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ABSTRACT: WTW ™ production is one of the golden channels for testing the Standard
Model as well for searches beyond the Standard Model. We discuss many new subleading
processes for inclusive production of WW ™ pairs generally not included in the litera-
ture so far. We focus on photon-photon induced processes. We include elastic-elastic,
elastic-inelastic, inelastic-elastic and inelastic-inelastic contributions. We also calculate
the contributions with resolved photons including the partonic substructure of the virtual
photon. Predictions for the total cross section and differential distributions in W- boson
rapidity and transverse momentum as well as WW invariant mass are presented. The
~7 components constitute only about 1-2 % of the inclusive W W~ cross section but in-
creases up to about 10 % at large W+ transverse momenta, and are even comparable to the
dominant ¢ component at large My, i.e. are much larger than the gg — W W™ one.
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1 Introduction

The pp — WTW X process is quite fundamental in particle physics. It constitutes an
important, irreducible background to the observation of the Higgs boson in the WTW~
channel and furthermore, can be used to test Standard Model gauge boson couplings and
study them in models beyond the Standard Model.

Especially, the exclusive WTW ™ process is interesting by itself since it can be used
to test the Standard Model and many beyond Standard Model theories. The photon-
photon contribution was recently considered in the literature [1-4] and dominates at W
pair masses. The exclusive QCD diffractive mechanism of central exclusive production of
WTW ™ pairs (in which diagrams with intermediate virtual Higgs boson as well as quark
box diagrams are included) was discussed in ref. [5] and turned out to be small at high
masses but dominating at low masses. The WTW ™ pair production signal is particularly
sensitive to new Physics contributions in the vy — WTW™ subprocess [1-4]. Similar
analysis has been considered recently for vy — ZZ and vy — vy [1, 2, 6]. Corresponding
measurements would be possible to perform at ATLAS or CMS provided the very forward
proton detectors are installed [7-12].

In the present paper we concentrate on the inclusive and exclusive productions of
WHW ™ pairs. The inclusive production of W W™ pairs has been measured recently by
the CMS and ATLAS collaborations [13, 14]. The total measured cross section by the
CMS collaboration is 41.1 + 15.3 (stat) 4+ 5.8 (syst) £ 4.5 (lumi) pb, the total measured
cross section using the ATLAS detector with slightly better statistics is 54.4 + 4.0 (stat.)



+ 3.9 (syst.) = 2.0 (lumi.) pb. The ATLAS and CMS results are somewhat larger than
the Standard Model predictions of 44.4 + 2.8 pb [14]. The Standard Model predictions do
not include several potentially important subleading processes, and this is the aim of this
paper to compute the usually missing processes in the literature leading to pairs of W in
the final state.

In this paper, we review several processes which are usually ignored in the literature
and discuss whether they could explain the slight discrepancy between the measurements
and the usual SM predictions. Some of the not included processes were already discussed
previously. One of such examples is the double parton scattering (DPS) that was dis-
cussed e.g. in refs. [15-17]. The WW ™ final states constitutes a background to the Higgs
boson production.

In section 2 of the paper, we will review the different processes leading to two W in
the final state and compute the production cross sections. We will discuss in turn the ex-
clusive production of W pairs via photon and gluon exchanges, the inclusive one originating
by quark and gluon exchanges, the photon-photon inelastic-inelastic and elastic-inelastic
production, as well as the diffractive contributions. We thus include for the first time pro-
cesses with resolved photons as well as single-diffractive production of WTW ™ pairs. In
section 3, we discuss the results and study how to measure each component individually.
In the present analysis we intentionally limit to leading-order processes and consequently
do not calculate higher-order contributions. In principle, they could be included effectively
with the help of a so-called K-factor. More exact future calculations have to be done with
a NLO precision.

2 Processes leading to W pair production

In this section, we review all processes leading to pairs of Ws in the final state.

2.1 ~vy - WTW™ reaction

In this section, we discuss a basic ingredient to produce W pairs exclusively via photon
exchanges. In the next section, we will convolute this elementary cross section with the
photon flux originating from the protons.

Let us start from a reminder about the vy — W*W ™ coupling within the Standard
Model. The three-boson W W+~ and four-boson W W~ couplings, which contribute to the
vy — WTW ™ process in the leading order read

xd x4 g
Lwwy = —ie(AW, O W + W, W,F 0" A+ WA, 0" W),
Lwwyy = —€* (W, WHHA,A” — W FAFW,AY) (2.1)

where the asymmetric derivative has the form X 5;‘ Y = Xo'Y —YorX.

The relevant leading-order subprocess diagrams are shown in figure 1.

Within the Standard Model, the elementary tree-level cross section for the vy —
WTW ™~ subprocess can be written in the very compact form in terms of the Mandelstam
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Figure 1. The leading order vy — W W~ subprocesses.
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Figure 2. The general diagram for the pp — ppW W~ reaction via vy — WTW = subprocess.

variables (see e.g. ref. [18])

ds 30’3 . 25(25 + 3m%,) N 252(8% + 3myy,) (2.2)
Qo 23 3(m3, —t)(m¥, —a)  3(md, —0)2(md, —a)2 )’
where 8 = /1 — 4m¥, /3 is the velocity of the W bosons in their center-of-mass frame and

the electromagnetic fine-structure constant o = e2/(47) ~ 1/137. The total elementary
cross section can be obtained by integration of the differential cross section given above.
Electroweak corrections for vy — WTW ™ were calculated e.g. in [18-20].

2.2 Exclusive pp — ppW TW ™ reaction

In this section, we give the exclusive W W production cross section via photon exchanges.
The pp — ppW W™ reaction is particularly interesting in the context of yyWW
coupling [1-4]. The general diagram for the exclusive reaction is shown in figure 2.
In the Weizsacker-Williams approximation, which was used so far in the literature, the
total cross section for the pp — pp(yy) — WTW ™ can be written as in the parton model:

7 = [ dordes fi(a) falo) 6w 6). (2.3

We take the Weizsacker-Williams equivalent photon fluxes f; and fo in protons from
ref. [21].

To calculate differential distributions the following parton formula can be conve-
niently used

do 1
dy,dy_d?py,  16mw252

x1f1($1)x2f2($2) ’M77—>W+W* (§7£7 ﬁ)|2 (2'4)



Figure 3. A generic diagram representing mechanisms for the production of W W™ pairs in the
qq — WTW ™ subprocess.

We shall not discuss here any approach beyond the Standard Model. A potentially in-
teresting beyond Standard Model production of WTW ™ pairs due to the existence of
extra-dimensions has been discussed previously e.g. in refs. [1-4].

The exclusive cross section could be also calculated more precisely in four-body calcu-
lations using the corresponding 2 — 4 matrix element. If exact exclusivity of the reaction
is required then absorption effect related to soft proton-proton interactions has to be in-
cluded. Such effects can be included consistently only in the four-body calculations but can
be included only approximately in the Weizsacker-Williams approximation by multiplying
the Born cross section by a given factor. From our experience in other v+ processes where
four-body calculations were done this factor is expected to be of the order of 1, depending
on the mass of the produced system. More precise estimate requires dedicated studies. In
the following, we assume this factor to be 1 and all cross sections should be multiplied by
this factor once known.

2.3 Inclusive production of W+W ~ pairs

In this section, we discuss the inclusive production of W pairs. We first start by the
usual production considered in the literature via gluon and quark exchanges. We then
describe new processes, starting by the W pair production via photon exchanges where
we distinguish the elastic-elastic, elastic-inelastic and inelastic-inelastic contributions. We
finish the section by studying the diffractive production of W pairs. All these contributions
are “inclusive” in the sense that additional particles are produced together with the W pair.

The dominant contribution of W+ W~ pair production is initiated by quark-antiquark
annihilation [22, 23]. The gluon-gluon contribution to the inclusive cross section was cal-
culated first in refs. [24-26].

Therefore, for reference, we also consider the quark-antiquark and gluon-gluon com-
ponents to the inclusive cross section. We briefly remind the basics for these well known
dominant contributions.

2.3.1 q@ - WTW~— mechanism

The generic diagram for the ¢q initiated processes is shown in figure 3. This contains ¢- and
u-channel quark exchanges as well as s-channel photon and Z-boson exchanges [22, 23].
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Figure 4. A generic diagram representing mechanisms for the production of WTW ™ pairs in the
gg — WTW ™ subprocess.

Therefore this process is also of interest as a probe of the gauge structure of the elec-
troweak interactions. Relevant leading-order matrix element, averaged over quark colors
and over initial spin polarizations and summed over final spin polarization, can be found
e.g. in ref. [23].

The corresponding differential cross section in leading-order approximation can be
calculated as:

do B 1
dy,dy_d?py, 167252

Z[£U1Qf($1, p?) wady(wa, 1) + 1y (w1, 1) waqy (w2, 1°)]
f

X|Mq(j—>W+W_ (gatAa ’LAL)|2 . (25)

Above gy and Gy are quark and antiquark distributions of a given flavor in the proton,
x1 and z9 are corresponding longitudinal momentum fractions carried by the quark or
antiquark and p? is a QCD scale taken here to be p? = m?, where m; is the W-boson
transverse mass.

2.3.2 gg - W1TW ™~ mechanism

The generic diagram for the gg initiated processes is shown in figure 4. This contains
both quark box diagrams and heavy-quark triangle with s-channel Higgs boson in the
intermediate stage. More details of the relevant calculation can be found e.g. in ref. [5].

The corresponding differential cross section corresponding to this contribution can be
calculated as:

do 1
= €T
dyrdy_dpw, 16252 1Y

(«T17/1/2)x2g(x27:u’2)|Mgg—>W+W* (évtA) ﬂ)’Q ) (26)

where g’s are gluon distributions in the proton. This contribution is formally higher order
in pQCD than the ¢q annihilation, but may be large numerically at higher energies when
x1 and xy become very small, i.e. gluon distributions are very large.

2.3.3 pp - WTW X production via photon exchanges

In this section, we briefly discuss the inclusive pp — WTW =X mechanism via photon
exchanges where we consider the cases when the protons are destroyed in the final state
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Figure 5. Diagrams representing inelastic photon-photon induced mechanisms for the production
of WHW ™ pairs.

(inelastic contributions) thus leading to a W pair and in addition the proton remnants.
We calculate this contribution to the inclusive pp — WTW =X process for the first time
in the literature.

If at least one photon is a constituent of the nucleon, the mechanisms presented in
figure 5 are possible. In these cases at least one of participating protons does not survive
the W W™ production process. In the following we consider two different approaches to
the problem.

Only the inelastic-inelastic contribution was discussed very recently in a broader con-
text of electroweak corrections [27-29] (see also [30]). Since we concentrate on the missing
mechanisms the latter will be calculated in the leading-order approximation only, dispite
calculations in the next-to-leading order have been performed by different groups [31-34].
Recently even next-to-next-to-leading order (NNLO)corrections have been presented [35].

Naive approach to photon flux

Some 77 induced processes (yy — HTH~,LTL™) were discussed long time ago in
ref. [36]. In these approaches the photon distribution in the proton is a convolution of the
distribution of quarks in the proton and the distribution of photons in quarks/antiquarks

fv/p:fq®fv/q ) (2.7)

which can be written mathematically as

1
ohp@) = Y [ deafifen i) (“””’) » (”“" %,@3), (2.8)
q €T

where the sum runs over all quark and antiquark flavours. The flux of photons in a
quark/antiquark in their approach was calculated as:
Qem 14 (1 — 2)? Q?
= 1 = . 2.9
fw(z) 27 z o8 Q% .

The choice of the scales in the formulae is a bit ambigous. In these papers the authors

have proposed the following set of scales:
Q3 = max(§/4 — mi,, 1GeV?)
Q3% = 1GeV?
2 =5/4. (2.10)



We use the approach described in this section as a reference for the formally more refined
calculation described in the next subsection.

QED parton distributions. An improved approach how to include photons into in-
elastic processes was proposed some time ago by Martin, Roberts, Stirling and Thorne
in ref. [37]. In their approach the photon is treated on the same footing as quarks, anti-
quarks and gluons. Below we repeat the essential points of their formalism which includes
combined QCD+QED evolution.

They proposed a QED-corrected evolution equations for the parton distributions of
the proton [37]:

qi(w,p?) _ as ! dy{qu(y) qi@a/f) + Py y) g(i”f)}

dlogp® — 2m J, y
a [ldy( -~ T x
+ {PQq(y) e?qi<y,,u,2) + Py (y) €?7<yaﬂ2> }7

2

39(%#2)_055 Ly [z z
310gu227r/x Y Poq(y) ;qﬂ g’“ + Pyg(y) g ;ﬁi )

@) _ o ! dy{qu(y) > q]'<z,u2> + Py (y) 7(3#2)} ;o (211)

Ologpu? 27 J, y -
where
ﬁqq = szlpqu Pyq = Cglpgrp
Pyy = Tg' Py, sz_g 26?5(1—11)'
i

The parton distributions in eq. (2.11) fulfil the standard momentum sum rule:

1
[ aa { Satesy + ) 2w f =1, (2.12)

Recently the NNPDF collaboration presented a detailed study of uncertainties of a
photon PDF in the framework of so-called neural network PDF's [38]. This analysis sug-
gests that inelastic photon-induced contributions may have rather big uncertainies. In
this paper we shall show also results with the NNPDF photon distributions and quantify
related uncertainties.

Cross section for photon-photon processes

At leading order, the corresponding triple differential cross section for inelastic-inelastic
photon-photon contribution can be written as usually in the parton-model formalism:

do-’Yin'Yin _ 1
dyi1dysd?p, 167252

xl’Yin(xlvN2) 132'Yin(1132,,1112) |Mfyfy_>W+W— |2 . (213)

Above iy (. . .) is used to denote “inelastic” photon distribution in the proton (+(...) in the
previous section). (.. .) will be reserved for purely elastic cases when proton stays intact.
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Figure 6. Diagrams representing some single resolved photon mechanisms with quark-antiquark

annihilation for the production of W W~ pairs. Similar diagrams with gluon-gluon subprocesses
also exist.

The above contribution includes only cases when both nucleons do not survive the
collision and nucleon debris are produced. The case when at least one nucleon survives the
collision has to be considered separately. In this case one can include the corresponding
photon distributions where an extra “el” index will be added. The corresponding contri-
butions to the cross section can be then written as:

dO-'Yin'Yel 1 ) , i
dy1dyad?py - 167r2,§2x1%“(x1’“ ) T2Yel (T2, 1°) Moy w12,
do-'Yel'Yin 1
dyydyad®p; 167r2§2371%z(x1,u2) T2%in (T2, 17) Moy swrew- 2
do—’Yel'Yel 1

dy1dysdp; 167252 vy (@, 1) wrven (@, 1) Mo wrw-12 (2.14)
for inelastic-elastic, elastic-inelastic and elastic-elastic components, respectively. The last
case was already discussed in a separate dedicated subsection. In the following the elas-
tic photon fluxes are calculated using the Drees-Zeppenfeld parametrization [21], where a
simple parametrization of the nucleon electromagnetic form factors is used. Such an ap-
proach is consistent with the partonic approach used recently to estimate the electroweak
corrections to different QCD processes. The three terms shown above are usually omitted.
In this paper we quantify these contributions for W W~ production.

Resolved photons

So far we have discussed direct photonic contributions. We also need to add the hadronic
content of the photon. Asymmetric diagrams with one photon attached to the upper or
lower proton, as shown in figure 6, become possible. Extra photon remnant debris (called
X1 or X, 5 in the figure) appear in addition. One may expect that such diagrams lead
to quite asymmetric distributions in W boson rapidity with maxima in forward and/or
backward directions.

Another type of diagrams with resolved photons is shown in figure 7. We expect the
contributions of the second set of diagrams to be rather small.
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Figure 7. Diagrams representing mechanisms with two resolved photons for the production of
WTW = pairs.

In the case of resolved photons, the “photonic” quark/antiquark distributions in a
proton must be calculated first. This can be done as the convolution

f;/p = Fa/p ® fasy (2.15)

which mathematically means:

1 - .
* Z/p(x) :/x daty (o 113) <x> f (%7,“;21) : (2.16)

~

Technically the first f,/, in the proton is computed on a dense grid for p2 ~ 1GeV?
(virtuality of the photon) and it is used in the convolution formula (2.16). The second
scale is evidently hard ui ~ MI%VW' The result strongly depends on the choice of the soft
scale 12, In this sense our calculations are not very precise and must be treated rather as
a rough estimate. The new quark/antiquark distributions of photonic origin are used to

calculate the cross section as for the standard quark-antiquark annihilation subprocess.

2.3.4 Single diffractive production of W+ W~ pairs

Diffractive processes for WTW ™ production were not considered so far in the literature
but are potentially very important.

In the following we apply the resolved pomeron approach [39, 40]. In this approach
one assumes that the Pomeron has a well defined partonic structure, and that the hard
process takes place in Pomeron-proton or proton-Pomeron (single diffraction) or Pomeron-
Pomeron (central diffraction) processes. The mechanism of single diffractive production of
WHW ™ pairs is shown in figure 8. We calculate the triple differential distributions

dO'(l) ’M’Z . ) 2 i 2
W B Zf: 1672352 [(mqu (w1, 17) w2qy (2, p )) + (xqu (21, 1) w2qy (2, 1 )}
(2.17)
o), M| o b , )
Tdosit = 2 G2z | (1902 (0 a)) + (oo g 01 |
(2.18)
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docp | M| D 2y . D 2 D 2y D 2
W = zf: 167232 [(ﬂflqu (w1, )552(]]” (w2, p )) + (xlq]” (21, p )xQQf (z2, 1 ))}

(2.19)

for single-diffractive and central-diffractive production, respectively. q? and cjjl? are so -
called diffractive quark and antiquark distributions, respectively. We shall return to them
in the framework of the resolved pomeron model somewhat below. The matrix element
squared for the q¢ — WTW ™ process is the same as previously discussed for the non-
diffractive processes.

In this approach longitudinal momentum fractions are calculated as

r1 = ﬁ( Y2 6192)7 (2.20)

NG

mgy [ _ _
962:*< Y t+e y2)

NG

with m; = {/(p} + m%,). The distribution in the WW invariant mass can be obtained by
binning differential cross section in Myyyy.

The “diffractive” quark/antiquark distribution of flavour f can be obtained by a convo-
lution of the Pomeron flux fp (zp) and the parton distribution in the Pomeron q;/p (53, u?):

¢P o, p?) = / depdB 5z — o) (5. 11%) fo (o)

1
dxp T 9
= I — . 2.21
/x o fIP(-%'IP)CIf/IP<xIP7M ) (2.21)
The Pomeron flux fip(zp) is integrated over the four-momentum transfer
tmax
fieow) = [ dt faw.). (2.29)
tmin

with fimin, tmax being kinematic boundaries.

Both pomeron flux factors fip(zp,t) and the quark/antiquark distributions in the
pomeron are taken from the H1 collaboration analysis of diffractive structure function and
diffractive dijets at HERA [41]. The factorization scale for diffractive parton distributions
is taken here as p? = m?.

In the present analysis we consider both pomeron and subleading reggeon contribu-
tions. In the H1 collaboration analysis the pion structure function was used for the sub-
leading reggeons and the corresponding flux was fitted to the diffractive DIS data. The
corresponding diffractive quark distributions are obtained by replacing the pomeron flux
by the reggeon flux and the quark/antiquark distributions in the pomeron by their coun-
terparts in subleading reggeon(s). Additional details can be found in [41]. In the case of
pomeron exchange the upper limit in (2.21) is taken to be 0.1 and for reggeon exchange 0.2.
In our opinion, the whole Regge formalism does not apply above these limits and therefore
unphysical results could be obtained.

,10,
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Figure 8. Diagrams representing single diffractive mechanism of production of W*W ™ pairs.

Up to now we have assumed Regge factorization which is known to be violated in
hadron-hadron collisions. It is known that these are soft interactions which lead to an
extra production of particles which fill in the rapidity gaps related to pomeron exchange.

If rapidity gap (gaps) is required (measured) then one has to include absorption effect
in the formalism of the resolved pomeron/reggeon which can be interpreted as a probability
of no extra soft interactions leading to the destruction of the rapidity gap.

Different models of absorption corrections (one-, two- or three-channel approaches) for
diffractive processes were presented in the literature. The absorption effects for diffractive
processes were calculated e.g. in refs. [42—44]. The different models give slightly different
predictions. Usually an average value of the gap survival probability < |S|? > is calculated
first and the cross sections for different processes are multiplied by this value. We shall
follow this somewhat simplified approach. Numerical values of the gap survival probability
can be found in [42, 43]. The survival probability depends on the collision energy. It is
sometimes parametrized as:

a

<’S|2>(\/§):b+T(\/§)'

(2.23)

The numerical values of the parameters can be found in original publications. At the LHC
energy of 14TeV one gets typically S?; = 0.03. The diffractive cross sections at 8 TeV
below will be multiplied by the gap survival factor 5% = 0.08 extracted recently by the
CMS collaboration [45] for diffractive dijet production. In our opinion there is about 30 %
uncertainty on this value and it will be important to measure it using the incoming data
at 13 TeV. In general, the absorptive corrections for single and central diffractive processes
could be somewhat different.

2.3.5 Double parton scattering

For completeness we also consider the double parton scattering mechanism discussed al-
ready in the literature but not included in the Standard Model predictions to the inclusive
cross section and distributions. The diagram representating the double parton scattering
process is shown in figure 9.

— 11 —



Figure 9. Diagram representing double parton scattering mechanism of production of
WTW = pairs.

The cross section for double parton scattering is often modelled in the factorized anzatz
which in our case would mean:

oDPS U%UWWW_ . (2.24)
aq
This is a rather effective approach assuming implicitly the lack of parton correlations. In
principle also single parton splitting mechanisms should be included explicitly (see e.g. [46]).
The phenomenological formula includes them effectively.

In general, the parameter o4, does not need to be the same as for gluon-gluon initiated
processes, which is better known phenomenologically (agg ~ 15 mb) from analyses of
different experimental data. In the present, rather conservative, calculations we take it to
be O'ng = agg = 15 mb. The latter value is known within about 10 % from systematics of
gluon-gluon initiated processes at the Tevatron and LHC.

The factorized model (2.24) can be generalized to more differential distributions (see
e.g. [47, 48]). For example in our case of WHW ™ production the cross section differential
in W boson rapidities can be written as:

DPS -
doy - 1 da{,"v doy, (2.95)

dyydy— oS dyy dy

where i, and y_ are rapidites of W and W™, respectively. In particular, in leading-order
approximation the cross section for quark-antiquark annihilation reads:

do _ _ I
i Z (21051 (w1, p?)22q; 2 (w2, 1?) + 21331 (21, p2) 205 0 (21, 12)) My w2, (2.26)

ij
where the matrix element for quark-antiquark annihilation to W bosons (M;;_,y+) con-

tains the Cabibbo-Kobayashi-Maskawa matrix elements. In the present paper we show the
do

dysdy—

W~ and in My . In the approximations made here (leading order approximation, no

cross section, as well as the distributions in rapidity difference between W and

transverse momenta of W bosons)

Mgy, = 2Mg, (1+ cosh(yr — y2)) - (2.27)

— 12 —
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Figure 10. Rapidity distribution of W bosons for /s = 8 TeV. The left panel shows the results
for the naive approach often used in the literature, while the right panel shows the result with the
QCD improved method proposed in ref. [37].

When calculating the cross section for single W boson production in leading-order
approximation a well known Drell-Yan K-factor could be included. The double-parton
scattering would be then multiplied by K?. The K-factor for W+ or W~ production is
only slightly larger then 1 and in the consequence also K? is not far from 1.

Fast progress in understanding multi-parton interactions was achieved recently. It is
clear at present that in addition to the usual DPS terms, the perturbative parton splitting
mechanism has to be included explicitly [49, 50]. The contribution of this mechanism
can be as large as the conventional DPS contribution. This formalism contains, however,
more partonic form factors that are not well known phenomenologically. We think that
the estimate of the DPS effect based on the factorized Ansatz with empirical o.¢ can be
better, at least in the moment. Further studies are needed also here. It is not easy to
estimate the uncertainty of the so calculated DPS cross sections but we expect that the
order of magnitude should be correct.

3 Results

In this section, we evaluate each contribution decribed in section 2 and try to see whether
they can be measured experimentally in some dedicated kinematical regions.

Before a detailed survey of results of the different contributions discussed in the present
paper, let us concentrate on some technical details concerning inelastic photon-photon con-
tributions. In figure 10 we show the rapidity distributions for the naive (left panel) and
QCD improved (right panel) approaches discussed in section 2. While in the naive approx-
imation the elastic-elastic component is the largest and inelastic-inelastic is the smallest,
in the QCD improved approach the situation is reversed, which shows the importance to
use the complete approach and not the naive one. Here, in the QCD improved calculations
12 = m? was used as the factorization scale.

Let us show also our predictions obtained with the NNPDF2.3 QED photon distri-
butions [38], (see figure 11). In the left panel of figure 11 we concentrate on the biggest
inelastic-inelastic contribution. We show the statistically most probable result (middle
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Figure 11. Rapidity distribution of W bosons for /s = 8 TeV for photon-photon components
with NNPDF2.3 QED set. In the left panel we show the dominant inelastic-inelastic component. In
addition we show uncertainty band as obtained from the NNPDF framework (one sigma). The right
panel shows elastic-inelastic and inelastic-elastic components obtained with NNPDF2.3 QED set.
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Figure 12. Transverse momentum distribution of W bosons for /s = 8 TeV. The left panel shows

results for the naive approach often used in the past, while the right panel shows the result with
the QCD improved method proposed in ref. [37].

dashed line) as well as one-sigma uncertainty band (shaded area). The uncertainty band
is very large. This demonstrates that it is very difficult to obtain the photon distributions
from fits to experimental data. We have checked that limiting to both rapidities in the
interval -2.5 < y < 2.5 the uncertainty band becomes relatively smaller. However, in this
paper we are interested mostly in the contribution in the whole phase space, so we leave
more detailed studies for future investigations. The NNPDF distributions differ from those
obtained with MRST2004 QED photon distributions at large rapidities. In the right panel
we show results for the elastic-inelastic and inelastic-elastic components. The most proba-
ble result obtained with the NNPDFs is similar as that for the MRST QED distributions.
The elastic-inelastic and inelastic-elastic contributions differ one from the other more for
the NNPDF than for the MRST case. The uncertainty bands (not shown) are also rather
broad, but slightly narrower than in the case of inelastic-inelastic component.

In figure 12 we show transverse momentum distribution of W bosons. Rather large
transverse momenta of W bosons can be obtained for the photon-photon contributions.
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Figure 13. Transverse momentum distribution of W bosons for /s = 8 TeV for photon-photon
components with NNPDF2.3 QED set. In the left panel we show the dominant inelastic-inelastic
component. In addition we show uncertainty band as obtained from the NNPDF framework

(one sigma). The right panel shows elastic-inelastic (inelastic-elastic) components obtained with
NNPDF2.3 QED set.

For completness in figure 13 we show distributions in transverse momentum of W
bosons for photon-photon components obtained with the NNPDF photon distributions [38].
In the left panel we show the dominant inelastic-inelastic component and in the right
panel elastic-inelastic (= inelastic-elastic) components. The uncertainty band is very large,
especially at large transverse momenta.

Concerning the searches of anomalous yyWW coupling without proton tagging as
performed by the DO and CMS collabrations, the ratios of the inelastic-inelastic, elastic-
inelastic and inelastic-elastic contribution to the elastic-elastic one are fundamental. In
figure 14 and 15 we show such ratios in W boson rapidity and transverse momentum. In
the naive approach the ratios are smaller than 1 except for some small corners of the phase-
space. In the QCD improved approach the ratios become much larger. In particular, the
ratio for inelastic-inelastic contribution is one order of magnitude larger than 1, showing
the importance of tagging the intact protons in the final state in order to measure the WW
exclusive cross section.

Now we wish to show contributions of the other mechanisms. The W boson rapidity
distribution is shown in figure 16. We show the separate contributions discussed in the
present paper. The diffractive contribution is an order of magnitude larger than the re-
solved photon contribution. The estimated reggeon contribution is of similar size as the
pomeron contribution. The y distributions of W+ and W~ for double-parton scattering
contribution are different and, in the approximation discussed here, have identical shapes
as for single production of W and W, respectively. It would be therefore interesting to
obtain experimentally separate distributions for W+ and W~. This is, however, a rather
difficult task. The distributions of charged leptons (electrons, muons) could also be inter-
esting in this context. It is also worth noticing that the relative size of each contribution
will strongly depend on the mass of the WW pair.

In figure 17 we present the distributions in transverse momentum of the WW bosons.
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Figure 14. Ratio of elastic-inelastic (dashed), inelastic-elastic (dotted), inelastic-inelastic (dash-
dotted) and all inelastic (solid) to the elastic-elastic cross section as a function of the W boson
rapidity in the naive (left panel) and QCD improved (right panel) approaches.
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Figure 15. Ratio of elastic-inelastic (dashed), inelastic-elastic (dotted), inelastic-inelastic (dash-
dotted) and all inelastic (solid) to the elastic-elastic cross section as a function of the W boson
transverse momentum in the naive (left panel) and QCD improved (right panel) approaches.

All photon-photon components have rather similar shapes. The photon-photon contri-
butions are somewhat harder (less steep) than those for diffractive and resolved photon
mechanisms.

In figure 18 we show the distributions in invariant mass of the WW pairs. The relative
contributions of the photon-photon and DPS components grow with the invariant mass.
The same conclusion is true for the distribution in the rapidity distance between the gauge
bosons. Experimentally, one rather measures the charged leptons than W bosons. Mea-
suring the distributions in invariant mass of positive and negative leptons or in rapidity
distance between them would be interesting.

In figure 19 we show the invariant mass distribution of the WW pairs obtained
with NNPDF's [38] again for inelastic-inelastic (left panel) and elastic-inelastic (=inelastic-
elastic) components (right panel). Big uncertainties can be observed especially for large
WW invariant masses, i.e. in the region where searches for anomalous triple and quartic
boson couplings are studied. The present big uncertainty in this region precludes a com-
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Figure 16. W boson rapidity distribution for /s = 8 TeV. The top panel shows contributions of all
photon-photon induced processes as a function of y, the middle panels resolved photon contributions
and the bottom panels distributions of the diffractive contribution. The diffractive cross section has
been multiplied by the gap survival factor Sz = 0.08 as needed for requirement of rapidity gaps.

parison of experimental data with the Standard Model predictions. The enhancement can
be due to either Beyond Standard Model effects or from the difficult to calculate Standard
Model contributions. We shall return to the issue in the Conclusion section.

Finally, in figure 20 we present some interesting examples of two-dimensional distri-
butions in W+ and W~ rapidity. We show three different distributions for the dominant
qq, inelastic-inelastic photon-photon and double-parton scattering components. The gq
component dominates at yi,y2 ~ 0. The photon-photon component has “broader” distri-
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Figure 17. W boson transverse momentum distribution for /s = 8 TeV. The left-top panel shows
all photon-photon induced processes, the right-top panel resolved photon contributions and the
bottom panel the diffractive contribution. The diffractive cross section has been multiplied by the
gap survival factor S3 = 0.08. The distributions are of similar shape except for the vy one which
is slightly harder.

bution in y; and yo. In contrast, the double-parton scattering component gives a very flat
two-dimensional distribution. The information presented in the figure can be used in order
to “enhance” each component. The study of the lepton rapidity from the W-boson decays
would be a next interesting step.

The results are summarized in table 1. The photon-photon induced processes give
quite large contribution. The single-resolved photon contributions are at least one order of
magnitude smaller than the diffractive one. This is still surprisingly large. The reason that
the single resolved photon contributions are relatively large is due to the fact that quark
or antiquark carry on average a fairly large fraction of the photon longitudinal momentum.
The double parton scattering contribution is small. It may be, however, important for
large rapidity distances between gauge bosons. The diffractive contributions in the table
are multiplied by the gap survival factor (Sé) which is known only approximately. The
cross section of the additional processes usually not considered in the literature are thus
not enough to explain the discrepancy between data and theoretical calculations. New
data at 14 TeV will be of considerable interest to know if this discrepancy is real.

In real experiments only a rather limited part of the phase space is covered. The total
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Figure 19. WW invariant mass distribution for /s = 8 TeV and for photon-photon components
with NNPDF2.3 QED set. In the left panel we show the dominant inelastic-inelastic component. In
addition we show uncertainty band as obtained from the NNPDF framework (the one sigma). The
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photon distributions.
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qq (left), inelastic-inelastic photon-photon (middle) and double-parton scattering (right) contribu-
tions at /s = 8 TeV.

cross section is then obtained by extrapolating into unmeasured region with the help of
Monte Carlo codes. It is needless to say that none of the new contributions discussed here
is included when extrapolating purely experimental results to the phase-space integrated
cross sections. This means that the “measured” total cross section is underestimated.
Answering the question “by how much” requires dedicated Monte Carlo analyses.

Some comments on recent studies on yyW W~ boson couplings, as performed recently
by the DO and CMS collaborations [51, 52] are in order. In the D0 collaboration analysis
the inelastic contributions are not included when extracting limits on anomalous couplings,
that lead to conservative limits. The CMS collaboration requires an extra condition of no
charged particles in the central pseudorapidity interval. When comparing calculations to
the experimental data the inelastic contributions are estimated by rescaling the elastic-e
lastic contribution by an experimental function depending on kinematical variables (invari-
ant mass, transverse momentum of the u*p~ pair) obtained in the analysis of the ™™
continuum. It is not clear to us whether such a procedure is consistent for W+W~ pro-
duction, where leptons come from the decays of the gauge bosons and the invariant mass
and transverse momentum of the W+W ™ pair is very different than the invariant mass
and transverse momentum of the corresponding dimuons. This cannot be checked in the
present approach with collinear photons and requires the inclusion of photon transverse
momenta. Within the present approach we predict that the inelastic 4y contributions are
significantly larger than the elastic-elastic one. The fragmentation of the remnants of the
inelastic excitations is needed to understand to which extent the inelastic contributions
survive the veto condition. One can expect that particles from the fragmentation of the
proton remnants after photon emission are emitted in rather forward /backward directions.
The DO collaboration also neglects the inelastic contribution when calculating the Stan-
dard Model background at large lepton transverse momenta, despite they have no explicit
veto condition on charged particles. The diffractive contributions could also contribute to
the distributions measured by the CMS and DO collaborations. Clearly further analyses
that focus on final states of proton remnants (after photon emission) are necessary.
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Contribution 1.96 TeV 7TeV 8 TeV 14 TeV Comment
CDF 12.1 pb
DO 13.8 pb
ATLAS 54.4 pb large extrapolation
CMS 41.1 pb large extrapolation
qq 9.86 27.24 33.04 70.21 dominant (LO, NLO)
99 5.17 1072 1.48 1.97 5.87 subdominant (NLO)
Vel Vel 3.07 1073 4.41 1072 5.40 1072 | 1.16 10~! | new, anomalous yyWW
YelYin 1.08 10—2 1.40 10~ 1 1.71 101 | 3.71 10~ | new, anomalous yyWW
~YinYel 1.08 10—2 1.40 101 1.71 101 | 3.71 10! | new, anomalous yyWW
YinYin 3.72 1072 4.46 10~ 1 5.47 10~1 1.19 anomalous yyW W
Vel,res — /T 1.04 104 2.94 103 3.83 1073 | 1.03 10— 2 new, rather sizeable
q/q — Yel.res 1.04 104 2.94 103 3.83 1073 | 1.03 10~2 new, rather sizeable
Yin,res — /4 not calculated
q/q — Yin.res not calculated
DPS(++) 0.61 10—2/2 0.22/2 0.29/2 1.02/2 not included in NLO
DPS(- -) 0.58 1072/2 | 0.76 101 /2 0.11/2 0.40/2 not included in NLO
DPS(+-) 0.6 102 0.13 0.18 0.64 not included in NLO
DPS(-+) 0.6 1072 0.13 0.18 0.64 not included in NLO
Pp (zpp < 0.1) 0.28 102 0.79 101 0.11 0.27 new, relatively large
pIP (zp < 0.1) 0.28 102 0.79 101 0.11 0.27 new, relatively large
IRp (rr < 0.2) 0.45 102 0.57 101 0.72 101 0.18 new, relatively large
pIR (7R < 0.2) 0.45 102 0.57 10~1 0.72 1071 0.18 new, relatively large
all subleading contributions | 8.87 102 1.31 1.68 4.25

Table 1. Contributions of different subleading processes discussed in the present paper to the
WW + X cross section for different energies. The cross section is given in pb. The diffractive
contributions have been multiplied by the gap survival factors: 0.1 at 1.96 TeV, 0.08 at 7 and 8 TeV
(see [45]) and 0.03 at 14 TeV. The combinatorial factor 1/2 is shown explicitly for the double parton
scattering (DPS) contribution for WHW ™ and W~W ™ final states shown for completeness.

4 Conclusions

In the present paper we discussed several contributions not considered traditionally in the
so-called Standard Model predictions such as: photon-photon induced processes, processes
with resolved photons, single and central diffractive processes and double parton scattering.

We have calculated for the first time the complete set of photon-photon and re-
solved photon-(anti)quark and (anti)quark-resolved photon contributions to the inclu-
sive production of W+W ™ pairs. The photon-photon contributions can be classified into
four topological categories: elastic-elastic, elastic-inelastic, inelastic-elastic and inelastic-
inelastic, depending whether the proton(s) survives the emission of the photon or not.
The elastic-inelastic and inelastic-elastic contributions were calculated for the first time
in this study. The photon-photon contributions were calculated as in previous studies
for production of pairs of charged Higgs bosons or pairs of heavy leptons beyond the
Standard Model, and within QCD-improved method using the MRST(QED) parton dis-
tributions. The second approach was already applied to the production of Standard Model
charged lepton pair production and c¢ production. In the more refined approach we got
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Oclaela < Oelajine = Oineela < Oinejine- 10 the approach when photon distribution in the
proton undergoes QCD ® QED evolution, the inelastic-inelastic contribution is the largest
out of the four contributions. This shows that including photon into evolution equation
is crucial. This includes also some processes beyond the Standard Model mentioned in
this paper.

The inelastic contributions sum up to the cross section of the order of 0.5-1 pb at
the LHC energies. The photon-photon contributions are particularly important at large
WW invariant masses, i.e. probably also large invariant masses of charged leptons where
its contribution is larger than that for gluon-gluon fusion.

In the present paper we have shown predictions obtained with MRST2004 QED pho-
ton distributions as well as with recent NNPDF2.3 QED photon distributions. The last
approach allows to estimate theoretical uncertainties which are rather large. It becomes
clear that it is rather difficult to find photon distributions from a fit to experimental data.
Usually the photon-induced contributions are ones of a few important contributions, the
details depend on the process considered. The inelastic-inelastic contribution is very im-
portant in the context of searches for anomalous triple and quartic couplings of gauge
bosons. Before any conclusion on the existence of nonstandard effect(s) can be drawn one
has to understand the Standard Model contribution, rather difficult for reliable estimate.
A better understanding of this contribution in the future seems crucial. We think that a
new method proposed recently for dilepton production [53] seems promising in this context.
Similar analysis for W+ W~ production clearly goes beyond the scope of the present paper.

The vy — WTW ™ reactions are interesting per se. Even the biggest inelastic-inelastic
contribution can be separated experimentally by imposing extra condition of no charge
particles close to the collision vertex. Separating the contribution one can study anoma-
lous vy — WTW™ couplings [51, 52]. One can also test the rather uncertain photon
distribution functions.

The elastic-inelastic or inelastic-elastic contributions are interesting by themselves.
Since they are related to the emission of forward/backward protons they could be poten-
tially measured in the future with the help of forward proton detectors. Both CMS and
ATLAS have plans for installing such detectors after the present (2013-2014) shutdown.
Unfortunately the elastic-inelastic mechanisms are expected to have similar topology of the
final state as single-diffractive contributions to W+W ™~ production. It would be therefore
valuable to make a dedicated study to pin down the mixed elastic-inelastic contributions.
Clearly this would be a valuable test of both the presented formalism and our understanding
of the underlying reaction mechanism.

The elastic-elastic contribution, although giving rather small contribution to the total
pp — WTW ™ cross section, is particularly interesting as it can be separated by measuring
both protons. Therefore it is the best suited for the study of anomalous triple and quartic
boson couplings. Similarly interesting is exclusive production of diphotons, where one can
study light-by-light scattering as well as effects beyond the Standard Model [54-56].

We have also discussed briefly the double-scattering mechanism which also significantly
contributes to large My invariant masses, the region where beyond Standard Model
processes can be expected. The DPS was suggested recently as an important ingredient
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for the Higgs background in the WW™* or ZZ* final channels [57]. Our estimate is more
than order of magnitude smaller than the one suggested recently in the literature in order
to explain the Higgs signal in the W™ W~ channel. However, the DPS calculation contains
some phenomenological ingredients which are not fully understood.

Summarizing, we have shown that the omitted so far processes can contribute a few
pb at /s = 8TeV to the inclusive WTW ™ production cross section and even more at
14 TeV. The contribution of the subleading processes is growing faster with increasing
center-of-mass energy than the standard Standard Model contributions (see the last row
in the table). As discussed in our paper a precise estimation of contribution of these,
also Standard Model, processes is rather difficult and requires further work. Some of the
contributions discussed here have specific final state topology with one forward/backward
proton separated in rapidity. Measuring the final state would therefore help to identify
elastic-inelastic (inelastic elastic) and elastic-elastic two-photon contributions. Also single-
diffractive contributions should have similar topology. They should have, however, different
dependence on ¢ (four-momentum transfer squared).
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