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ABSTRACT: New Z' gauge bosons arise in many extensions of the Standard Model and
predict resonances in the dilepton invariant mass spectrum. Searches for such resonances
therefore provide important constraints on many models of new physics, but the resulting
bounds are often calculated without interference effects. In this work we show that the effect
of interference is significant and cannot be neglected whenever the Z’ width is large (for
example because of an invisible contribution). To illustrate this point, we implement and
validate the most recent 139 fb—! dilepton search from ATLAS and obtain exclusion limits
on general Z' models as well as on simplified dark matter models with spin-1 mediators. We
find that interference can substantially strengthen the bound on the Z’ couplings and push
exclusion limits for dark matter simplified models to higher values of the Z’ mass. Together
with this study we release the open-source code ZPEED, which provides fast likelihoods and
exclusion bounds for general Z’' models.
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1 Introduction

The dijet and dilepton final states are amongst the simplest channels currently considered
by the LHC collaborations. While dijet resonance searches [1, 2] have the advantage that
any new particle produced from ¢g annihilation necessarily can decay back into a pair of
quarks, searching for an excess can be difficult due to the large QCD background. Instead,
dilepton searches look for a similar bump-like feature above a much smaller electroweak
background and achieve great sensitivity to any new particle that couples to Standard
Model (SM) leptons [3-6].

In particular, these searches for exotic resonances offer us a powerful way to probe
theories with a new spin-one mediator Z’. Such Z’ bosons generically appear in many
extensions of the SM [7-21] and are an essential part of Grand Unified Theories [22, 23].
On a more phenomenological level, they have also received substantial attention as the
mediator of spin-one simplified models of Dark Matter (DM) [24-44]. These simplified
models have been advertised by the LHC DM working group [45, 46] in order to explore
the complementarity between different LHC analyses and across different DM experiments,
which include direct and indirect detection, as well as observations of the DM relic density.

While originally these simplified models focused exclusively on the interactions be-
tween DM and quarks, it was soon pointed out that lepton couplings cannot be neglected.



In models where the Z’' couples differently to left- and right-handed quarks, the pres-
ence of lepton couplings is imposed both by considerations of gauge invariance and by
the requirement that there are no gauge anomalies (assuming no exotic SU(2) fermions
or additional Higgs doublets). But even in models with vector-like couplings to quarks,
lepton couplings generally arise through loop-induced kinetic mixing. Searches for dilepton
resonances therefore often place the strongest constraints on simplified DM models and in
many cases exclude the most interesting regions of parameter space [47-53].

In this work, we point out that existing bounds on simplified DM models from dilepton
resonance searches are inaccurate, because they neglect the effect of interference between
the Z' signal and the SM Drell-Yan background pp — Z*/v* — £+t~ ]9, 13] (see also
ref. [54]). It is commonly assumed that the impact of this interference is negligible, which is
typically a good approximation for narrow resonances. However, in the context of simplified
DM models, this assumption is not justified because decays of the Z’ into DM particles
can give a large additional contribution to the width of the Z’, called the invisible width.
If the size of the DM coupling is larger than the SM couplings, the width of the Z’ will
significantly increase as the phase space for the invisible decay opens up.

We demonstrate that the effect of interference can be large, in particular if the signal is
smaller than the background and spread out across several bins. In particular for small Z’
masses (myz < 2TeV) and large widths (I'z//myz > 3%), upper bounds on the couplings
can improve by up to a factor of 1.5. The code used to obtain these results is publicly
available and can be downloaded from https://github.com/kahlhoefer/ZPEED. In the
interest of computational speed, the code makes essentially no use of Monte Carlo event
generators, relying instead on analytical cross section calculations and exploiting that the
effects of parton distribution functions (PDFs) and analysis cuts are essentially model-
independent.

Our paper structure is then as follows. Section 2 introduces our calculation of cross
sections for dilepton processes and shows the effect of interference on signal shapes. In
section 3 we describe our implementation of an ATLAS search for dilepton resonances with
139 fb~! of data [5], including the modeling of detector effects, the statistical method, and a
validation via comparison to published bounds. In section 4 we then present our results on
the importance of interference effects for various Z’ models, with a special focus on a DM
simplified model, with benchmark couplings recently proposed by the LHC DM working
group [46]. Finally, our conclusions are presented in section 5.

2 Interference effects for vector resonances

In this section we describe the calculation of the cross section for pp — Z' — €74~ (see
figure 1) at leading order, including the effect of interference with the SM background
processes mediated by the Z boson and the photon. This issue has previously been studied
in the context of specific Z’ models in ref. [9]. For this purpose we introduce a generic Z’
model with the interaction Lagrangian

L ==Y Z% [ 97w+ 970] [, (2.1)
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Figure 1. Feynman diagram for s-channel annihilation of a quark-antiquark pair into leptons
mediated by a Z’ at leading order. Diagram created with TikZ-Feynman [55].

where Z' is the spin-one mediator (with mass my/), f is a SM fermion and ¢"/4

are
vectorial/axial couplings. Since we wish to remain agnostic about the possible existence of
additional contributions to the total width, we treat the decay width of our Z’, denoted
by I'z/, as a free parameter in this section. The cross section for the full hadronic process

can be related to the partonic one for the hard process as
olpp — £T07) = Z/dxld:vg fo(@1) falas) 6(qq — £707) (2.2)
q

where the sum is performed over all quark and anti-quark flavours. Here, the z; denote
the momentum fractions of the individual partons and f, and f; are the MSTW PDFs [56],
which we evaluate setting the factorisation scale to p = myy. It is straight-forward from this
expression to calculate the differential cross section with respect to the dilepton invariant
mass do/dmy, (see appendix A). This cross section can be split into several parts:

do  doyy i dozz 49 doyz dog g 4o dozy 5 doyiy (2.3)
dmge dmyge  dmye dmyy dmyy dmyg dmyy '
—~ ——
dUbackground /dmif dasignal/dméé dUinterference/de

In dilepton resonance searches the SM background is typically large (at least for mg <
2TeV) but known with a high level of precision. These searches are therefore potentially
sensitive to exotic resonances even if in any given bin ogjgna < O'background.l For many Z’
models the width 'z is small compared to the bin size. In this case the signal will only
be observable if dogignal/dmes > dopackground/dmee for mee =~ myzs. Since

dointerferen 2 dogignal dopackground
terference 4 g g (2 4)

de dmgg dma

it follows that dogignal/dmee > dointerference/dmye, so that interference effects are typically
not important. If on the other hand I'z/ is comparable to the bin size (for example because
of an invisible decay mode), dilepton resonance searches are potentially sensitive to signals
with dogigna/dmee < dobackground/dmye for all values of myy. For such small signal cross
sections, interference effects can potentially be very important.

'Here we define o = fab (do/dmge)dmye for a bin given by mye € [a,b]. Typical bin sizes are comparable
to the detector resolution, which is approximately 1-2% in the electron channel and 5-10% in the muon
channel. Note that for the purpose of this section we neglect detector effects, which will be discussed in
detail in section 3.1.
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Figure 2. Comparison of the spectrum do/dmge as function of my, for different decay widths.
The left panel displays the differential cross section for I' ;s = 2.5 GeV while the right panel shows
'z, = 15 GeV. We show a naive addition of signal (S) and background (B) as a black line, and the
full result with interference (I) included as blue dotted and red dashed lines for both signs of g} .
In the right panel, the signal shape in the region [mz — Iz, myz + I'z/] (indicated by the dashed
green lines) is clearly affected by the inclusion of interference terms.

We illustrate the effect of interference in figure 2 for a narrow Z’ signal with width
2.5GeV (left panel) and a broad signal with width 15 GeV (right panel), keeping the cou-
plings and resonance mass fixed.? The differential cross section as a function of my, is
shown for the naive sum of signal and background without interference and with interfer-
ence included.

As expected, we find that interference becomes more important for larger widths,
because of the suppression of the pure signal term compared to the interference term. In
detail the effect of interference depends on the sign of the Z’ couplings. For g;/g}/ >0
interference is constructive for my < my and destructive for my, > my/. Since the
background is monotonically falling, this leads to an increase in the height of the peak
and a shift of its location to smaller values of my,. For the opposite case (gc‘l/ g}/ < 0) the

height of the peak still increases, but the peak is now shifted to larger values of my,. In

1%

the following, we will focus on the case that g,

gX > 0. Results for the opposite case are
summarized in appendix B.

To conclude this section, we note that interference effects are more relevant for 2’
mediators with vector couplings than for those with axial couplings. The reason is that
axial mediators do not interfere with the photon, which gives the dominant contribution to
interference for vector mediators. We will therefore restrict ourselves to vector mediators

in the following.

3 Analysis set-up

In this section we describe how to translate the theoretical cross section from above into
realistic predictions of the expected number of events in a given set of bins of the dilepton

2These widths approximately correspond to the minimal width from decays into SM states and the width
with a light DM fermion included, respectively, for the model that we will consider in section 4.



invariant mass myy, including analysis cuts, detector efficiencies, energy resolution and
higher-order effects. We then give a brief summary of the statistical method that we employ
to test whether or not the resulting signal prediction is compatible with data at a given
confidence level. Finally, we perform a validation of our analysis set-up by reproducing the
published bounds on the production cross section of Z’ bosons with given width from the
ATLAS collaboration [5].

3.1 Signal prediction

For a given bin ¢ covering some range of myy, the prediction for the number of detected
electron or muon pairs (¢ = e, u) is written as

doy

si = ﬁ/dmu Ee(mee) Wi (mee) ; (3.1)

dmgg

where L is the luminosity, d‘i‘;ﬁ[

Wi (myg) denotes a window function reflecting the finite detector resolution, and &;(myy)

is the differential signal cross section including interference,

is a rescaling factor taking into account higher-order corrections and detector efficiencies.
The different ingredients of the predictions will be explained in the following.

We perform a fully differential leading-order (LO) computation for the Drell-Yan cross
section including a Z’ mediator. The computation is implemented in a fast and efficient
computer code as further detailed in section 3.4 and appendix A. The fiducial phase-space
volume of the ATLAS analysis is defined by pr > 30 GeV for electrons as well as muons.
Concerning rapidity, we accept electrons with |n| < 1.37 or 1.52 < |n| < 2.47 and muons
with || < 2.5. Integrating over the fiducial volume for fixed invariant dilepton mass myy,

we obtain -2 We also calculate the SM Drell-Yan background d M, i.e. the first three

oy
dmyy dmyy
terms in eq. (2.3), in complete analogy to the signal.
The limited detector resolution is reflected in our analysis using a simple Gaussian ker-
nel which smears the calculated invariant mass spectrum. For a bin defined by my, € [a;, b;]
the Gaussian smearing is implemented using the window function

1 bi — myy a; — My
Wilma) = 2 [erf (S(Tna)\/§> o (8(mee)\/§>] ’ (3.2)
where the detector resolution s(my) is taken from the auxiliary figures of the ATLAS
analysis in ref. [5].

Unfortunately, detector efficiencies cannot be included at the fully differential level
since we lack the full experimental information. In particular, quality requirements for the
muon or electron identification cannot be approximated by a simple detector simulation like
DELPHES [57].> However, we can make use of the published predictions for the SM Drell-

Yan background in order to estimate detector efficiencies as a function of my and then
dcr?M
dmyy

rescaling also approximately captures higher-order corrections beyond LO in perturbation

improve our LO prediction by appropriate rescaling factors &y(myy). In addition, the

theory as discussed at the end of the section.

3In particular, DELPHES significantly overestimates the muon efficiency, which according to ref. [5] should
lie between 64 % and 69 %.



mt, [GeV] | 80 | 100 | 185 | 325 | 450 | 600 | 800 | 1050 | 1500 | 2400 | 4500
& 0 |071|088 | 106|111 | 1.11 | 1.09 | 1.08 | 1.06 | 0.97 | 0.87
§u 0 | 0.56 | 0.63 | 065|065 ]| 063|059 059 | 055 | 0.50 | 0.51

Table 1. Interpolation nodes and values of &. For higher values of m, we do not extrapolate but
take the maximum value given in the table as efficiency rescaling function.

The rescaling factors &(myy) are derived as follows. Tables 3 and 4 in ref. [3] list the
expected event yields s[(p for the Drell-Yan background in wide bins of mg.? We calculate
the corresponding event yields

dJSM

spf = ﬁ/dmez Wi (mge, a;, b;) (3.3)

dmyy
based on our LO calculation including detector resolution. We then define &(mj,) =
Sy, Zp/sg 9 where mb, = (a;+b;)/2 is the central mg value in a given bin i with mg € [a;, b;].
The rescaling factors obtained in this way are stated in table 1. The function & (myy) is
then obtained by linear interpolation. Since the resulting functions &y(myg) depend only
weakly on myy, the simple linear interpolation turns out to be a sufficient approximation.

As an alternative approach, we have first used DELPHES on a fully differential level
to include those detector effects that are implemented. Additional detector effects not
included in DELPHES are then again included by our rescaling approach. The differences
between the two approaches are negligible. Hence, for simplicity, we do not use any detector
simulation by DELPHES for the results presented in the following.

As noted above, our LO cross section is not only modified by detector effects but
also by higher-order corrections. The dominant higher-order corrections are approximately
included in our rescaling procedure as well because they are included in the expected

event yields seXp.

Like the detector efficiency, the corrections are not included at the
fully dlfferentlal level but they are effectively treated as my,-dependent K-factors along
with the detector effects. Here, we assume that the higher-order corrections affect the SM
background in the same way as the differential signal cross section including interference.
This is certainly true for the QCD corrections to the Drell-Yan process, which only concern

the initial state.

3.2 Statistical method
Having calculated the predicted signal sf in each bin, we can construct the likelihood
—2log L(p) =2 S—Fbe 0+olo ( >, 3.4
g eze:uzi: p e (34)

where bf and of denote the expected background and the observed number of events, respec-
tively, and we have introduced the signal strength modifier u. The background estimates bf

“Note that the more recent ATLAS analysis [5] that we use to calculate our final bounds does not provide
such information. Since the selection cuts of both analyses are very similar, the rescaling factors obtained
in this way can also be applied to the more recent analysis.



may depend on additional nuisance parameters, in which case —2log £(u) denotes the pro-
file likelihood (where all nuisance parameters have been set to the values that maximise the
likelihood for given p). The contribution from interference between signal and background
is included in the predicted signal sf. Since signal and interference depend differently on
the parameters of the underlying model, the term Msf is unphysical for general values of
i in the sense that it does not correspond to any parameter combination. Nevertheless,
introducing g is a useful construction to interpolate between the signal+background hy-
pothesis (u = 1) and the background-only hypothesis (= 0) without changing the shape
of the signal.

The value of y that maximises the likelihood is called fi. Having found this value, we
calculate the test statistic

4 = —2(log L = 1) — log L(2)) (3.5)

which is expected to follow a x? distribution with 1 degree of freedom. Rather than
calculating exclusion bounds directly from g,, we employ the CLg method [58]. In the
asymptotic regime (b;,0; > 1), the modified p-value of the signal+background hypothesis
is given by®

OLo = —— *Wa) (3.6)
(Vanu — )
Here @ is the cumulative distribution function of the normal distribution and ga , is the
value of the test statistic g, for the Asimov data set [59], in which all observations exactly
match the background expectation (of = bf), such that jin = 0.

The signal+background hypothesis (u = 1) can now be rejected with (at least) 95 %
confidence level if CLg < 0.05. It is common practice to solve CLg = 0.05 for p in order
to find the smallest value of p that is excluded. However, as discussed above only p = 0
and pu = 1 represent actual physical models. In the following, we will therefore not quote
bounds on u but instead apply the CLgs method to every point in parameter space in order
to identify those parameter regions where p = 1 is excluded.

At present only ATLAS provides publicly available data for dilepton resonance searches
based on the entire data from Run 2 [5], and we focus on their analysis here.® In contrast
to previous dilepton resonance searches, ATLAS does not rely on Monte Carlo simulations
to estimate backgrounds, but instead obtains the background estimates by fitting a smooth
function to the observed data. In principle, the uncertainties on the fit parameters obtained
in this way should be included as nuisance parameters. However, given that the background
is fitted across many different bins, while the signal is more localised, the uncertainties
in the nuisance parameters have a negligible impact on the profile likelihood. For our
implementation we therefore simply take bf to be the central value of the background
prediction.

SFor large values of m s the assumption of asymptotics leads to exclusion limits that are too strong by a
factor of 2 or more. The main focus of the present work is however on my: < 2TeV, where the asymptotic
expression for CLg provides a very good approximation.

5We have checked that including the publicly available data from CMS based on an integrated luminosity
of 36 fb™" [4] does not substantially change any of the results that we present.
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Figure 3. 95% confidence limits on signal strength p times predicted signal cross section o for a
Z' decaying into ete” or puTp~ at ATLAS with T'z: = 0.005mz (left) and with 'z = 0.03m
(right). The axial couplings are set to zero and interference terms are neglected. The experimental
bounds are taken from ref. [5].

To reproduce the ATLAS analysis as closely as possible, we exclude the contribution
from off-shell Z’ bosons at small my,. Specifically, we limit ourselves to the signal region
defined by me > My min = my — 2leg with szf = FQZ/ + s(mg)?, where s(myg) is the
detector resolution in the eTe™ channel. In general Mygrmin Will not coincide with the
boundary of any bin. The bin [a,b] that satisfies a < Mg min < b is included in the
likelihood, but its contribution is multiplied with the weighting factor

S
S

where spin is the number of signal events in the interval [ min, b]. This approach ensures

that the likelihood is a continuous function of mz/. We impose no upper bound on myy

other than the requirement myy < 6253 GeV implied by the ATLAS data.

3.3 Validation

In order to check our implementation of the detector efficiencies, smearing and rescaling
functions, as well as our statistical analysis, in this subsection we validate our results by
comparing to bounds published by the ATLAS collaboration in ref. [5].

We show in figure 3 our bound on the cross section as a function of the Z’ mass, com-
pared to that published by ATLAS [5]. Note that in order to reproduce the approach taken
by the experimental analysis, these bounds are calculated ignoring the effect of interference
with SM Drell-Yan processes. The bounds are for 95 % C.L. and show good agreement for
a Z' width of 0.5% (left) and 3% (right). We have also checked the bounds for larger Z’
widths and find good agreement up to I'z//myz ~ 6%. For even larger widths correlated
background uncertainties, which cannot be properly included with publicly available infor-
mation, become important and our approach yields bounds that are slightly stronger than
the published ones. For signal widths smaller than 0.5 %, on the other hand, bounds will
be dominated by detector resolution and will be very similar to the case shown in the left



panel of figure 3. We hence conclude that our implementation is reliable for any Z’ signals
with FZ//mZ/ S 0.06.

3.4 ZPEED

To obtain these results, we have developed a highly efficient numerical code called ZPEED
(Z' Ezclusions from Experimental Data), which is capable of calculating the likelihood and
CLg value for a given Z’ parameter point within less than a second on a single CPU. The
code implements the approach outlined in appendix A, i.e. it uses analytical expressions
for the differential cross sections of signal and interference terms together with tabulated
values of the function T, 5(my) as defined in eq. (A.5), which accounts for PDFs and
phase space cuts. The differential cross sections are then multiplied with the rescaling
factors &(mye) and the window functions Wj(my,) introduced in eq. (3.1). Indeed, the
integration over my; in eq. (3.1), which needs to be performed at runtime, is the only
computationally expensive step. Once the predictions sf have been calculated, it is straight-
forward to calculate the likelihood defined in eq. (3.4) as a function of the signal strength
i, determine [ and obtain the CLg value. At present only the ATLAS analysis based
on 139fb~! has been implemented, but future updates will be provided whenever new
data becomes publicly available. The code is open source and can be downloaded from
https://github.com/kahlhoefer/ZPEED.

4 Results

In this section we illustrate the importance of interference effects by showing how they
impact bounds derived from experimental data. We will first do this in a model-independent
way by treating couplings and width as independent parameters and then focus on a specific
simplified model, in which the width of the Z’ is calculated self-consistently as a function
of the underlying parameters.

4.1 Model-independent bounds

We first consider a general Z’ model with vector couplings and define the effective coupling

_ 1/2
9= (94 9¢)"
g*, while interference effects scale as g2. We can therefore use the analysis chain presented

. For fixed total width I' ;s the Z’ production cross section is proportional to

in section 3 to calculate bounds on g with and without interference for different values
of T’ 7.

The resulting exclusion bounds are shown in figure 4 as a function of the mediator
mass my for I'ys/my = 0.01,0.03 and 0.06. As expected, interference effects are negli-
gible when the relative width is small (top panel) and become increasingly important as
I'z//my increases. Interference effects are largest for small values of my/, which is a con-
sequence of the steeply falling SM background. In the bottom panel, which assumes a 6 %
relative width, interference effects lead to a strong enough distortion of the input signal
such that the exclusion limits are changed significantly. For instance, for mz ~ 500 GeV,
the exclusion limit on g obtained from the pure Z’ signal is about a factor of 1.5 weaker
if interference effects are neglected. Moreover, interference shifts the position of the peak
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Figure 4. Upper bound on the effective coupling g = (g(y gz/)l/ 2 at 95 % confidence level, with and
without interference effects. We consider Z’ bosons with vanishing axial couplings and different
relative widths Tz /myz = 1%, 3%, 6%.
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in the dilepton invariant mass spectrum to smaller values (see figure 2), which results in a
shift of the exclusion bound to larger masses. For example, the dip around myz ~ 1.9 TeV
in the bottom panel is shifted to about mz =~ 2 TeV once interference effects are included.

Instead of assuming equal couplings to electrons and muons, one can also calculate
constraints on the effective coupling g to each lepton family separately. The resulting
upper bounds are provided in appendix B.

We emphasize that for large relative widths the impact of interference effects is at least
as important as the impact of higher-order QCD corrections. In particular, the former can
significantly change the shape of the signal, while the latter only result in an effective
rescaling of the cross section that can be applied after signal events have been generated.
Interference effects, on the other hand, need to be included during signal generation and
depend in a more complicated way on the underlying parameters. It is essential to include
these effects in order to obtain accurate bounds on the parameter space of a given Z’ model.
In most cases including interference effects leads to stronger exclusion limits, which further
enhances the potential of dilepton resonance searches to constrain models of BSM physics.

4.2 Bounds on dark matter simplified models

As we have seen above, interference effects are most important for large relative widths.
Such large widths typically cannot be obtained from decays into SM particles (as the re-
quired couplings would violate experimental constraints), but they are a generic prediction
in models with additional contributions to the Z’ width arising from decays into new invis-
ible light degrees of freedom. As a specific example of such a model, we consider a spin-one
simplified DM model [25], which has been employed by the LHC collaborations [45, 46] to
create benchmark points in theory space that allow for different LHC DM searches to be
compared to each other and to non-collider experiments.

We extend eq. (2.1) to include a coupling to a SM singlet Dirac fermion x with mass
my as a DM candidate. The corresponding interaction Lagrangian reads

L ==Z"X (9 + 9007°) x= D> Z"F (@ w+giw?’) f. (A1)
f=a,ty
Then each partial width of the Z’ is

2

, /N, Am?2 m
D2 = ) =5 1 ()7 oy + i, (201)° 1)) )+ )

where N, is the number of colours.
It has been shown that (for a minimal Higgs sector) gauge invariance requires gf =
gj;‘ [47], which typically leads to overwhelmingly strong constraints from dilepton resonance

searches in models with non-zero axial couplings. We therefore focus on the case gl‘;‘/ ox = 0,

v
q

A particularly well-motivated possibility is that g;/ vanishes at high scales and is only

while the three remaining couplings g, , gg/ and g;/ are treated as independent parameters.

introduced at low scales through kinetic mixing [48]. In this case one naturally finds

g;/ > gX > 0, such that bounds from dilepton resonance searches are suppressed but
still relevant.

- 11 -
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Figure 5. Excluded parameter space at 95 % confidence level in the mz/-m, parameter plane with
and without interference effects for a simplified DM model with vanishing axial couplings. Both
panels assume gy = 1.0 and g = 0.1, while the lepton coupling is set to g)” = 0.01 in the top
panel and g}/ = 0.02 in the bottom panel.

In the simplified DM model introduced above, 'z depends decisively on the mass
hierarchy. For m, > mgy /2, invisible decays are kinematically forbidden and the relative
width is very small. In the opposite case, the partial width I (Z’ — xY) may contribute
significantly to the total width, in particular if g;(/ > g(‘lf . Following the recommendations
of the LHC DM working group [46], we therefore consider the benchmark choice g)‘cf =1.0
and g;/ = 0.1, such that I'y7/myz ~ 0.5% for my > my /2 and I'z//my ~ 3% for
my < my /2. We consider the two choices gé/ = (.01, 0.02, corresponding to an effective
coupling g = (g;/ g/ )2 =0.032 and g = 0.045, respectively.

Figure 5 displays the resulting exclusion limits in the mz-m,-plane both with and
without the inclusion of interference effects.” We emphasize again that in these plots the

"We note that the exclusion limit obtained in the absence of interference effects is slightly stronger than
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decay width is computed following eq. (4.2). As expected, interference effects are most
important for m, < my /2, corresponding to larger relative width of the Z’, and for small
gX. When interference effects are neglected, the parameter region with small m, is es-
sentially unconstrained for myz > 850 GeV (mz > 1650 GeV) in the case that g)” = 0.01
(g}/ = 0.02). Including interference effects, the parameter region probed by dilepton reso-
nance searches is extended to my < 1200 GeV (mz < 2050 GeV). Although the precise
parameter regions excluded by the ATLAS analysis depend sensitively on fluctuations in
the data, the general trend is clear: interference effects lead to stronger bounds on the
simplified DM model.

To conclude this discussion, we note that x should, as a DM candidate, also satisfy
bounds coming from the relic density of DM and from direct and indirect detection exper-
iments in addition to collider bounds. A number of works have investigated in detail the
complementarity of these different constraints (see e.g. refs. [24-35, 37-42, 44-49, 51-53]).
Here we focus on the contribution of x to the total decay width of the Z’ and the resulting
interference effects. Therefore, we do not make any assumptions on the cosmological his-
tory and the relic abundance of x. In fact, all of the results presented in this work remain
valid even if y is unstable and decays into either SM particles or other BSM states.

5 Conclusions

In this work we have investigated the sensitivity of the LHC to new Z’ bosons with a focus
on the effect of interference between the Z’ signal and SM Drell-Yan background in the
dilepton channel. Interference is enhanced for Z’ bosons with large width (compared to the
detector resolution), arising for example from invisible decay modes into new light degrees
of freedom, and results in an asymmetric signal with modified peak amplitude and position
(see figure 2). Details of our calculations and of the fast numerical implementation can be
found in appendix A.

In order to quantify the impact of interference on bounds derived from experimental
data, we have implemented an existing ATLAS search for dilepton resonances. We use
smearing functions to model energy resolution based on experimental data and estimate
experimental efficiencies and higher-order corrections by rescaling our predicted Drell-Yan
background to published background estimates. We have calculated exclusion bounds on
the fiducial cross section neglecting interference with the CLg method and found excellent
agreement with published limits (see figure 3). We have made the code used to obtain
these results publicly available.®

We then applied this analysis to the case of a Z’ with purely vectorial couplings in
order to obtain bounds on the effective coupling g = (gqgg)l/ 2 as a function of my for
different values of I'y/ (see figure 4). As expected, interference effects are most important
for large widths and can substantially strengthen the bounds on the effective coupling g.
For example, for a Z’ with 6 % relative width the bound on the couplings improves by up
to a factor of 1.5 once interference is included.

the one provided by the ATLAS collaboration. In the absence of a detailed documentation it is difficult to
identify the origin of this discrepancy.
8ZPEED — Z' Exclusions from Ezperimental Data: https://github.com/kahlhoefer/ZPEED.
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We also considered a specific example for a model where the Z’ width can be large in
spite of small couplings to quarks and leptons, namely a simplified model of DM with a
spin-1 mediator. Assuming the DM coupling g, is large compared to g, and gy, decays of the
mediator into DM particles give rise to a large invisible width and therefore a substantial
increase of the total width, whenever decays into DM are kinematically allowed. In this
model the Z’ width can easily be large compared to the detector resolution and therefore
large enough for interference effects to be relevant. As a specific benchmark we considered
gx =1, g4 =0.1, and gy = 0.01 (a choice recommended by the LHC Dark Matter Working
Group and used by both ATLAS and CMS to present exclusion limits [46]), as well as an
additional example with g, = 0.02. Deriving bounds on this model as a function of DM
mass and mediator mass, we demonstrated that interference effects lead to substantially
stronger constraints on the parameter space of this model (see figure 5).

The LHC is entering the phase where precise signal predictions are essential in order to
fully exploit the benefits of high statistics. We argue that in order to accurately calculate
constraints on Z’ bosons with large widths from dilepton resonances, interference effects
must be included. This is particularly true in DM models where the Z’ acts as the mediator
between DM and SM fermions and obtains a large invisible width. We encourage the
experimental collaborations to incorporate the modified signal shapes and look forward to
the inclusion of interference effects in bounds coming from existing and new LHC data.
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A Cross section calculations

In this appendix, we provide more details on the calculation of the partonic and hadronic
Drell-Yan cross section in the Z’ model under consideration. The interaction Lagrangian
of the Z’ has been introduced in eq. (2.1). The differential LO result for the partonic signal
cross section 6z reads

d6Z’Z’ . 1
di - 87Ne (5 —m2,)" +mLIY,

P2
M+4.4mg§], (A1)

where § and t are the usual Mandelstam variables, N, = 3 for QCD, my is the mass of
the Z’ and I'z its total width. The coupling coefficients read

()" + (@)°] - [(a) + (9)"] — 49y a'al oi" -
2¢] (A.2)
2

@)+ ()] - (@) + (0] -
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q
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Convolving the partonic cross section with parton-distribution functions of the quarks f,
and anti-quarks fz, the fully differential hadronic cross section is given by

Myy d&Z/Z/
cosh®?y df

dgo'Z/Z/

(A.3)

1
—— == 21 f(x1) xo fa(x
dndn—dmye 2%: 1fa(21) 22 fa(2)

where mg = /3 is the dilepton invariant mass, n+ are the rapidities of the positively and
negatively charged leptons in the lab frame, x; are the momentum fractions of the partons,
and y = % (n+ —n—). The sum runs over all light quark and anti-quark flavours. To obtain
this result, we have made use of the following relations between the different kinematic
variables:

2
m _ m Mee _
ey 1 = LY 29 = LY (A.4)

2coshy ’ NG Vs

where Y = % (n+ +n—). Hence, we can define

o

T (meg) = / A a1 fy (1) w2 fy(02) —s (’“‘) , (A.5)

cosh?y \ 8

where ¢ = 0,1,2 and it is understood that we only integrate over the fiducial region, i.e.
the cuts on the rapidities and the lepton transverse momenta py = myy/(2coshy) are
respected. With this definition, we write the differential cross section

do g1z 1 ; 2
g2z _ V3 - SN e T, (mu) (A.6)

dmee 167N (s- mQZ')2 +m% 1%, 50

as a product of model-independent but cut-dependent function 7, ;(my) and simple model-
dependent factors consisting of couplings and propagators. Employing MSTW parton distri-
bution functions [56], the T, -functions can be evaluated once on a fine discrete my,-grid
and linearly interpolated, such that no numerical integrations have to be performed when
the cross section is evaluated for different model parameters. Hence, eq. (A.6) is a particu-
larly efficient implementation for parameter scans. Note that this separation only works for
s-channel mediated interactions like the Drell-Yan like process under consideration, since
only in this case the propagator does not depend on the rapidities.

The evaluation of the hadronic cross section further simplifies, since for our (symmetric)
fiducial volume one has

T

q,0 + 2Tq71 - 0 (A?)
and cf = 2¢{ implies that T, , and T, ; do not contribute to the cross section.

So far, we have only discussed the signal cross section dozz /dmy, without interference.
However, all considerations apply with trivial modifications to the interference terms and
the SM Drell-Yan background as well. Hence, as our final result, the cross section in

eq. (2.3) can be calculated from

daij \/§ (§ — mf) <§ — m?) + m,;ijiFj
dmg 167N, 2 2
mee 167N [(s —m?) mgf’%} [(s —m?) mgrg] :

Cg,iqu,Q (AS)

J
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Figure 6. Same as figure 4 but separately for the effective coupling to electrons (left column) and
muons (right column).

with 4,5 =, Z, Z', where cgﬂ-j =2 [gé{igzj + géigéj} . [gXing + géigz‘}j] is given in terms of

the couplings of the vector bosons to fermions defined for the photon and the Z boson in
analogy to eq. (2.1).

B Further exclusion limits

In figure 6 we show separate constraints on the effective coupling g to electrons and muons.
We find constraints on the former to be slightly stronger than on the latter, which is a
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Figure 7. Same as figure 4 but for the case that g g;" < 0.
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Figure 8. Same as figure 5 but for the case that ngg,Y < 0.

direct consequence of the better detector resolution for the electron final state. Although
fluctuations are more pronounced in the electron channel, the effect of interference is similar
in both cases.

In figures 7, 8 and 9 we present our results for the case that the product of quark and
lepton coupling are negative (g,}/ gX < 0). As can be seen from figure 2, this changes the
shape of the expected signal substantially. Crucially, interference still leads to an increased
height of the peak and therefore including interference effects typically leads to stronger
exclusion bounds.

Open Access. This article is distributed under the terms of the Creative Commons
Attribution License (CC-BY 4.0), which permits any use, distribution and reproduction in
any medium, provided the original author(s) and source are credited.
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Figure 9. Same as figure 6 but for the case that g;/gz/ < 0.
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