mere ⇠ 2%.

4.3 Comparison with Monte Carlo + Parton Shower Generators

Since the ATLAS and CMS collaborations have used the Monte Carlo (MC) and Parton Shower

(PS) generators to estimate the jet-veto e�ciencies in their W+W� cross-section measurement

analyses, we would like to make comparisons with our analytical NNLL+NLO results by employing

three sets of MC and PS generators for the process qq̄ ! W+W�:

• MG+PY : The WW+0/1/2 jet parton-level matched samples were generated using the LO mode

of MadGraph5 aMC@NLO [82] followed by showering using the Pythia6 PS generator [85]. The

matching is performed based on the default k
T

-jet MLM scheme used in MadGraph5 aMC@NLO.

• MC@NLO+HW : The parton level events were generated using the NLO MC generator, MC@NLO [86]

and showered by the Herwig6 PS generator [87]. Matching is automatically performed by the

MC@NLO program.

• POWHEG+PY : The parton level events were generated using the POWHEG NLO MC generator

[88–91] interfaced with Pythia6 for parton showering. Matching is automatically performed

by the POWHEG program.
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TeV and (b) the 8-TeV LHC runs. (c) is the same as (b) except that it is without ⇡2 resummation,

i.e., it is evaluated with µ2
h > 0 as opposed to µ2

h < 0. The shaded regions in all the plots indicate

the scale uncertainties.
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Figure 3: Same as Fig. 2 but for di↵erential jet-veto cross-sections with respect to the W+W�

invariant mass.

minimize those logarithms, an obvious choice for the matching scale may be µ2
h ⇠ M2. However,

due to the presence of a branch cut, additional factors of ⇡2 arise when the logarithms are squared.

As suggested in [34–36], a better choice for the matching scale is µ2
h ⇠ �(M2+i0+) < 0 so that the

⇡2 terms are also resummed via RG evolution. To relate the QCD coupling constants at positive

and negative values of µ2, we use the following relation [84]:

↵s(µ2)

↵s(�µ2)
= 1 � ia(µ2) +

�1
�0

↵s(µ2)

4⇡
log[1 � ia(µ2)] + O(↵2

s ) (4.1)

where a(µ2) ⌘ �0↵s(µ2)/4. We then evolve C(h)
f

using (3.19) down to the factorization scale

µ2
f ⇠ +(pvetoT )2 > 0, and substitute it into the cross section formula (2.77).

The resummed NLL and NNLL jet-veto cross-section for the pp ! W+W� as a function of pvetoT

are shown in Fig. 2a and Fig. 2b for
p
s = 7 and 8 TeV, respectively, in the 5-flavor number scheme.

The error bands are obtained by separately varying the hard scale µh and the factorization scale

µf by factors of 1/2 and 2, and adding the uncertainties from those two variations in quadrature.
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Figure 6: Comparison of our NNLL+NLO resummed jet-veto cross-sections with and without ⇡2

resummation (in blue and green, respectively), with the fixed order NLO results obtained from

MCFM (in red) for the (a) 7-TeV LHC and (b) 8-TeV LHC runs, with jet-radius parameter, R = 0.4.

In figure (c), the same comparison is shown for the 8-TeV LHC run with R = 0.5.

• MC@NLO+HW : The parton level events were generated using the NLO MC generator, MC@NLO [86]

and showered by the Herwig6 PS generator [87]. Matching is automatically performed by the

MC@NLO program.

• POWHEG+PY : The parton level events were generated using the POWHEG NLO MC generator

[88–91] interfaced with Pythia6 for parton showering. Matching is automatically performed

by the POWHEG program.

The MC samples were generated using CTEQ6L (CT10nlo) PDFs for the LO (NLO) MC genera-

tors. In each case, the total number of events are normalized to the NLO cross-section obtained us-

ing MCFM. For a fair comparison with our resummed theory predictions and to disentangle the e↵ects

of di↵erent choices of PDFs and ↵s to the overall normalization, we consistently use MSTW2008nnlo

PDFs for the MCFM calculation of the inclusive cross-section with ↵s set by the PDF itself. In the

next step, we performed jet-clustering on the samples using the FastJet program [92,93] employ-

ing the anti-kT algorithm with jet-radius parameter, R = 0.4. Given that the contribution from

gg ! W+W� is formally NNLO, the jet-veto e�ciency can be obtained to a good approximation

as follows:

✏veto =
�veto
qq̄

+ �
gg

�
qq̄

+ �
gg

=
✏veto
qq̄

�
qq̄

+ �
gg

�
qq̄

+ �
gg

(4.6)

For our resummed calculations, we obtain the jet-veto e�ciencies directly from the first expression

in (4.6), since the jet-veto cross-section �veto
qq̄

for the qq̄ channel has already been calculated. The

inclusive contribution �
gg

from the gg channel is obtained by running the MCFM program. While the

scale uncertainties in the jet-veto cross-sections may partially cancel the scale uncertainties in the

inclusive cross-section, we make conservative estimates of the uncertainties by using the full scale

uncertainty of the jet-veto cross-section while using the central value for the inclusive cross-section.

The scale uncertainties associated with the gg channel, while significant in isolation, are expected

to be sub-percent level relative to the total cross-section and therefore neglected.
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Figure 6: Comparison of our NNLL+NLO resummed jet-veto cross-sections with the MC samples
generated using MadGraph5 followed by showering with Pythia6 parton-shower generator, with the
total cross-section normalized to the inclusive NLO cross-section obtained from MCFM for the (a)
7-TeV and (b) 8-TeV LHC runs. In figure (c), the jet-veto e�ciencies from our analytical results
are compared with that from MC samples at the 8-TeV LHC run.

The MC samples were generated using CTEQ6L (CT10nlo) PDFs for the LO (NLO) MC genera-
tors. In each case, the total number of events are normalized to the NLO cross-section obtained us-
ing MCFM. For a fair comparison with our resummed theory predictions and to disentangle the e↵ects
of di↵erent choices of PDFs and ↵s to the overall normalization, we consistently use MSTW2008nnlo
PDFs for the MCFM calculation of the inclusive cross-section with ↵s set by the PDF itself. In the
next step, we performed jet-clustering on the samples using the FastJet program [92,93] employ-
ing the anti-kT algorithm with jet-radius parameter, R = 0.4. Given that the contribution from
gg ! W+W� is formally NNLO, the jet-veto e�ciency can be obtained to a good approximation
as follows:

✏veto =
�veto

qq̄

+ �
gg

�
qq̄

+ �
gg

=
✏veto
qq̄

�
qq̄

+ �
gg

�
qq̄

+ �
gg

(4.6)

For our resummed calculations, we obtain the jet-veto e�ciencies directly from the first expression
in (4.6), since the jet-veto cross-section �veto

qq̄

for the qq̄ channel has already been calculated. The
inclusive contribution �

gg

from the gg channel is obtained by running the MCFM program. While the
scale uncertainties in the jet-veto cross-sections may partially cancel the scale uncertainties in the
inclusive cross-section, we make conservative estimates of the uncertainties by using the full scale
uncertainty of the jet-veto cross-section while using the central value for the inclusive cross-section.
The scale uncertainties associated with the gg channel, while significant in isolation, are expected
to be sub-percent level relative to the total cross-section and therefore neglected.

For the MC+PS generators, on the other hand, we use the second expression in (4.6), where
the inclusive cross-sections in all the channels are obtained from MCFM while the jet-veto e�ciency
✏veto
qq̄

for the qq̄ channel are estimated using the respective MC+PS samples. As such, there is no
well defined procedure to estimate the scale uncertainties in this case. However, as discussed in
Section 1, to a good approximation, the uncertainties in �(njet � 0) and �(njet � 1) are expected
to be uncorrelated, as their perturbative expansion start at di↵erent orders in ↵s. Therefore, as a
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Figure 7: Same as Fig. 6 but with MC samples generated using MC@NLO interfaced with HERWIG6

for parton-showering.
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Figure 8: Same as Fig. 6 but with MC samples generated using POWHEG interfaced with Pythia6

for parton-showering.

reasonable estimate, we vary the renormalization and factorization scales in the inclusive W+W�

production and W+W�+ jet production and add the scale uncertainties from the two processes in
quadrature to obtain the total scale uncertainty.

In Fig. 6, Fig. 7 and Fig. 8, we have compared our analytical resummed cross-section and jet-
veto e�ciency with those obtained from the di↵erent MC+PS samples discussed above. We have
checked that di↵erent choices of PDF sets or variation between di↵erent eigen-directions within a
given PDF set do not a↵ect the jet-veto e�ciencies significantly, except when comparing LO PDFs
to NLO PDFs, for which di↵erences of ⇠ 3% can arise. We have also found that the underlying
events in showering generators have negligible impact on the e�ciencies, and have checked that
hadronization e↵ects on the e�ciency are . 1% for pveto

T & 15 GeV. Finally, in Fig. 9, we compare
the same MC+PS predictions (in red) with the analytical NNLL+NLO prediction without ⇡2

resummation (in green). These figures should be compared with Fig. 6b, Fig. 7b, and Fig. 8b, for
which ⇡2 resummation is included.
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Figure 7: Same as Fig. 6 but with MC samples generated using MC@NLO interfaced with HERWIG6

for parton-showering.
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Figure 8: Same as Fig. 6 but with MC samples generated using POWHEG interfaced with Pythia6

for parton-showering.

reasonable estimate, we vary the renormalization and factorization scales in the inclusive W+W�

production and W+W�+ jet production and add the scale uncertainties from the two processes in
quadrature to obtain the total scale uncertainty.

In Fig. 6, Fig. 7 and Fig. 8, we have compared our analytical resummed cross-section and jet-
veto e�ciency with those obtained from the di↵erent MC+PS samples discussed above. We have
checked that di↵erent choices of PDF sets or variation between di↵erent eigen-directions within a
given PDF set do not a↵ect the jet-veto e�ciencies significantly, except when comparing LO PDFs
to NLO PDFs, for which di↵erences of ⇠ 3% can arise. We have also found that the underlying
events in showering generators have negligible impact on the e�ciencies, and have checked that
hadronization e↵ects on the e�ciency are . 1% for pveto

T & 15 GeV. Finally, in Fig. 9, we compare
the same MC+PS predictions (in red) with the analytical NNLL+NLO prediction without ⇡2

resummation (in green). These figures should be compared with Fig. 6b, Fig. 7b, and Fig. 8b, for
which ⇡2 resummation is included.
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Figure 6: Comparison of our NNLL+NLO resummed jet-veto cross-sections with the MC samples
generated using MadGraph5 followed by showering with Pythia6 parton-shower generator, with the
total cross-section normalized to the inclusive NLO cross-section obtained from MCFM for the (a)
7-TeV and (b) 8-TeV LHC runs. In figure (c), the jet-veto e�ciencies from our analytical results
are compared with that from MC samples at the 8-TeV LHC run.

The MC samples were generated using CTEQ6L (CT10nlo) PDFs for the LO (NLO) MC genera-
tors. In each case, the total number of events are normalized to the NLO cross-section obtained us-
ing MCFM. For a fair comparison with our resummed theory predictions and to disentangle the e↵ects
of di↵erent choices of PDFs and ↵s to the overall normalization, we consistently use MSTW2008nnlo
PDFs for the MCFM calculation of the inclusive cross-section with ↵s set by the PDF itself. In the
next step, we performed jet-clustering on the samples using the FastJet program [92,93] employ-
ing the anti-kT algorithm with jet-radius parameter, R = 0.4. Given that the contribution from
gg ! W+W� is formally NNLO, the jet-veto e�ciency can be obtained to a good approximation
as follows:

✏veto =
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=
✏veto
qq̄
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(4.6)

For our resummed calculations, we obtain the jet-veto e�ciencies directly from the first expression
in (4.6), since the jet-veto cross-section �veto

qq̄

for the qq̄ channel has already been calculated. The
inclusive contribution �

gg

from the gg channel is obtained by running the MCFM program. While the
scale uncertainties in the jet-veto cross-sections may partially cancel the scale uncertainties in the
inclusive cross-section, we make conservative estimates of the uncertainties by using the full scale
uncertainty of the jet-veto cross-section while using the central value for the inclusive cross-section.
The scale uncertainties associated with the gg channel, while significant in isolation, are expected
to be sub-percent level relative to the total cross-section and therefore neglected.

For the MC+PS generators, on the other hand, we use the second expression in (4.6), where
the inclusive cross-sections in all the channels are obtained from MCFM while the jet-veto e�ciency
✏veto
qq̄

for the qq̄ channel are estimated using the respective MC+PS samples. As such, there is no
well defined procedure to estimate the scale uncertainties in this case. However, as discussed in
Section 1, to a good approximation, the uncertainties in �(njet � 0) and �(njet � 1) are expected
to be uncorrelated, as their perturbative expansion start at di↵erent orders in ↵s. Therefore, as a
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Figure 7: Same as Fig. 6 but with MC samples generated using MC@NLO interfaced with HERWIG6

for parton-showering.

(a) (b) (c)

Figure 8: Same as Fig. 6 but with MC samples generated using POWHEG interfaced with Pythia6

for parton-showering.

reasonable estimate, we vary the renormalization and factorization scales in the inclusive W+W�

production and W+W�+ jet production and add the scale uncertainties from the two processes in
quadrature to obtain the total scale uncertainty.

In Fig. 6, Fig. 7 and Fig. 8, we have compared our analytical resummed cross-section and jet-
veto e�ciency with those obtained from the di↵erent MC+PS samples discussed above. We have
checked that di↵erent choices of PDF sets or variation between di↵erent eigen-directions within a
given PDF set do not a↵ect the jet-veto e�ciencies significantly, except when comparing LO PDFs
to NLO PDFs, for which di↵erences of ⇠ 3% can arise. We have also found that the underlying
events in showering generators have negligible impact on the e�ciencies, and have checked that
hadronization e↵ects on the e�ciency are . 1% for pveto

T & 15 GeV. Finally, in Fig. 9, we compare
the same MC+PS predictions (in red) with the analytical NNLL+NLO prediction without ⇡2

resummation (in green). These figures should be compared with Fig. 6b, Fig. 7b, and Fig. 8b, for
which ⇡2 resummation is included.
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Figure 7: Same as Fig. 6 but with MC samples generated using MC@NLO interfaced with HERWIG6

for parton-showering.
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Figure 8: Same as Fig. 6 but with MC samples generated using POWHEG interfaced with Pythia6

for parton-showering.

reasonable estimate, we vary the renormalization and factorization scales in the inclusive W+W�

production and W+W�+ jet production and add the scale uncertainties from the two processes in
quadrature to obtain the total scale uncertainty.

In Fig. 6, Fig. 7 and Fig. 8, we have compared our analytical resummed cross-section and jet-
veto e�ciency with those obtained from the di↵erent MC+PS samples discussed above. We have
checked that di↵erent choices of PDF sets or variation between di↵erent eigen-directions within a
given PDF set do not a↵ect the jet-veto e�ciencies significantly, except when comparing LO PDFs
to NLO PDFs, for which di↵erences of ⇠ 3% can arise. We have also found that the underlying
events in showering generators have negligible impact on the e�ciencies, and have checked that
hadronization e↵ects on the e�ciency are . 1% for pveto

T & 15 GeV. Finally, in Fig. 9, we compare
the same MC+PS predictions (in red) with the analytical NNLL+NLO prediction without ⇡2

resummation (in green). These figures should be compared with Fig. 6b, Fig. 7b, and Fig. 8b, for
which ⇡2 resummation is included.
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Figure 9: Comparison of our NNLL+NLO resummed jet-veto cross-sections without ⇡2 resumma-
tion at the 8-TeV LHC with those from (a) MG+PY, (b) MC@NLO+HW, and (c) POWHEG+PY.

To conclude, we observe that MG+PY generator tend to produce softer jets compared to POWHEG+PY
generator which have a much harder jet p

T

spectrum. The MC+PS predictions in general under-
estimate the jet-veto cross-sections compared to our best resummed calculations with both the
logarithms and ⇡2 terms resummed, where the di↵erence is most significant ⇠ 11% for the POWHEG
samples in the region pveto

T & 20 GeV. Moreover, our NNLL+NLO results significantly reduce the
scale uncertainties by almost a factor of 2.

4.4 Comparison with Experimental Results

Even though both ATLAS and CMS experiments present their measurements as the inclusive
pp ! W+W� cross section, we have seen that the jet-veto e�ciencies they use to extrapolate
from the measured jet-veto cross sections to the quoted inclusive cross sections su↵er from the
large logarithms that are not properly resummed by the MC+PS generators. Since both what
they actually measured and what we calculated from SCET are the jet-veto cross section, not the
inclusive cross section, we first must undo the jet-veto e�ciencies from the inclusive cross sections
quoted by the ATLAS and CMS collaborations:

�veto
WW

= �
WW

⇥ ✏veto
WW

. (4.7)

To estimate the jet-veto e�ciency in W+W� production, both ATLAS and CMS experiments
rely on MC+PS simulations (will simply be referred to as “MC” from now on), with a data-to-
MC correction factor measured from Drell-Yan process in the Z peak region, so that the jet-veto
e�ciency is obtained as

✏veto
WW

=
✏
Z

✏MC
Z

⇥ ✏MC
WW

. (4.8)

The reasoning behind multiplying such a scaling factor is that the experimental systematic uncer-
tainties cancel out when the ratio of two MC e�ciencies are considered. Throughout this discussion,
we will assume this scaling factor to be 1, as indicated by both ATLAS [3] and CMS [4] experiments.
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p
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the packages. Reproducing those tunes, however, is beyond the scope of this work. It would
be beneficial to both theoretical and experimental communities if the jet-veto cross-sections
were directly presented by the collaborations.

• Although the leptons from the Higgs decay h ! WW ⇤ ! 2`2⌫ are expected to be softer
compared to those from on-shell W -pair production, there would be some contamination from
this channel. It is conceivable that Higgs decays could lead to a further increase by ⇠ 1 – 2
pb in the theory prediction.

• The gg !WW process without involving the higgs, which are considered at the LO without
resummation in our work, is estimated to be ⇠ 3% at

p
s ⇠ 8 TeV. The NLO contributions

to this channel can further influence the theory prediction and needs to be studied.

• Finally and possibly most importantly, we would like to point out that some of the background
processes to W pair production may also have been incorrectly estimated from the MC+PS
simulations in the 0-jet bin. This applies to many di-boson backgrounds that are purely
estimated from fixed-order MC, but also some of the data-driven methods such as tt̄ and tW ,
which too rely on MC partially. This may be particularly important for the slight discrepancy
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