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Threshold resummed and approximate next-to-next-to-leading order results
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The next-to-leading order (NLO) QCD radiative corrections to W* W~ production at hadron colliders
are well understood. We combine NLO perturbative QCD calculations with soft-gluon resummation of
threshold logarithms to find a next-to-next-to-leading logarithmic (NNLL) prediction for the total cross
section and the invariant mass distribution at the LHC. We also obtain approximate next-to-next-to-
leading order (NNLO) results for the total W*W~ cross section at the LHC which includes all
contributions from the scale dependent leading singular terms. Our result for the approximate NNLO
total cross section is the most precise theoretical prediction available. Uncertainties due to scale variation
are shown to be small when the threshold logarithms are included. NNLL threshold resummation
increases the W W~ invariant mass distribution by ~3%—4% in the peak region for both /S = 8 and
14 TeV. The NNLL threshold resummed and approximate NNLO cross sections increase the NLO cross
section by 0.5%—-3% for \/E =17, 8,13, and 14 TeV.
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L. INTRODUCTION

Exploring the Higgs and electroweak sector of the stan-
dard model is one of the primary goals of the LHC. The
pair production of gauge bosons is important both as a test
of the SU(2) X U(1) gauge structure and as a background
for Higgs boson searches. Precise predictions for both
total and differential cross sections are needed in order to
understand the shape of the background to the Higgs signal
and to search for anomalous three gauge boson couplings.
Understanding the theoretical prediction for pp — W W~
is particularly important for the measurement of the Higgs
decay channel, H — W W~ — 2€2y, where there is no

resonant structure. The W W~ background is estimated by
|

ATLAS, VS =7 TeV
CMS, /S =7 TeV
CMS, /S =8 TeV

are slightly higher than the standard model predictions at
next-to-leading order (NLO) in QCD [8],"

0'(\/§ =17 TeV)Theory = 4704t%(5)% pb
U(\/S_ =8 TeV)Theory = 5725t%gg7 pb

(@)

'The theoretical predictions have been evaluated at NLO using
MCFM with MSTW2008nlo PDFs and a central scale choice of
¢ = My. The uncertainties shown in Eq. (2) result from
varying the scale up and down by a factor of 2. The predictions
of Eq. (2) include the next-to-next-to-leading-order (NNLO)
contribution from the gg initial state [8].
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a sideband analysis, where the cross section is normalized
via a control region with a minimum dilepton invariant
mass. Using Monte Carlo, the line shapes of the W™ W~
distributions are then extrapolated into the Higgs signal
region [1,2]. A change in the W* W™ invariant mass dis-
tribution will alter the dilepton invariant mass distribution,
and consequently change the extrapolation of the back-
ground estimates in the Higgs signal region.

The production of WFW~ pairs with a subsequent
leptonic decay has been studied at the Tevatron [3,4],
while both ATLAS [5] and CMS [6,7] have reported results
at the LHC. The LHC results for the total W* W™ cross
section,

o = 51.9 * 2.0(stat) * 3.9(syst) = 2.0(lumi) pb
o = 52.4 + 2.0(stat) * 4.5(syst) = 1.2(lumi) pb (1)
o = 69.9 * 2.8(stat) * 5.6(syst) = 3.1(lumi) pb,

|

The slight differences between the measured LHC values
and the MCFM NLO predictions have led to speculation
that the measured W* W™ cross section is a subtle sign of
new physics [9-11].

The NLO QCD corrections to pp — W W™ were com-
puted in Refs. [12,13], and then extended to include lep-
tonic decays in Ref. [14]. The NLO predictions for the total
cross section have a 3%—4% uncertainty at the LHC due to
the choice of parton distribution functions (PDFs) and
renormalization/factorization scale variation [8]. The
contribution from gg — W*W~ is formally NNLO, but
numerically contributes ~3% at \/E =7 TeV and ~4%
at /S = 14 TeV [15-18]. The NLO results have been
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interfaced with a shower Monte Carlo using the formalism
of the POWHEG box [19-21]. The electroweak corrections
and the contribution from the 7y initial state are also
known and contribute less than 1%-2% to the total cross
section at the LHC [22,23]. These corrections are enhanced
at large values of the W*W™ invariant mass, but have
opposite signs and largely cancel.

In this paper, we extend these results by including a
resummation of threshold logarithms in the prediction of
W*W~ production. Previously, the resummation of large
logarithms associated with gluon emission at low trans-
verse momentum, py, in W W~ production was consid-
ered [24]. Unlike p; resummation which is normalized to
the NLO cross section, the emission of soft gluons near
threshold can potentially enhance the rate. We consider the
next-to-leading logarithmic (NLL) and next-to-next-to-
leading logarithmic (NNLL) resummation of threshold
corrections. To accomplish this, we utilize the formalism
of soft collinear effective theory (SCET) [25-28] which
allows the resummation to be performed directly in
momentum space [29,30]. This formalism has been
used for processes with colorless final states such as
Drell-Yan [31], Higgs production [32-34], associated
W/Z plus Higgs production [35], direct photon production
[36] and SUSY slepton pair production [37].

The SCET formalism has also been applied to top quark
pair production to resum the threshold corrections to the
invariant mass distribution and to the total cross section
[38—40]. The total cross section for top quark pair produc-
tion using threshold resummation has been obtained using
two different sets of threshold limits: one starting from the
invariant mass distribution of the top quark pair (pair
invariant mass kinematics) and the other beginning from
the transverse momentum or rapidity distribution of the top
quark [38,39,41]. The total cross section is then obtained
by integrating over the resummed distributions. Within the
theoretical uncertainties, the total cross sections for top
quark pair production obtained with the different starting
points are in reasonable agreement [39,40]. The total cross
section can also be obtained in the threshold limit, 8 — 0,
where B is the top quark velocity, and the terms of
O(a"In™B) resummed [42]. At the LHC and the
Tevatron, however, the largest contributions to the total
cross section for top quark pair production are not from
the 8 — O region. In this work, we will use pair invariant
mass kinematics for the W* W~ final state to obtain our
resummed results.

The calculation of differential cross sections involves

several scales. We consider the threshold limit z =
2

@ — 1 which dynamically becomes important due to
the fast decline of the parton luminosity function as 7
increases [31], with My the invariant mass of the
W' W™ pair and s the partonic center of mass energy.
Near the partonic threshold, up to subleading powers of
(1 — z), the cross section factorizes into a soft function
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which describes the soft gluon emissions and a hard func-
tion which includes the virtual corrections to the cross
section. We can combine the NLO soft and hard functions
with their renormalization group (RG) evolution equations
to give NNLL resummed results which resum large loga-
rithms of the form a?(Wh with m < 2n — 1.
Alternatively, the RG evolution of the hard function,
known to NNLO, can be matched with exact NLO results
for the hard function to obtain the approximate NNLO hard
function which includes the leading scale dependent con-
tributions. Combined with the known NNLO soft function
[31] for color singlet production, we are able to obtain the
approximate NNLO result as an alternative to the NLO +
NNLL resummed result. The advantage of the NLO +
NNLL resummed results is that they contain powers of
a, to all orders, while the advantage of the approximate
NNLO results is that we used the soft function to one order
higher (NNLO) and the results do not contain higher orders
of &y which are sometimes not desired. In any case, the two
results are extremely close to each other, and we recom-
mend our approximate NNLO result as the most precise
theoretical results available to be compared with future
experiments, because it turns out to have smaller scale
variations.

In Sec. II, we review the formalism and SCET resum-
mation in the threshold region. This follows closely the
approach of Ref. [38]. Section III contains results for the
NNLL differential and total cross sections, along with
approximate results for the NNLO cross section for
pp — W W™, Brief conclusions are presented in Sec. IV.

II. BASICS

In this section, we review the fixed order results for
pp— WHTW~ (Secs. IT A and 11 B), the SCET formalism
used to derive the RG improved NNLL results for the
differential and total cross sections, including the matching
to the fixed order NLO result (Sec. II C), and the derivation
of an approximate NNLO result (Sec. 11 D).

A. Born level result

The Born level process arises through the annihilation
process

q(p1) + G(pa) = W' (p3) + W (pa). (3

This annihilation proceeds via s-channel y/Z exchange and
a t-channel contribution, as shown in Figs. 1(a) and 1(b),
respectively. The partonic cross section is

. 1
61 = 50 [ d:13(s 0P )

where the partonic level invariants are
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(a)

FIG. 1.
s = (p + pp)?

S
f=(P1_P3)2=M%V_§(1_30059) (5)
u=(p; — ps)*

with s + ¢+ u = 2M3, and B = %. At the Born
level we have M3, = s. The two body phase space is

B
8 dt 1677_dcoso9 (6)

Finally, the color—averaged and spin-summed and averaged
matrix element squared is

dd, =

149, 1P = { “FY(s, 1) + c55(s)KO(s, 1

4N
- s 0], %

where ¢$*K is the s-channel contribution, ¢/F) is the
t-channel contribution, and cffjg is from s- and z-channel
interference. The results have been found in Ref. [12] and
are given in Appendix A for convenience.

Due to the collinear factorization [43—47], the hadronic
level cross section is obtained by convolving the partonic
level cross section with PDFs. In general, the hadronic
cross section can be written as

d*o BW ldz T
=2 — L\ o my
dewdCOS 0 ] 167TMWWs r Z Z
X Cij(z’ Mww, COS 9, /.Lf) (8)

where the sum runs over all possible initial state partons,
(¢ is the factorization scale,

e M2 4M?
= 7=—"W" and Bw=1/1— .
S s Miyw

()]

The long-distance collinear physics is described by the
parton luminosity

Ldx vy
) 7fi(xr Mf)fj(;; M

where f; is the PDF of a parton with flavor i. The coeffi-
cient functions describe the hard partonic process and can
be written as a power series in a,

L0 pp) = ) (10)
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3

Feynman diagrams for the (a) s-channel and (b) t-channel contributions to gg — W*W~.

— 0 1+ % M
Cij—Cl.j-l-ECiij (11)
We have chosen the normalization of Eq. (8) such that the
leading order coefficient is

C) = 6(1 — 2)|AYI%, (12)

and the Born level cross section is recovered.

B. NLO result

At NLO, the scattering coefficients of Eq. (8) receive
corrections from virtual loops and real gluon emission
in the gg channel, along with tree level contributions
from gg — gW*W~. In dimensional regularization with
N = 4 — 2, the one-loop virtual diagrams contribute

1
OVIRT = 5 '[dq)2|A,1]q(Sy %, (13)
where
|Al 2= |Aqq reglz + |Aqq d1V|2 (14)
Amr 4 6
R 4—Cp( & ) 01+ 5+ 2)lags. 0P
bl = fomiy= Cr{et o 0 + K},

— B (s, r)}. (15)
We note that since QCD does not renormalize electroweak
couplings, all the UV divergences cancel leaving only
IR divergences in A} gq,div- The one-loop corrections to the
t-channel exchange are given by c/F.(s,7), to the
s-channel exchange by c¢*K/(s, ), and the interference
between the s- and 7-channels by cf5J; (s, 7). Expressions
for these terms can be found in Appendix A. As will be
discussed in the next section, the real hard gluon emission
contribution is not relevant for the resummation of the
threshold logarithms and we therefore do not give it here,
although it can be found in Ref. [12].

C. Threshold resummation and matching

We now discuss the resummation of the large logarithms
in the partonic threshold limit, z — 1. In this limit, since
there is no phase space available for hard gluon emission,
the total phase space is well described by the Born 2 — 2
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process and Eq. (8) can be used. In addition to the collinear
factorization, in the threshold limit the coefficient func-
tions can be further factorized into hard, H, and soft, S,
functions:?

C,5(z, My, cos 6, pur)
= H(Myy, cos 0, u;)S(/s(1 — 2), uy) + O(1 — 2).
(16)

The soft function is given by the vacuum expectation
values of soft Wilson loops [29,31] and the hard function
is calculated by matching the full QCD result onto the
relevant SCET operator. It is this matching that integrates
out the hard QCD modes and leaves the soft and collinear
modes that comprise SCET.

The hard function is given by3

H(Myy, cos 6, w) = |Cyw(Myw, cos 6, w)Oywl?  (17)

where Cyy is the Wilson coefficient of the relevant SCET
operator Oyy,. The Wilson coefficient is calculated by
matching the renormalized QCD and SCET amplitudes:

M (e, My, cos 6)
= Z(e Myw, w)Cww(Myw, cos 6, u)Owy,  (18)

where M™ is the renormalized QCD amplitude and Z
is the SCET renormalization constant. In dimensional
regularization, SCET loops are scaleless and vanish. This
implies that the UV and IR singularities of SCET coincide
and cancel. Since SCET and QCD describe the same
low-scale physics and have the same IR pole structure, Z
can be determined by the behavior of IR singularities in
QCD [48-54]. In the MS scheme, we have

Z(€, My, cos 6, )

C I 1 2 3
e (477)56_575{—2 + —(ln ,u2 + —)}
21 € e\ —Myy 2

19)

The poles in Z and the NLO QCD squared amplitudes in
Eq. (15) cancel. Hence, the one-loop contribution to the
hard function is just the finite terms of Eq. (15) [30,55].
Since the hard function is calculated in the perturbative
region of QCD it can be expanded in powers of «:

H(Myy, cos 6, w,) = H'(Myy, cos 0)

aS(ILLh)
47

+ HY . (Myay, cos 6, uh>], 20)

+

I:Hrleg(MWW’ cos 6, Iu“h)

2Since we are interested in a color singlet final state, the soft
function S has no cos 6 dependence.

In Egs. (17) and (18), the sum over Dirac structures is
implied. See Ref. [39] for an example of the relevant notation.
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where ., termed the hard scale, is the scale at which QCD
and SCET are matched. The normalization of the hard
function is such that

H(Myy, cos ) = |AY.|%, (21)
and
s gl (Myy, cos 6, wy,) = AL |?
Qg reE WW> » Mo qg,reg

Hlya My, cos 6, py,) = —CpH(Myy, cos 6)

2 2
3 wi,

— 6log (M %Vzw)} (22)

h

Now we have all the pieces to resum the threshold
logarithms. As mentioned before, the hard function is
calculated at the matching scale ;. Since the soft function
describes the soft physics, it is evaluated at a soft scale, u,
associated with the scale of soft gluon emission. By
using the RG equations (RGEs), the hard and soft
functions can be evolved to the factorization scale. The
RG evolution of the soft function resums logs of the form
aln"(u,/Myw). By choosing the soft scale u, ~
Myw(1 — 7), the RGE running resums the large threshold
logarithms. In Table I we list the accuracy of the resum-
mation at a given order. The resulting coefficient function
is [31]

C(z, My, cos 6, wr)
=UMyw, pps s o) H(Myyyy, €080, )

. M%VW e 2ven 77"
. s(ln( T ) T M") rep -9 2

where 7 = 2ar(u, py) and

U(MWWy M Mg, /-Lf)
_ (M%/W)_zal"(l-‘vhv#x
i
+da,(py, pp)l (24)

)
€xXp [4S(lu‘h’ Iu’s) - 2ayv(,uh, Iu‘s)

Finally, § can be expressed as a power expansion in
logarithms,

TABLE I.  Accuracy of the SCET resummation at a given order
and required accuracy of SCET inputs.

Order

NLL
NNLL

Accuracy: afIn" (uy/Mww) Tey ¥, y? H.S

2n—1=m=2n
2n—3=m=2n

2-loop 1-loop Tree
3-loop 2-loop 1-loop
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Z S(Z n)Ln

n=0
(25)

s(L,u—l-i— Zs“")L” ( )

Expressions for the s are given in Appendix B and are
identical to those found for Drell-Yan [31].

We will present results both at NLL and NNLL. The
corresponding order of the needed functions is given in
Table I. Explicit expressions for the functions a and S, and
the anomalous dimensions T, yV, and y¢ can be found in
the appendixes of Ref. [31]. The choice of the soft scale,
Mg, 1s discussed in Sec. 11 B.

The resummed results are only valid in the region z — 1.
To extend these results to all z, the resummed cross section
needs to be matched with the full fixed order cross section.
This allows the inclusion of the nonsingular terms in
(1 — z) which are present in the fixed order result but not
the resummed result. For NNLL resummation, this means
matching with the NLO cross section:

dgNWOFTNNLL = g o NNLL () Mg )

+ (dO'NLO(Mf) - dO'NLO(/Lf) |1eadingsingularity)
(26)

where do™NLL i the threshold resummed cross section and

A0l cading singularity cONtains only the O(a,) NLO terms
which are singular as z — 1,

=d O.NNLL |

NL!
do Olleading singularity — (27)

Hn == py

Subtracting doN | jeqing singularity Prevents double counting
of terms common to the resummed and fixed order results.
Also, in the limit z — 1, the matched cross section corre-
sponds to the resummed results, as desired.

D. Approximate NNLO results

The full NNLO cross section can only be determined
from a complete calculation. However, the scale dependent
terms that are singular as z— 1 can be determined to
NNLO accuracy via the known hard and soft functions
and their respective RGEs. As will be shown in the next
section, most of the NLO correction comes from the lead-
ing singular piece. Hence, we expect that including the
scale dependent, leading singular pieces of the NNLO
cross section is a good estimate of the full NNLO result.
The inclusion of these pieces is known as approximate
NNLO.

The coefficient function in Eq. (16) can be expanded in a
power series,

C(z, M, cos 6, u) = C%(z, M, cos 6, )

aS
+ —=2CYz, M, cos 6, )
4ar

2
+ (i) C2(z, M, cos 0, ). (28)
dar
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The leading order, C°, and NLO, C', contributions are fully
known analytically. The NNLO contribution, C?, can only
be approximately determined from the hard and soft func-
tions. The soft function is known fully to NNLO [31];
hence the only approximation comes from the unknown
scale independent NNLO piece of the hard function. The
approximate NNLO cross section is found by calculating
the scale dependent, leading singular pieces of C?> and
adding this contribution to the full NLO result.
We expand the hard function as a power series in a;:

Happrox (MWW’ cos®, /“Lf)
a,\2 )
= H(MWWr cos ), :U’f) + E Happrox (MWWr cosd, Mf))
(29)

where the full NLO hard function, H, is given in Eq. (20).
The NNLO hard piece, ngprox, contains only the scale
dependent pieces at NNLO. We further expand ngpmx in
a power series of logs:

ngprox (MWWr COs 0, /'Lf) (30)

3
- Z h(z'n)L'leW
n=1

where Lyy = In (M, / u3). The coefficients A" can be
found in Appendix B.

The approximate NNLO hard function in Eq. (29) is
independent of scale to order a3. Hence, scale variation
only contains the O(a?}) uncertainties, not taking into
account the unknown NNLO scale independent and non-
singular in (1 — z) pieces at O(a?). Variation of the facto-
rization scale may therefore underestimate the total
uncertainty in the approximate NNLO result. However,
this uncertainty can be further estimated by noting that there
is an ambiguity in the logs used to expand H?. For example,
introduce a scale Q;, ~ My,,. Then H? can be expanded in
logs of the form Ly = In(Qj/p7) instead of Lyy. The
difference between these two schemes will be order 1 con-
tributions to the scale independent piece. Hence, in addition
to the variation of the factorization scale, the uncertainty
associated with the unknown NNLO scale independent
piece is estimated by making the replacement Lyy — L
in Eq. (30) and varying the new scale Q,, around the central
value My, which is the natural choice from the RGE:s.

We note that when including the scale independent
pieces, the full NNLO hard function is independent of
the scale Q;. Similarly, since the soft function is known
fully to NNLO there is no ambiguity in the choice of scales
used in the log expansion.

III. RESULTS

A. Soft scale choice

In the process of performing resummation in the SCET
formalism, two additional scales are introduced: the hard
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scale u,,, where the hard function is evaluated; and the soft
scale, u,, where the soft function is evaluated. Since the
hard function is calculated from matching QCD onto
SCET at the scale of the hard scattering process, the central
value of w,, is naturally chosen to be the scale of the hard
scattering process, w;, = Myw.

The soft scale is chosen to be associated with the scale
of the soft gluon emissions, such that the RG evolution
resums large logs associated with soft gluon emission at
threshold. Following Refs. [29-31], we choose the soft
scale to be related to the hadronic energy scale, avoiding
the Landau poles that plague the traditional perturbative
QCD resummation [30,56]. Hence, in the hadronic thresh-
old limit 7 — 1 we want u, ~ My (1 — 7). However, at
hadron colliders most of the cross section is accumulated
far from 7 = 1 and the choice of soft scale away from this
limit is less clear.

Another constraint on w, is that the soft function should
be a well-behaved perturbative series. Hence, away from
the threshold region, we choose u, such that the O(ay)
piece of the soft function is minimized relative to the LO
piece. Figure 2(a) shows the ratio of the NNLL-resummed
invariant mass distribution evaluated with only the O(a;)
piece of the soft function, (do)N/"),. . to the NNLL-
resummed distribution evaluated with only the LO piece
of the soft function, (dojNF)y. In both distributions, all
other pieces of the resummed cross sections (aside from
the soft function) are evaluated to full NNLL order.
This ratio is shown for \/§ = 8 TeV at various values of
Myw with ur = w, = Myw and MSTW2008nnlo PDFs.
The soft scale is chosen to correspond to the minimum of
these ratios, which is found to be well described by the
parametrization

ppoW W
M=ty =My

—_
(=)

(Ao NNHL/dMy ), /(S ML) ()
W

VS =8 TeV
o | | MSTW2008nnlo PDFs
0.2 0.3 0.4 0.5 0.6
”L S/MWW
(a)

FIG. 2 (color online).
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=1
M WW(a_i_b\/a_')c'

For+/S = 8 TeV,itis found thata = 1.542, b = 6.27, and
¢ = 1.468. Performing a similar fit at \/E = 14 TeV it is
found that @ = 1.544, b = 6.123, and ¢ = 1.499. With this
parametrization u has the correct dependence on 7 in the
threshold region.

Figure 2(b) shows the minimum value of the ratio
w/Myyw at +/S=8TeV (solid) and /S = 14 TeV
(dashed) as a function of 7. As can be clearly seen, the
hadronic energy makes little difference to the choice of the
soft scale. For simplicity, independent of the hadronic
energy scale, all results presented here use the central value
of the soft scale corresponding to the 8 TeV solution:

(1—7)
(1.542 + 6.27/7) 468"

(3D

Mﬁnin = Myw (32)

B. Differential cross section

We begin by considering the validity of the matching of
the NNLL results to the fixed order NLO results. In order
for the matching of Eq. (26) to be valid, the subleading
terms in (1 — z) must be small. In Fig. 3, we show the
contribution of the leading singularity to the fixed order
NLO differential cross section for \/§ = 8 TeV and \/§ =
14 TeV. We fix the central scale to be u; = 2My. From
this figure, we see that the leading singularity captures
~90% of the NLO fixed order cross section. Hence, the
threshold singularities contribute most of the NLO cross
section and we may expect that by resumming the higher
order logarithms we capture most of the higher order cross
section.

pp— wW'W
0-57“‘\“‘\“‘\“‘\
\ — S=8TeV, a=1542,b=627, c=1468| ]
041\ |--VS=14TeV,a=1.544,b=6.123,c=1.499| -
/My, = (1-D/(a+bVr)

> 03|
z i
2 i
= 02|

0.1+ i

0 L L L | L L L | L L L | L L | L L L
0 0.02 0.04 0.06 0.08 0.1

2
T=M]/S

(b)

(a) The ratio of the NNLL-resummed invariant mass distribution evaluated with only the O(«,) piece of the

soft function, (do™'/dMyy), , to the NNLL-resummed distribution evaluated with only the LO piece of the soft function,
(do™L /dMyw)o, at /S = 8 TeV and various values of M. (b) The minimum value of w,/Myy at /S = 8 TeV (solid) and

/S = 14 TeV (dashed) as a function of 7.
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pp—>W+W_
W=2M,,
L e e e A B B
’ —— 14 Tev
-~ 8§ TeV

N\ MSTW2008 PDFs

O 0
NLO M) / (o™ CraM )
=
Ne}
T

(dO)eny;

N
250

P PRI R
300 350

M, (GeV)

N PR
400

0.8 b L
450 500

200

FIG. 3 (color online). Ratio of the contribution of the leading
singularity to the fixed order NLO cross section at JS=38
and 14 TeV using MSTW2008 PDFs. NNLO (NLO) PDFs are
used for the NNLL leading contribution (fixed order NLO
contribution).

In Fig. 4(a), we show do/dMyy versus My, for /S =
14 TeV, with MSTW2008 PDFs. The curves are LO, NLO,
NLL (matched), and NNLL (matched), with u;, = My,
Wy = wMn and u ¢ varied up and down by a factor of 2
from the central value of ,u,?- = 2My,. It is apparent that the
NNLL resummation slightly increases the rate at the peak.

A change in the W* W™ invariant mass distribution may
be consequential to the analysis of the H — W W~ —
2€2v decay channel. In the zero jet bin, the major back-
ground is the SM (non-Higgs) production of W+ W~ [1,2].
To estimate this background a sideband analysis is per-
formed. A control region is defined with a minimum

P
, pp—>W W
Mp=2 My, o= pii py =My,

A% AR N E A L B B B ]
1000F 77, =~ LO - LO PDFs 7]
AN -+ LO+NLL - NLO PDFs
RN -+~ NLO - NLO PDFs
~ PN N -+ NLO+NNLL - NNLO PDFs
ORI 5 7 NN N
S I = NN Yy VS =14 Tev
= AN N MSTW2008
= ; \.\\\ N N
z 500 BN 7]
% AN
[} ~
=l
250
L Dash-dot-dot: 1, = My,
[ Dashed: 1, =4 M, ]
v b by b b by by by by 1y
0="180 500 220 240 260 280 300 320 340

My, (GeV)
(a)

FIG. 4 (color online).
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dilepton invariant mass, where the W* W~ background
strongly dominates the Higgs signal. The control region
is used to normalize the cross section and then Monte Carlo
is used to extrapolate the line shapes into the signal region.
If higher order corrections alter the My,y, distribution, the
dilepton invariant mass distribution will be changed and
the extrapolation to the signal region will need to take this
into account.

In Fig. 4(b) we explore the effect of higher order cor-
rections on the invariant mass distribution by plotting the
ratio of the NLO + NNLL matched and NLO My
distributions. The scales are set to be w, = Myw, @, =
wmin and = 2My. For the NLO cross section eval-
uated with NLO PDFs (solid), the resummation increases
the invariant mass distribution by ~3%—-4% in the peak
region for both /S = 8 and 14 TeV and decreases it by
~2% and ~1% in the high mass region for VS =8 and
14 TeV, respectively. However, most of this change in the
Myw distribution is from the different PDFs used for the
resummed and NLO results, as can be seen when the NLO
cross section is evaluated with NNLO PDFs (dashed). In
this case, the resummation only alters the invariant mass
distribution by =< 1% for a wider range of M. This
indicates that the calculation of the W™ W™ cross section
is firmly under theoretical control.

The factorization scale dependence of the invariant mass
distributions is shown in Fig. 5 for (a) the NNLL resummed
and NLO leading, and (b) the NLO and NNLL matched
results. Here we present the factorization scale dependence
as a percent difference from the central value. Using the
definition of matching in Eq. (26), Fig. 5(a) indicates that
there is a cancellation between the w, dependencies the
NNLL resummed and NLO leading results for Myy <
400 GeV. Comparing Figs. 5(a) and 5(b), it is apparent that

b
pp—>W W

He=2 My, b= i, = My,
—

— 14 TeV
— 8TeV

MSTW2008 PDFs

Ju—
o
n
T

NLO+NNLL NLO
(do 1AM V(S /M)

0.95[ ]
I Solid: do""° with NLO PDFs ]
[ Dashed: do'~° with NNLO PDFs ]
oo o b by by by by
097200 250 300 350 400 450 500
M,y (GeV)

(b)

(a) Invariant mass distribution and factorization scale dependence of fixed order and matched differential cross

sections at /S = 14 TeV using MSTW2008 PDFs. The dash-dot-dot curves have u r = My and the dashed curves have py = 4My,.
(b) Ratio of the NLO + NNLL matched and NLO invariant mass distribution for /S = 8 and 14 TeV with the NLO cross section with
NLO PDFs (solid) and NNLO PDFs (dashed). The factorization scale is fixed to s = 2My,.
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FIG. 5 (color online).
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o -
pp—W W
HD, =2 My o= ST By =My

10
r *—= NLO+NNLL - NNLO PDFs
] - — NLO-NLO PDFs
G
L = (& 4
> VS =14 TeV
T 5- MSTW2008 .
T
S s T
g M~ — —e
e AL
g O
5 [T TTee—ll 7T ]
= b
QQ I Dash-dot-dot: f1, = M,
= 'Sf Dashed: i, =4 My,
| | PRI BRI SRR B SR

PRI B R S L
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(b)

Factorization scale dependence of (a) NNLL resummed and NLO leading singularity, and (b) NLO and

matched NNLL invariant mass distributions at /S = 14 TeV using MSTW2008 PDFs. The dash-dot-dot curves have u, = My and

the dashed curves have u, = 4My.

for Myw = 190 GeV the NLO w dependence also can-
cels against the NNLL resummed dependence. Hence,
although the cancellation is not as efficient at lower
My, as the invariant mass increases the u, dependence
of the NNLL matched result is less than that of the NLO
result. This can be seen in Fig. 5(b), where we see that for
Myw = 220-230 GeV the wu, dependence of the NNLL
matched result is lower than the NLO result. Hence,
although the scale dependence of the NNLL matched result
is larger than that of the NLO result at the peak of the
invariant mass distribution, one can show that the resum-
mation and matching procedure decreases the factorization
scale dependence of the total cross section relative to the
NLO result.

In Fig. 6, we show the deviation from the central scales
for the NNLL resummed differential cross section,
do™NLL JdM ., versus My, for /S = 14 TeV, with
MSTW2008nnlo PDFs. Again, we present the scale
dependence as a percent difference from the central value.
The central scales are wj) = Myy, u{ = pi™ and u§ =
2Myy and are separately varied up and down by a factor of
2. The hard and soft scale variations are of the order of
~1%-2% and are relatively independent of Myy. The
factorization scale dependence near the peak is ~=* 6%
and is always greater than the hard and soft scale depen-
dencies for the invariant mass range presented.

Finally, in Fig. 7 we show the variation of the NNLL
matched cross section with the central scale choices u) =
My, w) = ™ and w9 = 2My, at /S = 14 TeV. The
cross section varies by less than =2% as the scales are
varied from the central values. Again, we see that there
is a large cancellation of the factorization scale when
computing the matched cross section. In contrast to the

NNLL results in Fig. 6, the u ; dependence of the matched
result is less than (similar to) the hard and soft scale
dependencies for u < u’ (u > u°). Also, note that unlike
the soft and factorization scales, the hard scale depen-
dence, with a minimum near the central value, actually
never decreases but always increases the total cross section
as it is varied from the central value. This explains why in
Fig. 6 the effect of the hard scale variation was always to
increase the differential cross section value above the
central value.

pp—m W W
Hi=2 My, 4 = 13" = My,
8T e ‘

S - w2l
s p o oy
— 4 TN U ]
0 S
s o T - ]
8 2; .......... “ .h_.._.._.._.._.._.._.._.._.._.._.4_..—_—..5__..‘:..‘_—4.—_-:
S 0::::::::::::::::::::::: ___________________
= L e i it _:
§'2} .......... Ms __________________ ]
s r e
S Ar LT ]
a St \S = 14 TeV ]
R -6 MSTW2008nnlo PDFs

r NNLL 1

P P P P P R !

200 250 300 350 400 450 500
My, (GeV)

FIG. 6 (color online). Scale dependence of the o™ differ-
ential cross sections at /S = 14 TeV using MSTW2008nnlo
PDFs. The scales are varied by a factor of 2 up and
down from the central scales, ,u,2 = Myw, pd= u™ and
,Uf} =2My.
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FIG. 7 (color online). Scale dependence of the matched
gNLO+NNLL - ross sections  at /S = 14 TeV  using
MSTW2008nnlo PDFs. The scales are varied by a factor of 2
up and down from the central scales, u) = My, ud = umin
and ,LL?: = ZMW

C. Total cross section

In this section, we compile our final results for the total
W+ W™ cross sections at the LHC. In Tables II and I1I, we
show successively improved results for the total cross
sections using MSTW2008 PDFs. Both tables fix the cen-
tral value of u9 = My and ud = pM". Table II takes the
central factorization scale to be fixed at ,u,? = 2Myy, while
Table IIT uses a dynamical central scale, ,u,?c = Myyw. The
top line is the NLO result obtained from MCFM [8] (which
includes the gg initial state) and is calculated using NLO
PDFs. The second line of the tables is the gg contribution,
088, calculated using MCFM, but with NNLO PDFs (as is
appropriate for combining with the NNLL and approxi-
mate NNLO results). The third and fourth rows contain the
NNLL matched and approximate NNLO cross sections

PHYSICAL REVIEW D 88, 054028 (2013)

evaluated with NNLO PDFs but without the gg contribu-
tion, gNFOPNNEL and oDLO . respectively. The fifth and
sixth rows are the same as the third and fourth, but with the
gg contribution now included. The uncertainties in the
matched cross section correspond to taking the central
values of the hard, soft, and factorization scales and
varying each separately up and down by a factor of 2.
The uncertainties in the approximate NNLO cross section
correspond to varying the factorization and Q; scales
by a factor of 2 around their central values. The resulting
uncertainties are added in quadrature.

As noted previously in the discussion of the previous
subsection, the factorization scale dependence of the
matched cross section is less than that of the NLO cross
section. This cancellation is more extreme at \/E = 7 and
8 TeV. Hence, even with hard and soft scale variation taken
into account the scale dependence of ¢/NFOTNNLL g Jegs
than that of o™NO, At /S = 13 and 14 TeV, once the
uncertainties associated with hard and soft scale variation
are taken into account, the scale uncertainty of g/N-O+NNLL
is similar to or greater than that of oN©.

The scale dependence of the approximate NNLO cross
sections, n-O, at /S = 7 and 8 TeV is reduced by at least
a factor of 3 relative to the NLO cross section, while at
\/§ = 13 and 14 TeV the uncertainties of the NLO and
ooy cross sections are more similar. This is due to a
cancellation of the factorization scale dependence of 088
and oNNLO at /S = 7 and 8 TeV that is not present at /S =
13 and 14 TeV. This also explains why the scale variation of
approximate NNLO cross section without gg contribution
is similar to (less than) that with the gg contribution at 7
and 8 TeV (13 and 14 TeV.) Finally, with u$ = My at

/S = 8 TeV, the zero in the scale uncertainty of g/aN"

indicates that the factor of 2 of both the factorization
and Q,, scales increase the cross section.

Although there is no significant difference between the
cross section prediction of oGO and ¢NLOTNNLE e

consider o0 to be our best prediction for the LHC

TABLE II.  Total cross sections for pp — W W~ with ,U,(} =2My, ,u,2 = My, n9 = pmin,
and Q9 = Myy. The NLO ™0 includes the gg contribution and is evaluated with NLO PDFs
and the remaining entries are evaluated with MSTW2008nnlo PDFs. The primed cross section

O.INLO +NNLL

is the sum of gg contribution %4 and the matched o

NLO+NNLL /NNLO 4 s the

, while o556

sum of o$¢ and approximate NNLO, o332, The last row, o"NN-0, is our best prediction for the

cross section.

o (pb) JS =7 TeV VS =8 TeV VS =13 TeV VS = 14 TeV

A 457113 55711 110.6%33 122.2423

os8 1.0493 13404 3.5709 4.17903

g NLOFNNLL 44,9105 54.8757 108.2*13 119.57]3

/NLOFNNLL 45.9103 56.1757 111.7+18 123.61%9

ONNLO 45.0754 54.9105 108.3749 119.6742
INNLO 46.0%544 56.210¢ 111.8*}] 123.7+13%
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TABLE IIl.  Total cross sections for pp — W*W~ with u = Myy, wuj = Myw, p=
wminand Q) = Myy. The NLO o™O includes the gg contribution and is evaluated with
NLO PDFs and the remaining entries are evaluated with MSTW2008nnlo PDFs. The primed
cross section g/NFOTNNLL i the sum of gg contribution ¢#¢ and the matched oNFOTNNLL 'while
oo is the sum of o#¢ and approximate NNLO, o0, The last row, o"N-O, is our best

prediction for the cross section.

PHYSICAL REVIEW D 88, 054028 (2013)

o (pb) JS =17 Tev JS =8 Tev VS =13 TeV VS =14 Tev
N 44.8*12 54.7+18 108.8113 120.3%29
st 0.9+92 1.2493 3.3708 37104
oNLOFNNLL 44.7702 54.670% 108.1*{4 119.4*16
o/NLO+NNLL 45.610¢ 55.8707 111.47%9 123.173)
oNNLO 44.8%04 547408, 108.27 49 119.67}2
N 45.7104, 55.9103 111.5%18 123.371]

W* W~ production cross sections, since omnGe for the
most part has less scale variation than ¢/NFOTNNLL By
comparing the NLO and approximate NNLO, o506, cross
sections, it is apparent that the effect of the higher order
corrections is to increase the cross section less than ~1 pb
at \/E = 8 TeV and less than ~3 pb at \/§ = 14 TeV,
while reducing the theoretical uncertainty from scale var-
iations. The matched NNLL cross section increases the
NLO cross section by similar amounts, with a slightly
increased scale uncertainty. There is very little difference
between using a fixed factorization scale and a dynamic
factorization scale. It appears that the prediction for the
W*W™ cross section is under good theoretical control.

IV. CONCLUSION

Now that the Higgs boson is discovered, a full exploration
of the electroweak sector has begun. An important signal for
this exploration is the pair production of gauge bosons, in
particular W* W~ production. This signal is a major back-
ground to H — W W™ and is sensitive to the electroweak
gauge boson triple coupling, which directly probes the
mechanism of electroweak symmetry breaking and the
SU(2) X U(1) gauge structure, respectively. In order to be
sensitive to new physics in the W W~ signal and measure
the H— WTW~ decay channel well, it is important to have
accurate and precise theoretical predictions for W W~
production cross section and differential distributions.

In this paper we resummed large logarithms associated

We found that the effect of the threshold resummation
on the invariant mass distribution was to increase the
differential cross section ~3%-4% in the peak region for
both \/§ = 8 and 14 TeV. The matched NLO + NNLL and
approximate NNLO cross section both increased the NLO
cross section by ~0.5%-1.5% for a factorization scale
central value ,ud?f = 2My, and ~2%—-3% for a central scale
of ,u,(;- = My, within the theoretical uncertainties. The
theoretical uncertainties of the approximate NNLO cross
section were generally decreased relative to those of the
NLO cross section. These results indicate that the sideband
analysis used for W* W~ background estimation to H —
W*W~ signal [1,2] is not significantly altered by higher
order corrections. Also, the strong coupling constant per-
turbative expansion of the W* W™ production cross section
is firmly under theoretical control.
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APPENDIX A: FIXED ORDER RESULTS

1. Lowest order results
The coefficients of Eq. (7) are [12]

with soft gluon emission at partonic threshold, z = v mraky,

M3,,/s — 1, at NNLL order for W* W™ pair production. €9 — 52,

This resummation was performed using the formalism of At 1 s 1

SCET [25-28] which allows for the resummation directly  ¢*(s) = fEM - (Q gt —> 5T, — 0 qs%V)>

in momentum space [29,30]. The NNLL resummed results Sw S s — M7 sy

were then matched onto the known NLO results [12,13]. o 16772“1231\/[ 1 5 s 2
We also calculated the approximate NNLO W*W™ cross €4 (s) = T{(Qq + ZT(TM — 20,5w) m)
section. We thus obtain the most accurate cross sections T 5 v ‘
and invariant mass distributions for W W~ production that + (ﬂ s ) } (A1)
have been calculated to date. 253y s — M3
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with 73 , = * % and sy = sin fy,. The functions occurring in the lowest order amplitudes are

Fi(s, 1) = Fo(s,u) = 16( )(1 2 ) + 16—

2
JoGs, 1) = —JG(s, u) = 16( -1 (% M ) + 16s(M2 -2+ Mfw) (A2)
w

ut 52 s
KOs, 1) = KO(s, u) = 8( - 1)(— — sM?, + 3M% ) + 8s2<— - 4).
d M}, 4 v v M3,

2. NLO results

The functions occurring in the one-loop virtual amplitude are [12]

4807 + 73st — 140M3,1 + 72My,)  4(41 + s)*  128(z + 2s) N 64(t + s)

Fl(s, 1) =
(521 P 5Bt M3, M3,
3 (32(;2 — 3st — 3M3,) N 128s )1 (—_z) N (8(6t2 + 8st — 19My,1 + 12My,)  321% — 12851 — 2657
2 t— M3, g M3, t2 5Bt
6(4t + s5)? s 2M3, 2M3,  u
+ )log (Mz ) + 32 ( t )14 — 64(1 - M%V)< _)13,
N (16;(4M%V — u) — 495 + 72M%,s — 48M, 2(8z2 — 14st — 3s%)  3(41+ s)2)
21 B2t 284 )7
N 3272 <2(z +2s)  3t+2s—4My, 1t + s))
3 M3, t M3,
s, ) 128(2 + 2st + 2s%)  16(£2 — 215t — 26M3%,t + 34M3,s + 17My,) N 64st(t + 5) N 3252
5 1) = — _
“ M3, t M, t— M3,
A8M2,(2s + M%)  64s(2r + 3252t —t
(16(t—5s+2M - d8My (25 + My) | 64s@Its) 325 2>lg(—2)
t r— MW (t - MW) MW
16(41 + 48M3, (2t — 25 — M3,
(% 16031 — 25) + Ml = W)>log (MLZ) + 1650125 + u) — 2M2, (25 + M),
w

2M3%,(2s + M3, 4s(4t +
+ 320 - M%ﬂ(% 25 = u)lg, + (32st — 1252 + 32M%, — 16M2,(2t + Ts) — —s( S))13,

B’

N 3272 (2(t2 + 25t 4+ 25%)  st(t+s)  2M3,(2t — 25 — M3,) " )
— — —t—4s
3 M3, M3, t

24 + 24 3+ 042 2
Ki(s, 1) = 16{12;2 205t — 24M3t + 1752 — AMGys + 12ad, + S0 S) | 2sQE 35t 2 )}(2 -7 )

<) @y
My, Mj,

with Fi(s, 1) = FL(s, u), J}(s, 1) = —J%(s, u), and K\(s, 1) = K}(s, u). The integrals are given by

i =1(210 2(_t) 410 <M2 )10 (_t) 4L1< ! ))

T\, vz, ) 2 2z,

1 1 M2 1

Iy, = Slog?(Ew A4

& M@—t<2°g<s> 21 () ) A
1
=g (i(fg) e (i) + 5)
sB 1+ 8
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APPENDIX B: APPROXIMATE NNLO RESULTS

The hard scattering kernel is expanded in a power series:

C(z, M, cos 0, u) = C%z, M, cos 6, )

+ %501z, M, cos 6, w)
dar

2
+ (“-) C2(z, M, cos 6, ). (BI)
4

Similarly, the hard function is expanded in a power series:

H(Myy,cos, puy) = H°(My,y, cos6)

a
+ETH (M, cos, uy)

as\2 .,
+(E) H (Mww, COSH, ,LLf), (B2)

and H!

1
where H extra

reg

where H' = H}o, + Hixp,
defined in Eq. (22).

The approximate NNLO cross section is found by cal-
culating the scale dependent pieces of the leading singular
contribution to C? and adding this contribution to the total
NLO cross section. Using the results for the hard and soft
functions to NNLO, an approximate formula for the NNLO
piece, C?, can be determined which includes the leading
singular pieces. The result is written as an expansion of C?
in “plus” functions:

are

3
z 1 n 1_
C?(z, M, cos¥, Mp) = ZD(”)I:nl(iZZ)] +RO§(1—2),
n=0 B +

(B3)
where
DV = 64H0s29 (B4)
D@ = 24H0[s23) + 41 s*¥] (BS)
2
D = SHO[sm) +3L,s®Y + 6(L§ - zTﬂ)s@v“)]
+ gH (12 (B6)
2
DO = 2H0|:s(2") + 2L, s?? + 3(L§ - 2%)#3)
+4(L} — 2L 7 + 16§3)s(2’4):|
+ 2H'[sOD + 2L,50:2)] (B7)

and

PHYSICAL REVIEW D 88, 054028 (2013)
2
RO = HO @0 4+ L,,s®D + (L3, — 5 §22)
+ (L3, — 2Ly + 1643)s?Y

4 4
+ (le —4L3m* + % + 64LM§3)S(2’4)] (B8)

2
+H! [s<"0> + LyysD + (L@ - ZTW)s“vz)] +H2.

(B9)
The logarithms are defined as
M? s
Ly, = log (—2> L, =log (—2) (B10)
My Ky

The soft contributions are found from the RG evolution
and explicit calculation of the soft function [31],

Cpm?
10 = ZF

3
4 2428 6772 @t 22
20) — T4 ( _T )
s CF[CF g T8 Tsg T3 98
656 1072 8
F”f< 81 27 953)]
T, 2

s = 10 s24H — 10

sLD = 76

I’
5@ = €0(3')’(S) — Bo)
1
§22) — E(FOS(I'O) + T+ (¥9)? = Bovs)

S(Z,l) = S(l’o)(')’g — BO) + ,yi’

where Cp =4/3,Cy =3, Tp =1/2,n; =5, and {3 is a
Riemann zeta function. Expressions for I'y, I';, ¥, ¥{ and
Bo can be found in Ref. [31] (where the soft anomalous
dimension is written as y" instead of ).

Similarly, the hard coefficients can be expanded as a
power series in logs,

H(Myy, cos 0) = hO9(My,y, cos 0)

(B11)

2
M
H' (Myy, cos 0, us) = Z h(]’")(MWW, cos 6, QWW)L,é
= h

n=0
4 M
HX My, cos 0, pp) = . h<2:"><MWW, cos 6, QWW>L'é,
n=0 h
(B12)
and
2
L=1In (Q_g> (B13)
My

We have introduced an additional arbitrary scale Q). Using
the RGEs of the hard function, we can solve for the hard
coefficients:
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1“o

hL2) = — 29500

2
R = —(y + T i )h<00>
0;

2
pea — L0 00
8

F 2
h(2’3) == 6 [3')/0 + BU + 3F0 ln Q ]h(oo)

h

2
h(zz)__[ [oht9 — T, h(00)+<‘}’ —i—FOlnM )
2 0;
M3,
X(y(‘)’—i-ﬁo-i-roln )h(oo)]
Qi

2
heD = —('yo + By + Toln wa)h“ 0
h

M2
('yl + T In g;VW)W) (B14)

h

where the arguments of the hard coefficients have been
suppressed. The anomalous dimension of the hard Wilson

PHYSICAL REVIEW D 88, 054028 (2013)

coefficient Cy, vV, can be found in Ref. [31]. The coef-
ficients 79 and 210 can be calculated from the known
LO and NLO hard functions given in Egs. (21) and (22).
Additionally, since an additional arbitrary scale Q; was
introduced, the Q;, dependence of 2*? and h29 can be
solved for:

2
K10 — Z h(l n)M In” Mww

wWW Q2
2’“ (B15)
M
he0 = Z Ry In” —QWQW,
h

where the subscript Q;, = My indicates the value of Q,,
at which the coefficients on the rhs are evaluated at.

Using these coefficients, the NNLO result in Eq. (B2) is
independent of the scale Q. However, without a full
calculation, it is not possible to know 4. Since the other
NNLO coefficients, h2n for n = 1, 2, 3, are independent
of h®9 then h>9 can be set to zero and an approximate
NNLO result is obtained. The purpose of introducing Q) is
now clear, as discussed in Sec. IID.
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