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1. Introduction

New charged and neutral resonances are predicted in many well-motivated extensions of the
Standard Model (SM) such as Grand Unified Theories (GUTs) or models with extra spatial di-
mensions. For various theoretical reasons (e.g. the hierarchy problem), new physics is expected
to appear at the TeV scale and is searched for at the Large Hadron Collider (LHC), which is now
operating at centre-of-mass energies of v/S = 13 TeV (LHC13).

Experimental searches for W’ and Z’ bosons have so far mostly been performed in the Se-
quential Standard Model (SSM). While we adopt this model as a baseline to compare predic-
tions with different theoretical accuracy, we also enlarge our analysis to a general G(221) =
SU(2); x SU(2), x U(1)x gauge group, which represents a well-motivated intermediate step to-
wards the unification of the SM gauge groups.

Furthermore, the mass limits are mostly obtained using LO+PS Monte Carlo simulations with
PYTHIA [1] rescaled to NNLO with FEWZ [2], where neither of the programs include the a priori
important interference effects of new and SM gauge boson exchanges.

In this paper, we present new QCD resummation predictions, which include these interference
effects, at next-to-leading order and next-to-leading logarithmic (NLO+NLL) accuracy for the pro-
duction of charged and neutral heavy gauge bosons (W’ and Z’) decaying into charged leptons and
neutrinos. This calculation has been added to the list of already available processes in the publicly
available NLO+NLL code RESUMMINO [3]'.

The results of our resummation code for pr distributions and total cross sections are compared
using different benchmark models to PYTHIA and FEWZ; for the sake of brevity we do not show
our results on total cross sections. In addition, as an illustration we reinterpret the recent ATLAS
W' [4] and CMS Z’ [5] analyses using our NLO+NLL predictions, including interferences, and
different new physics models.

2. Set-Up and Numerical results

We start by comparing numerical predictions obtained within the three different theoretical
frameworks that we have developed/used: (i) the LO+PS Monte Carlo event generator PYTHIA
in which we have implemented the full two to two process pp — W' /W — (v, (ii) the theoretical
predictions in fixed order perturbation theory at NLO and NNLO QCD calculated with the FEWZ
program, which unfortunately lacks the interference terms, (iii) our NLO+NLL QCD resummation
implementation in RESUMMINO. Details on our different implementations can be found in [6].

Apart from the SSM with identical fermion couplings of SM and new gauge bosons [7], we
also study the so-called G(221) models [8], which are based on the intermediate semi-simple group
SU(2); x SU(2), x U(1)x. In this framework, constraints on the parameter space from low-energy
precision observables have been derived [8], and several aspects of their phenomenology have
already been studied [9, 10, 11, 12, 13]. Several well-known models emerge naturally from dif-
ferent ways of breaking the G(221) symmetry down to the SM gauge group, in particular Left-
Right (LR), Un-Unified (UU), Non-Universal (NU), Lepto-Phobic (LP), Hadro-Phobic (HP), and
Fermio-Phobic (FP) models.

'Our code is available at http: //www.resummino.org.
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Figure 1: Transverse momentum distributions of W’ bosons with a mass of 4 TeV at the LHC14 in the SSM.
We compare our NLO and NLO+NLL predictions with RESUMMINO to those obtained with PYTHIA
LO+PS, FEWZ NLO and NNLO.

In the following, only the results obtained in the UU realization will be presented even though
our analysis also includes the NU model. Therefore, we list a subset of the five benchmark points
(Bi, Model, t, Ty [GeV], T4y [GeV]) studied in [6] for which results are shown here:> (i) By,
SSM, —, 142.85, 11.69; (ii) B,, UU, 0.7, 237.15, 5.73; (iii) B3, UU, 1.2, 125.35, 16.83. All the
benchmark points are for a new gauge boson with a 4 TeV mass.

2.1 Transverse momentum distributions

Fig. 1 shows the p7 spectrum for positively charged W’ bosons of mass 4 TeV produced at
LHC14 in the SSM and assumed to decay into a positron and an electron neutrino®. The NLO pre-
dictions obtained with FEWZ and RESUMMINO then agree very nicely, both for their central val-
ues and for their scale uncertainties, and both diverge as pr — 0. In contrast, the LO §-distribution
(not shown) is modified by the PYTHIA PS to a finite distribution, which exhibits a maximum
around pr ~ 7 GeV. A similar turnover, with a maximum at slightly larger values of pr ~ 10
GeV, is exhibited by the resummation calculation at NLO+NLL. The difference in shapes can be
attributed to different logarithmic accuracies (LL in PYTHIA, NLL in RESUMMINO), while the
one in normalisation comes mostly from the different perturbative orders (LO in PYTHIA, NLO
in RESUMMINO). At higher pr values, the NLO+NLL resummation calculation agrees better
with the fixed-order one by FEWZ at NNLO than at NLO, indicating that important contributions
beyond NLO are captured in the resummation approach.

2.2 Total cross sections and interferences

The total cross sections for the five benchmark points have been compared in [6] and shown

2The PDFs are taken from the MSTW 2008 global fits at LO, NLO and NNLO, respectively. The renormalisation
and factorisation scales tr and ur are identified with the new gauge boson mass My, varied by a common factor of two
up and down to estimate the scale uncertainty.

3A cut on the invariant mass of the lepton pair Q > 3Myy /4 is applied.
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to agree within 1-2 percent for their central values and also, although somewhat less precisely, for
their scale errors. The impact of the interference effect on these cross section is also important as
one can see in Fig. 2 (left). Indeed, interference effects become quickly dominant as the invariant
mass cut falls below 50%. This fact will become important when we reanalyse the latest ATLAS
and CMS results.
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Figure 2: Ratios of the total cross section at LO with and without interference terms as a function of
the minimal invariant mass cut Q > &My, for our three benchmark points By, B, B3 (left). Ratios of Z’
production cross sections at LHC14 at NLO and NLO+NLL over the LO cross section in the SSM and as a
function of the heavy gauge boson mass (right).

Finally, in Fig. 2 (right) the dependence of the resummation contributions on the new gauge
boson mass, using now the example of a neutral Z’ gauge boson is shown. A look at the NLO+NLL
prediction shows that as one approaches the threshold region the resummation of logarithms be-
comes increasingly important, making our resummation calculations even more relevant as the
LHC explores higher and higher mass regions.

3. Gauge boson mass limits in general SM extensions

In this section, we reanalyse the latest experimental searches by the ATLAS and CMS collab-
orations for W/ and Z’ bosons in their leptonic decay channels, performed at LHC8 in the SSM. We
use our resummation predictions at NLO+NLL and do this not only in the SSM, but also in the UU
and NU (not shown) models that have previously not been considered.

3.1 ATLAS limits on W’ boson masses

The ATLAS analysis is performed by simulating the W’ signal with PYTHIA LO+PS, adding
negative and positive charges, and rescaling it to NNLO total cross section accuracy with the pro-
gram ZWPROD. As a consequence, the interference effects between SM W bosons and SSM W'
bosons are not included. Looking at the RESUMMINO predictions that include interference ef-
fects, these are seen to be very important, since the invariant mass cut is relatively low (cf. Fig. 2
(left)), and they lead to an increase of ¢ xBr of about a factor of two at the highest mass considered
here. There, the resummation effects are also best visible, and they increase the NLO prediction
(dashed red) by about 20% at NLO+NLL (full red). This leads to a lower bound on W’ bosons
masses of 3.5 TeV, see Fig. 3 (left).
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The results for the UU model are presented in Fig. 3 (right). For each W’ boson mass, the
variation of the ¢ parameter in the allowed range leads to a spread of theoretical predictions®.
The inclusion of interference effects in RESUMMINO leads to an increase of the predicted cross
sections by almost an order of magnitude at My =4 TeV. At NLO+NLL and including interference
effects, our reanalysis excludes W’ bosons in the UU model with masses below 3.9-4 TeV, which
considerably improves the limits from low-energy and precision constraints>.

Our analysis in the NU model is not shown here but can be found in [6].

3.2 CMS limits on Z’ boson masses

The CMS collaboration have searched for narrow resonances in the dilepton (electron or muon)
mass spectrum and set mass limits of 2.96 TeV and 2.6 TeV on SSM Z’ bosons and a specific class
of superstring-inspired Z’' bosons, respectively [5].

The mass limits are obtained by comparing expected and observed experimental limits on
Rs with expectations from PYTHIA LO+PS, rescaled to NNLO with ZWPROD. For the SSM, we
show the result in Fig. 4 (left), where one can read off the limit cited above. The inclusion of the in-
terferences leads to a considerable increase of the prediction, computed by us with RESUMMINO
at NLO+NLL, so that the SSM exclusion limit moves to 3.2 TeV.

For Z' bosons in the UU model, we simulate in Fig. 4 (right) the ratio Rs. Interference effects
increase again the prediction (light red) by about an order of magnitude, while the additional ra-
diative corrections at NLO+NLL (dark red) do not alter the result significantly. In the UU model,
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Figure 3: Left: Cross sections times branching ratios for SSM W’ bosons decaying into electrons or muons
and neutrinos at LHCS. The expected (dashed black) and observed (full black) limits in the ATLAS analysis
[4], using a cut of O > 0.4My,s at the generator level, and their corresponding uncertainties at the 10 (green)
and 20 (yellow) level are compared to predictions without interference at NNLO in ZWPROD and in FEWZ
(central only, full blue) and with interference at NLO (central only, dashed red) and at NLO+NLL (central
only, full red) using RESUMMINO. Right: Same as left figure for UU model W’ bosons.

4Below masses of 2.5 TeV, where the UU model is already excluded by low-energy and precision constraints [8],
the areas have been shrunk to a single line, calculated for a hypothetical 7-value of 0.18 pertinent at the same time to the
minimal allowed mass and the perturbativity limit.

5 As in this model My ~ My up to corrections of & (v2 / u?), this implies an identical mass limit for Z’ bosons in
the UU model.
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Figure 4: Left: Ratios of new physics over SM cross sections for SSM Z’ bosons decaying into electron or
muon pairs at LHC8. The expected (dashed black) and observed (full black) limits in the final CMS analysis
[5], using a cut of 0.6Mz < Q < 1.4My, and their corresponding uncertainties at the 68% (green) and 95%
(yellow) C.L. are compared to predictions without photon, Z and Z' interference at NNLO in ZWPROD
(dashed blue) and with full interference at NLO+NLL (full red) using RESUMMINO. Right: Same as left
figure for UU model Z’ bosons.

we then obtain Z’ boson mass limits ranging from 2.75 TeV up to 3.2 TeV. These are in all cases
stronger than the previously obtained indirect limit of 2.5 TeV.
Again, similar results have been obtained for the NU model, see [6].

4. Conclusion

In this contribution, we have presented resummation calculations at NLO+NLL accuracy for
the production of leptonically decaying W’ and Z’ bosons in hadronic collisions at small transverse
momenta and/or close to production threshold. Our calculations include the full interference struc-
ture of new and SM gauge bosons and therefore currently provide the best available theoretical
precision for realistic cross section estimates. To facilitate a comparison with LO+PS calculations,
we furthermore implemented interference effects in PYTHIA by adding a new 2 — 2 process, i.e.
without relying only on resonant production or the narrow width approximation.

We presented a detailed numerical analysis of the predictions obtained within three different
frameworks and showed that the agreement was at the 1-2% level on the total cross sections where
expected. The various predictions for the pr spectrum were also compared in great detail. Finally,
it was shown that the intereferences play a crucial role even when kinematical cuts are placed and
that the importance of resummation grows with increasing mass of the heavy gauge boson.

Through a reanalysis of the currently strongest ATLAS exclusion limits of W/ boson masses in
the SSM, we showed that W’ boson masses could be excluded below 3.9—4 TeV in the UU model.
Similarly, a reanalysis of the currently strongest CMS exclusion limits of Z’ boson masses in the
SSM led to an exclusion limit of 2.75-3.2 TeV, which was again stronger in the UU model than the
low-energy and precision constraints of 2.5 TeV.
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