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1. Introduction

Vector-boson scattering is a key class of processes to probe the Higgs couplings to mas-
sive vector-bosons and their (possibly anomalous) quartic gauge coupling. The effect of a single
125 GeV standard model (SM) Higgs-boson is the unitarization of the cross section of the scatter-
ing of longitudinally polarized gauge bosons. This describes the fact that, without the Higgs-boson
exchange, the cross section increases beyond any bound with increasing collision energy.

We discuss the process pp — eJrve u+vu jj +X at LO and NLO QCD, which contains as
subprocess the like-sign gauge-boson scattering WW" — WtW™. Onthe experimental side there
is evidence [1] in ATLAS 8 TeV data and an observation of CMS [2] with 13 TeV data. Theoretical
calculations for this process have been calculated at LO and NLO in QCD some time ago [3, 4],
and recently there has been a publication of an all-channel NLO calculation [5], including the
electroweak corrections which are quite large.

In this context we discuss the double-pole approximation and its validity, different scale
choices, the first calculation of PDF uncertainties, and the limit My — oo, which shows the ef-
fect of the absence of unitarization. The absence of a SM Higgs-boson can also be interpreted as
the maximum effect of a different Higgs sector; any model with Higgs mixing will modify the SM
Higgs coupling in such a way that the effective Higgs mass will be larger. We would like to stress
that the Higgs mass is known and by sending it to infinity we would like to, in a gauge-invariant
way, assess the effect of a different Higgs coupling.

In Sec. 2 we explain our setup and cuts, in Sec. 3 we explain the double-pole approximation
(DPA), and in Sec. 4 we finally present numerical results.

2. Setup

We define the following fiducial phase-space volume, which is used to generate the results
shown in Sec. 4 for the process pp — ¢ Ve u+vu jj +X. The cuts are similar to the one defined for
the ATLAS 8 TeV analysis [1]:

e Jets are defined by the anti-ky algorithm [6] with radius R = 0.4 and a py > GeV and rapidity
of |y| < 4.5. We require at least two jets, and call the two hardest jets tagging jets.

e Leptons pass the cut if pr > 27GeV and |y| < 2.5. We require that there are exactly two
leptons.

e The neutrinos are taken care of by requiring that the missing transverse energy is Ep >
30GeV.

e We furthermore require that leptons are separated by each other by requiring AR > 0.3, and
from the tagging jets by the same distance (but not from a possible third jet).

e The leptons must have an invariant mass of M > 20GeV.

e To enhance the contribution of the signal process we furthermore require that the tagging jets
have M > 500GeV and are separated in rapidity by |y; —y,| > 2.4. The effect of these two
cuts is illustrated in Fig. 1 where we use no approximations for the LO matrix elements.
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For the calculation of the matrix elements we employ an approximation that only uses the squares
of ¢- and u-channel diagrams and neglects s-channels and the remaining interferences; see Ref. [3]
a definition of this approximation. For the virtual matrix elements we use a double-pole approxi-
mation, which is described in Sec. 3.

The parton distribution functions (PDF) used for this calculation are CT14LO for the leading
order predictions and CT14NLO [7] for the NLO prediction. The scale used for both factorization
and renormalization scale is

U = U = Ep = E\/ 1)) + M. (2.1)

where & = 1 for the central value; p1(j;) denotes the transverse momentum of the leading (tagging)
jet. The theoretical uncertainties are estimated by the envelope of a three-point scale variation, i.e.
by setting £ € {1/2,1,2}. The PDF uncertainties are estimated by using the Hessian method
described in Ref. [8]. Please note that the PDF uncertainty presented here represents the 90%
confidence level uncertainty that the CT14NLO PDF set by default represents.

All results were calculated using an in-house Monte Carlo developed by the author, which uses
matrix elements from LUSIFER [9] and one-loop amplitudes from Stefan Dittmaier. The one-loop
amplitudes make use the of COLLIER [10, 11, 12, 13] library to evaluate one-loop integrals. The
results were validated against a calculation done with SHERPA [14], which uses one-loop matrix
elements from OpenLoops [15].
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Figure 1: Leading-order predictions (no approximations used) for the process pp — e Ve u*v” j+tX e
13 TeV for an inclusive phase space, only requiring two anti-kt jets with pr > 30GeV. The phase space cuts
on M(j,j,) > 500GeV and |y(j;) — y(j»)| > 2.4 enhance the contribution &(a®) with respect to &'(o’ at,)
and 0'(o* o).

3. Double-pole approximation

The pole approximation (PA) is an expansion of an amplitude around its resonances. For this
process we consider an expansion around the two resonant W -bosons, which decay into charged



Vector-Boson Scattering at the LHC Christopher Schwan

leptons and neutrinos. Pictorially, the double-pole approximation (DPA) looks as follows:
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The shaded diagrams are examples for diagrams that are not doubly-resonant and therefore ne-
glected in this approximation.

To restore gauge invariance an on-shell projection is used, which is symbolised by the x sign;
this means that the approximated amplitude is integrated over the exact phase-space, but the mo-
menta that are fed into the approximated matrix elements are calculated by an on-shell projection
described in Ref. [16]. Also, x means that the widths of the gauge-boson in the propagators are
dropped. In the resonant propagators the widths are kept and the momenta are off-shell, meaning
K; = }? — M%V +iMy Ty, where k; is the momentum of the first boson and k, the momentum of
the second one.

This procedure also modifies the IR singularities, which is taken care of by using a modified

insertion operator I,
* 2 * 2
2Re (l%Lo.%vm> + |L%L0| (=) | — 2Re (%LO,PA%VirI,PA) + ’%LO,PA‘ ® I, (32)

where the subscript PA denotes the matrix elements in (double-)pole approximation.

Potentially large deviations from the exact matrix elements are known to occur in leptonic
pr-distributions for di-boson production, which are due to kinematic configurations that enhance
single resonant contributions [17] which are not kept in the DPA. In Ref. [17] it was argued that this
can be checked for by comparing the exact LO matrix elements against the LO PA matrix elements.
This comparison can be found in Fig. 2. We find only small deviations of 1-3%, which will be even
more suppressed when we use the PA only for the virtual correction.
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Figure 2: Leading-order comparison of exact (LO) and pole-approximated matrix elements for two observ-
ables for which large deviations have been observed for different processes. Here only very small differences
are visible.



Vector-Boson Scattering at the LHC Christopher Schwan

4. Results

The integrated cross sections for the fiducial phase-space volume defined in Sec. 2 are list in
Tab. 3. Please note again that the PDF uncertainty is given for the 90 % confidence level.

Scale LO NLO  §=NO-19 NLOPDFunc. LO My =co
[fb] [fo] Ar Agm [fo]
static 1.373783%  1.193738% 1319 3E 42.9% 1.512
dynamic  1.222%73%  1.208709% -1.2% e £2.9% 1.350

Figure 3: Integrated cross sections for the setup presented in Sec. 2. LO denotes the & (a6) prediction,
NLO the predictions with & (a6 @) corrections. A denotes the asymmetric PDF uncertainty and Ay, the
symmetric PDF uncertainty, see Ref. [8].
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Figure 4: The invariant mass of the two tagging jets for the static scale choice (left) and the dynamic scale
choice (right). PDF uncertainties are shown as black errorbars. The scale uncertainties calculated from a
three-point scale variation are shown as blue (LO) and red (NLO) bands. The limit My — oo is only shown
for the dynamic scale.

The results for the invariant mass of the tagging jets are shown in Fig. 4, which shows a

comparison of a static scale g = Ur = My, against our dynamic scale Uy = Up = p% (1) +M\2V.
The static scale leads to very large negative corrections where the bands of the three-point scale
variation do not overlap between LO and NLO. This fact is well known [3, 4]. The observable on
the right-hand side also shows that the dynamic scale choice leads to a significant reduction of the
estimated scale uncertainty. For both scale choices one sees that the PDF uncertainty grows with
increasing invariant mass M (j,j,) of the tagging jets from 3% to 7%. The effect of an absent Higgs
exchange is rather flat for this observable and about 10%.

Further distributions are shown in Fig. 5 which shows the rapidity difference of the tagging
jets, which is increased by the NLO QCD corrections. The effect of My — oo is similar. Another
distribution shown is the azimuthal angle difference of the charged leptons, which, like many other
leptonic distributions, are rather unaffected by the QCD corrections. Without the Higgs the leptons
are more back-to-back than with it.
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Figure 5: The rapidity gap of the tagging jets (left) and the azimuthal angle of the charged leptons (right).
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