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Abstract: The potential sensitivity to isospin-breaking effects makes LHC searches for

mono-W signatures promising probes of the coupling structure between the Standard Model

and dark matter. It has been shown, however, that the strong sensitivity of the mono-W

channel to the relative magnitude and sign of the up-type and down-type quark couplings

to dark matter is an artefact of unitarity violation. We provide three different solutions

to this mono-W problem in the context of spin-1 simplified models and briefly discuss the

impact that our findings have on the prospects of mono-W searches at future LHC runs.
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1 Introduction

At least two reasons make the process pp→W +ET,miss interesting in the context of dark

matter (DM) searches at the LHC. First, for leptonically decaying W bosons, this process

yields a distinct signature that can be searched for in dedicated analyses, which suffer

from significantly less background than for instance mono-jet searches. Second, hadronic

W -boson decays will instead lead to a jets + ET,miss final state and therefore render an

electroweak (EW) contribution to the mono-jet channel.1

These so-called mono-W searches have received significant interest because they are

potentially sensitive to the sign between the up-type and down-type quark couplings

to DM [1]. The reason is that two different diagrams contribute to this process and there-

fore interference effects can be important. Indeed, LHC Run I analyses [2–4] based on an

effective field theory (EFT) approach to parameterise the interactions of DM [5–7] found

a striking difference in the predicted fiducial cross sections between same-sign (SS) and

opposite-sign (OS) couplings. In the OS case, leading to constructive interference between

up-type and down-type quark contributions, the mono-W results in fact turn out to set the

strongest limits on the suppression scale of the unknown mediating interaction, surpassing

the EFT limits that arise from mono-jet searches.2 In direct detection experiments, on

1Note that in spite of the name, mono-jet searches do not usually veto events with two jets. Indeed,

even higher jet multiplicities are included in the latest LHC searches.
2The ATLAS collaboration has very recently also searched for a mono-W signal in 13 TeV data [8],

upgrading their latest 8 TeV analysis [9].
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the other hand, OS couplings lead to destructive interference and correspondingly smaller

event rates, making the LHC a particularly promising probe for this scenario.

Subsequently, it has however been pointed out in [10] that EFT interpretations of

mono-W signals have issues with unitarity violation, if the effective higher-dimensional

operators break the SU(2)L invariance of the Standard Model (SM). This is for example

the case when considering pure vector DM-quark operators with OS Wilson coefficients

for up-type and down-type quarks, as done in [2–4]. The enhancements of the mono-W

cross section found in these analyses is thus spurious, because it is due to the emission of

longitudinal W bosons. The EFT study [10] has recently been extended in [11] to the case

of simplified models with t-channel exchange of a new coloured scalar. In particular, it has

been shown that if these theories are formulated before EW symmetry breaking (EWSB)

in an SU(2)L gauge-invariant way, effects associated with isospin breaking are generically

small. This leads to the conclusion that isospin-violating DM-quark couplings are not

expected to increase the sensitivity of mono-W searches in t-channel simplified models. It

was also pointed out in [11] that a similar solution is expected to be present in s-channel

simplified models.

The goal of this note is to fully develop the reasoning presented in [10, 11] for s-channel

DM models with vector or axial-vector mediator exchange. In Section 2 we demonstrate

that a naive calculation of mono-W signatures in spin-1 simplified models leads to un-

physical predictions, in particular the violation of unitarity at large energies. We point

out that this issue also affects mono-jet searches once EW corrections are included in the

signal prediction. In Section 3, we propose a simple solution to this problem based on

imposing certain requirements on the coupling structure of the simplified model. A differ-

ent solution is derived in Section 4 by considering mono-W signatures in the SM, where

the potentially dangerous terms are cancelled via interference with a diagram involving a

triple gauge boson interaction. We discuss how this solution can be extended to simplified

DM models. In Section 5 it is then shown that this second solution is indeed the one

naturally incorporated in Z ′ models that obtain non-universal couplings to quarks from

mixing with the SM gauge bosons. In Section 6, we briefly discuss how unitarity violation

can be parameterised by non-renormalisable interactions. The main findings of this note

are summarised in Section 7, while the impact of EW corrections in an existing mono-jet

search are studied in Appendix A.

2 The mono-W problem in simplified models

In order to illustrate the issues that can appear in the calculation of mono-W signals in

simplified DM models, we consider a spin-1 mediator Z ′µ with mass MZ′ and a Dirac DM

particle χ with mass mDM. We write the relevant interaction terms in the Lagrangian as

L = −Z ′µ χ̄
[
gVDMγ

µ + gADMγ
µγ5

]
χ−

∑
f=q,l,ν

Z ′µ f̄
[
gVf γ

µ + gAf γ
µγ5

]
f . (2.1)

In the context of such a simplified model, the mono-W signature arises at the LHC from

the process pp → W + Z ′, followed by the decay of the Z ′ into DM particles. A possible
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Figure 1. Prototypes of Feynman diagrams that lead to a mono-W (left) and a mono-jet

signal (middle and right). While the graph in the middle exemplifies the QCD contribution to this

process, the diagram on the right-hand side represents an EW correction.

Feynman diagram leading to a l + ET,miss final state is shown on the left-hand side of

Figure 1. Notice that the interactions (2.1) also give rise to mono-jet signatures. There

are in fact both QCD and EW corrections to jets + ET,miss, which are exemplified by the

middle and right diagram in Figure 1, respectively.

The fundamental problem discussed in this paper is illustrated in Figure 2, which

shows the predicted ET,miss spectrum for leptonically (left panel) and hadronically (right

panel) decaying W produced in association with an invisibly decaying Z ′. Our event

generation has been performed at leading order with MadGraph5 aMCNLO [12] starting from

the implementation of the spin-1 simplified model presented in [13] and utilises NNPDF2.3

parton distribution functions (PDFs) [14]. We consider pp collisions at a center-of-mass

energy of
√
s = 8 TeV, employ MZ′ = 1 TeV, ΓZ′ = 56.5 GeV, mDM = 10 GeV, gVDM = 1

and set all axial-vector and leptonic couplings to zero. The yellow curves in both panels

correspond to SS couplings gVu = gVd = 0.25, while the red curves represent the OS coupling

choice gVu = −gVd = −0.25. It is evident from the left plot in Figure 2 that the mono-W

predictions for the two coupling choices do not simply differ by a rescaling factor, but

that the predicted differential cross sections are fundamentally different. Most notably the

ET,miss spectrum in the OS case is significantly harder than that for the SS choice.

The suspicious high-energy behaviour of the pp→ W + Z ′ amplitudes in the OS case

becomes particularly obvious in the right panel of Figure 2, where we compare the ET,miss

spectrum for hadronically decaying W to the ET,miss spectrum for a conventional mono-

jet analysis, where the jets arise from QCD interactions (see middle and right diagram in

Figure 1). In the SS case, one observes that the ET,miss spectra for both processes are

similar, but that the overall cross section for the QCD process (blue curve) is significantly

larger than that of the EW process (yellow curve), the latter amounting to a relative

correction of a few percent only. In the OS case, on the other hand, we find the EW

contribution (red curve) to the differential cross section of pp→ jets +ET,miss to be harder

and to dominate over the QCD process (green curve) at sufficiently large ET,miss values.

This finding turns out to be essentially unaffected by the parton shower, hadronisation

corrections and detector effects. For spin-1 simplified model realisations (2.1) with OS

couplings, the EW channel pp → W (→ qq̄′) + Z ′(→ χχ̄) and not the QCD process pp →
jets + Z ′(→ χχ̄) is therefore expected to give rise to the majority of events in the high-
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Figure 2. Example of a ET,miss spectrum of a mono-W (left panel) and mono-jet (right-panel)

signal arising in the spin-1 simplified model. See text for additional explanations.

ET,miss signal regions (SRs) of LHC Run I mono-jet searches. That this expectation is

indeed correct is shown in Appendix A.

The paradoxical observation that an EW contribution appears to produce harder mono-

jet events than a QCD process casts doubt on the validity of the spin-1 simplified model

introduced in (2.1). Indeed, we will show below that the harder ET,miss spectrum in the

OS case is due to contributions that grow with energy and therefore potentially violate

unitarity. The aim of this note is to accurately describe the nature of this problem and

propose a number of ways of solving it by appropriately modifying or restricting the spin-1

simplified model under consideration.3

3 Unitarity violation and coupling structures

It is well-known that the production of longitudinal gauge bosons (such as Z ′L) from

fermions can potentially violate unitarity at large energies (see for instance [15]). For

example, it was shown in [16] that for the spin-1 simplified model considered in (2.1) the

process χ + χ̄ → Z ′L + Z ′L violates unitarity at large energies for non-zero axial-vector

couplings, unless a second dark Higgs is added to the theory. Since the amplitude is pro-

portional to the fermion mass, the corresponding process with light quarks only violates

unitarity at very large energies and can therefore be disregarded.

3Note that, since the interactions (2.1) of the Z′ boson explicitly break the EW symmetry, the corre-

sponding Ward identities are no longer satisfied by W bosons in the final state. As a result, the Goldstone

boson equivalence theorem does not hold, i.e. one does not obtain the same result at high energies when re-

placing WL fields by Goldstone bosons. In other words, since the gauge symmetry is broken, unitary gauge

and Feynman gauge are not equivalent and one cannot simply remove the mono-W problem by calculating

cross sections in Feynman gauge.
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The process u + d̄ → W+
L + Z ′L, however, can lead to much lower scales of unitarity

violation. Following [16, 17], we calculate the helicity matrix elements for the case of

a left-handed up-quark and a right-handed anti-down quark (both of which are charged

under SU(2)L). Since the initial state has a total spin of 1, the process cannot proceed at

s-wave (M0 = 0). For the J = 1 partial wave (or p-wave), we find in the limit s→∞

M1 =
gs

96πMWMZ′

(
gAu − gAd − gVu + gVd

)
, (3.1)

with g the SU(2)L gauge coupling and MW the mass of the W boson. The helicity matrix

element is found to grow proportional to s at large energies. For

s >
48πMWMZ′

g
∣∣gAu − gAd − gVu + gVd

∣∣ , (3.2)

it will therefore violate the requirement for perturbative unitarity, |MJ | < 1/2.4

In the SS case with vanishing axial-vector couplings, one finds for the combination

of couplings appearing in (3.2) that gAu − gAd − gVu + gVd = 0 and hence the potentially

unitarity-violating term vanishes identically. For OS couplings, on the other hand, one

has gAu − gAd − gVu + gVd = −2gVu 6= 0, if the axial-vector couplings are zero. The resulting

mono-W and mono-jet cross sections then grow proportional to s, which explains both

the large enhancement of the total fiducial cross section and the harder ET,miss spectrum

observed in Section 2 for the OS case.

The most obvious way to avoid this problem is to simply impose the requirement

gAu − gAd − gVu + gVd = 0 , (3.3)

on the coupling structure of the spin-1 simplified model (2.1). In order to understand this

requirement intuitively, let us rewrite the left-handed and right-handed couplings in terms

of vector and axial-vector couplings. For the sign conventions adopted in (2.1), one obtains

gLq = gVq − gAq , gRq = gVq + gAq . (3.4)

In terms of left-handed and right-handed couplings, the requirement (3.3) hence simply

becomes gLu = gLd , i.e. left-handed up-type and down-type quarks should couple in the

same way to the Z ′ mediator.

Notice that the latter requirement would be automatically fulfilled, if one wrote the

quark couplings to the spin-1 mediator in such a way so as to preserve the EW symmetry,

LZ′qq̄ = −
∑
u,d

Z ′µ
[
gQ Q̄Lγ

µQL + gu ūRγ
µuR + gd d̄Rγ

µdR
]
, (3.5)

where QL = (uL, dL)T is the left-handed quark doublet and uR and dR are the right-handed

quark singlets. Each quark flavour has couplings described by the three parameters gQ,

4The matrix element corresponding to u+d̄→W+
L +Z′

T with Z′
T denoting a transversal Z′ boson scales as√

s/MW

(
gAu − gAd − gVu + gVd

)
in the high-energy limit. In consequence, the resulting mono-W cross section

does not grow with s, but becomes a constant in the s → ∞ limit. Compared to the purely longitudinal

contribution (3.1), transversal modes thus provide only a subleading source of unitarity violation.
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gu and gd, and one can arrange for any desired relative sign between either the vector or

axial-vector couplings, but cannot choose them independently from one another.5

It is however conceivable that the coupling structure of the Z ′ boson is modified by

EWSB and that the spin-1 mediator ends up coupling differently to left-handed up-type

and down-type quarks. In this case, the unitarity issue of amplitudes like u+ d̄→W+ +Z ′

needs to be solved in a different fashion.

4 Interference with additional diagrams

In the previous section, we have shown that unitarity violation in the process pp→W +Z ′

can be avoided if we require that the Z ′ couples with equal strength to left-handed up-type

and down-type quarks. We can compare this requirement to the couplings of the SM Z

boson, whose interactions with SM quarks can be written as

LZqq̄ = −
∑
q

Zµ q̄
[
gVZ,qγ

µ + gAZ,qγ
µγ5

]
q , (4.1)

with

gVZ,q =
g

2cw

(
T3,q − 2Qqs

2
w

)
, gAZ,q = − g

2cw
T3,q , (4.2)

where sw and cw are the sine and cosine of the weak mixing angle, Qq denotes the electro-

magnetic quark charge in units of the elementary charge e and the weak isospin is given by

T3,u = 1/2 and T3,d = −1/2. It follows that the difference ∆gZ of the left-handed couplings

of the Z boson to up-type and down-type quarks reads

∆gZ = gLZ,u − gLZ,d = gVZ,u − gAZ,u − gVZ,d + gAZ,d = gcw 6= 0 . (4.3)

In other words, the requirement (3.3) is not satisfied by the Z boson within the SM and as

a result, one might expect that the process pp → W + Z also shows a unitarity-violating

behaviour at high energies.

Indeed, when considering only the two t-channel diagrams shown on the left-hand side

and in the middle of Figure 3 the resulting amplitude grows with energy. In the SM,

however, a third diagram is present, which involves a s-channel W boson radiating off a Z

boson. The corresponding graph is depicted on the right-hand side in the latter figure. It

involves a triple gauge boson vertex of the form

LWWZ = igWWZTWWZ , (4.4)

with gWWZ = gcw = ∆gZ and

TWWV =
[(
∂µW

+
ν − ∂νW+

µ

)
Wµ−V ν −

(
∂µW

−
ν − ∂νW−µ

)
Wµ+V ν

+
1

2
(∂µVν − ∂νVµ)

(
Wµ+W ν− −Wµ−W ν+

)]
.

(4.5)

5We emphasise that there are additional considerations that may further restrict the possible choices of

gQ, gu and gd. For example, to be consistent with minimal flavour violation, the same couplings should be

chosen for all three quark families [18]. Moreover, models with non-zero axial couplings (i.e. gu 6= gQ or

gd 6= gQ) require additional structure in the Higgs sector, which may lead to strong constraints from Higgs

measurements or EW precision observables [16].

– 6 –



W+

W+

W+

W+

Z Z

Zu

d̄

d

u

d̄

u

d̄

u

Figure 3. The three tree-level diagrams that contribute to u + d̄ → W+ + Z in the SM. The

left and middle graph involves only couplings between quarks and gauge bosons, while the right

diagram contains a triple gauge boson vertex.

Combining the three different contributions, one finds that in the high-energy limit the

square of the u+ d̄→W+ + Z matrix element is given by

|M|2 =
3g4c4

w|Vud|2

32M2
W

(d1 + d2 − 2d3)2 s2 sin2 θ , (4.6)

where Vud denotes the relevant element of the Cabibbo-Kobayashi-Maskawa matrix, θ is the

scattering angle in the center-of-mass frame and d1, d2 and d3 label the contributions from

the three different graphs. From the result (4.6) it is readily seen that while the individual

diagrams all diverge, their sum remains finite at large energies, since d1 + d2 − 2d3 = 0

for d1 = d2 = d3 = 1. Notice that the cancellation of unitarity-violating terms among the

diagrams of Figure 3 is not at all accidental, but a direct consequence of the local SU(2)L
gauge invariance of the SM.

The above observation motivates a second solution to the mono-W problem.6 If the

difference ∆g between the left-handed couplings of the Z ′ boson to up-type and down-type

quarks takes the non-zero value

∆g = gLu − gLd = gVu − gAu − gVd + gAd , (4.7)

it is still possible to avoid unitarity-violating processes by adding additional gauge boson

interactions of the form

∆L = igWWZ′ TWWZ′ , (4.8)

with gWWZ′ = ∆g to the Lagrangian (2.1) of the spin-1 simplified model. Here TWWZ′

denotes the WWZ ′ analogue of the WWV interactions introduced in (4.5).

5 A Z ′ boson with mixing

In this section we discuss a class of models where the additional interactions (4.8) between

the W bosons and the Z ′ boson are automatically generated in such a way that they cancel

the potentially unitarity-violating contributions to the mono-W signal. The basic idea is

that the mass eigenstate Z ′µ arises from an interaction eigenstate vector field Xµ with the

6This solution was also briefly discussed in [11].
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SM U(1)Y Bµ field and the neutral component W 3
µ of the SU(2)L weak fields through

mixing  Bµ
W 3
µ

Xµ

 =

N11 N12 N13

N21 N22 N23

N31 N32 N33


Aµ
Zµ
Z ′µ

 . (5.1)

Here Aµ and Zµ denotes the physical photon and neutral massive gauge boson fields of

the SM. At this point, we leave the entries Nij of the above mixing matrix unspecified.

Examples for how such a mixing matrix can be generated and a very brief discussion of

the constraints on the Nij that arise from EW precision tests will be given below.

The couplings of the interaction eigenstate Xµ can be parameterised in the same way

as in the spin-1 simplified model introduced in Section 2. Including only DM and quark

couplings, we write

L = −Xµ χ̄
[
fVDMγ

µ + fADMγ
µγ5

]
χ−

∑
q

Xµ q̄
[
fVq γ

µ + fAq γ
µγ5

]
q , (5.2)

and assume that the direct couplings fVq and fAq satisfy the requirement (3.3), i.e. they

fulfill fLu − fLd = fAu − fAd − fVu + fVd = 0. In the absence of mixing unitarity-violating

contributions to the mono-W process will hence be absent.

However, as we have discussed in Section 4, the SM Z boson couples differently to left-

handed up-type and down-type quarks and in the presence of mixing the Z ′ can inherit

this difference. The induced couplings between the Z ′ and SM fermions are discussed for

example in [19].7 For the left-handed quark couplings, one obtains

gLu = fLu N33 +
g

2
N23 +

e

6cw
N13 , gLd = fLd N33 −

g

2
N23 +

e

6cw
N13 . (5.3)

Since by assumption fLu − fLd = 0 and due to the SS of the terms proportional to N13, the

coupling difference (4.7) thus takes the simple form

∆g = gLu − gLd = gN23 . (5.4)

In addition to the couplings (5.3), the mixing matrix N entering (5.1) also induces

couplings of the Z ′ to other SM particles [20]. In particular, the SM WWZ vertex (4.4)

will lead to WWZ ′ interactions. Since the triple gauge boson vertex arises from the non-

abelian SU(2)L, the induced coupling turns out to be proportional to

gWWZ′ = gN23 , (5.5)

and of the form (4.5). The resulting WWZ ′ interaction is therefore precisely that given

in (4.8). As discussed in Section 4, the unitarity issue of the u + d̄ → W+ + Z ′ channel

is then solved by the interference of the two diagrams with t-channel quark exchange and

the single graph involving a s-channel W boson.

7Notice that the sign convention for the axial-vector couplings used in [19] is opposite to the one adopted

in the present work.
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It is also important to realise that in the class of models discussed in this section, the

mono-W channel in addition receives a contribution from pp→W+Z (→ χχ̄), since the SM

Z-boson field Zµ inherits the direct DM couplings fVDM and fADM from the interaction field

Xµ through mixing. Like (4.6) this contribution however remains unitary at large energies

as a result of the SU(2)L gauge invariance of the SM. This shows that the mono-W problem

is indeed absent in Z ′ models with mixing.

Since we did not specify the origin of the gauge boson mixings Nij , our conclusions

apply to a range of different scenarios. For example, a non-zero entry N23 can be generated

via kinetic mixing [21]

LF ′B = −1

2
sin ε F ′µνB

µν , (5.6)

between the U(1)′ field strength F ′µν and the SM hypercharge field strength Bµν . In this

case, one finds in the limit of small mixing angles ε� 1 the result

N23 = −cwsw ε
M2
Z

M2
Z −M2

Z′
, (5.7)

with MZ denoting the mass of the SM Z boson. Another option is to consider so-called

mass mixing between the Z and the Z ′ [22], which is described by

LZ′Z = δm2 ZµZ ′µ . (5.8)

The N23 entry in the gauge boson mixing matrix takes for mass mixing the form

N23 = −cw
δm2

M2
Z −M2

Z′
. (5.9)

We note for Z ′-boson masses in the TeV range both ε and δm2/M2
Z have to be very small (of

the order of 10−2 or below) in order not to violate bounds from EW precision measurements

(see e.g. [19]).

6 Parametrising unitarity violation with non-renormalisable interactions

In the previous section, we have seen that Z ′ models with mixing remain unitary at high

energies, if they are SU(2)L symmetric in the absence of mixing. While this treatment

covers most of the simplest models for a spin-1 mediator, there may of course be more

complicated models with additional heavy particles at a new-physics scale Λ. In such a

model, the couplings of the mediator to the left-handed up-type and down-type quarks

may be realised via higher-dimensional operators such as

LZ′QH = −
∑
u,d

Z ′µ

[
1

Λ2
u

(Q̄LH̃)γµ(H̃†QL) +
1

Λ2
d

(Q̄LH)γµ(H†QL)

]
, (6.1)

which effectively decouple the left-handed up-type and down-type quark couplings. Here

Λu,d are two different suppression scales and H̃ = iσ2H
∗ with H denoting the SU(2)L
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Higgs doublet. In such a case, the difference ∆g between the left-handed quark couplings

can be parameterised by [10]

∆g =
v2

Λ2
, (6.2)

with v ' 246 GeV the Higgs vacuum expectation value.8 Since the details of the ultraviolet

completion are not specified, there is no direct connection between the Z ′ coupling to SM

quarks and the Z ′ coupling to W bosons.

As a result, the mono-W problem may still be present in such models. Notice that

this is not a theoretical inconsistency, because unitarity violation is a generic feature of

EFTs once the partonic centre-of-mass energy
√
s (or more generically the momentum

transfer relevant for the process under consideration) approaches the new-physics scale Λ.9

The mono-W problems thus does not preclude meaningful calculations within the EFT

parameterisation (6.2), provided the scale Λ is sufficiently large. In fact, one can translate

the bound (3.2) into a limit on the new-physics scale Λ for a given partonic centre-of-mass

energy:

Λ >

(
sv

24πMZ′

)1/2

. (6.3)

This means for instance that if one wants to study a model with MZ′ = 1 TeV, one needs

to impose Λ > 0.75 TeV in order to ensure that the model does not violate perturbative

unitarity up to
√
s = 13 TeV. This in turn limits the magnitude of the couplings in the

OP case to |gVu | = |gVd | < 0.05.

Of course, the
√
s = 13 TeV LHC does on average not probe partonic center-of-mass

energies of 13 TeV, so a smaller new-physics scale Λ and therefore larger OS couplings may

in practice be acceptable. A proper treatment is likely to require a self-consistent truncation

procedure, which discards all events with a momentum transfer larger than Λ (as discussed

for instance in [26, 27]). For example, to consistently study the OS example considered

in Section 2, one should only consider kinematic configurations with
√
s < 6.1 TeV (for

MZ′ = 1 TeV). Such a truncation is expected to lead to a notable reduction of the LHC

sensitivity to mono-W signatures.

7 Summary

In the context of simplified models with spin-1 mediators, we have discussed the so-called

mono-W problem, i.e. the violation of perturbative unitarity in the process pp → W +

ET,miss, and proposed three different solutions. These are

1. Restricted coupling structures: The mono-W problem is absent if the coupling

structure of the simplified model is restricted in such a way that the spin-1 mediator

couples equally to left-handed up-type and down-type quarks gLu = gLd . This require-

ment is automatically satisfied if the interaction between the Z ′ and the quarks are

formulated in an SU(2)L invariant way.

8In the specific case (6.1), the new-physics scale Λ appearing in (6.2) is given by Λ = (2
∣∣Λ2

u − Λ2
d

∣∣)1/2.
9The effect of unitarity violation in EFT models for DM has been discussed in [23–25].
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2. Additional interactions: For gLu 6= gLd , the mono-W problem can still be solved

if an additional interaction between the spin-1 mediator and SM W bosons is in-

troduced, which is proportional to the difference between the left-handed couplings.

The interference between t-channel quark exchange and s-channel W -boson diagrams

then removes the potentially dangerous contributions.

3. Small couplings: If no additional interactions between the Z ′ and W bosons are

present, the mono-W process will violate perturbative unitarity at large energies.

The scale of unitarity violation may however be larger than the energies probed in

a given process, if the difference between the couplings to up-type and down-type

quark couplings is sufficiently small.

We have argued that the first solution is realised in the simplest Z ′ models, whereas the

second solution appears naturally in Z ′-boson scenarios with mixing. If a more general

model is to be considered, the third solution allows for a general assessment of the validity

of a chosen coupling structure in a given experimental environment.

The arguments presented in our work strongly suggest that the sensitivity of mono-W

searches to the parameter space of spin-1 simplified models cannot exceed that of the mono-

jet channel. This conclusion seems to hold irrespectively of how the unitarity problem in

the pp → W + ET,miss process is tamed. The same verdict has been previously reached

in [10, 11] for the EFT case and t-channel simplified DM models with coloured scalar

exchange. It has also been argued in [11] that the mono-W problem is not present in

s-channel models if they are formulated in a gauge-invariant way, and our note explicitly

proves this conjecture.
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A EW contributions to mono-jet searches

In this appendix, we discuss the numerical impact of EW contributions of the form pp →
W (→ qq̄′) + Z ′(→ χχ̄) to mono-jet signatures at the LHC, comparing the effects to the

corrections associated to the QCD process pp → jets + Z ′(→ χχ̄). To make this exercise

concrete, we consider the recent ATLAS search [28], which is based on 20.3 fb−1 of
√
s =

8 TeV data. We use MadGraph5 aMCNLO with NNPDF2.3 PDFs to generate partonic events.

The simulated parton-level events were showered with PYTHIA 6 [29] and analysed with the

publicly available code CheckMATE [30], which relies on DELPHES 3 [31] as a fast detector
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Figure 4. Fiducial mono-jet cross sections for the SR1 to SR9 selections. The left (right) panel

shows the predictions for a spin-1 simplified model with only vector (axial-vector) couplings. See

text for further explanations.

simulation. To cluster jets we used FastJet [32] employing the anti-kt algorithm [33] with

radius parameter R = 0.4.

In the ATLAS analysis the following preselection criteria are imposed. Events are

required to have a reconstructed primary vertex, ET,miss > 150 GeV and at least one jet

with pT > 30 GeV and |η| < 4.5 in the final state. Events that do not pass certain jet

quality requirements or do contain charged leptons or isolated tracks are rejected. Events

having a leading jet with pT > 120 GeV and |η| < 2.0 are selected, if the leading-jet pT and

the ET,miss satisfy pT /ET,miss > 0.5. Furthermore, the requirement ∆φ(jet, ~pT,miss) > 1.0

on the azimuthal separation between the direction of the missing transverse momentum

and that of each of the selected jets is imposed. Nine distinct SRs are considered with the

following ET,miss thresholds {150, 200, 250, 300, 350, 400, 500, 600, 700}GeV.

Our results for the fiducial mono-jet cross section corresponding to SR1 to SR9 are

shown in the two panels of Figure 4. The plots are based on MZ′ = 1 TeV, mDM = 10 GeV

and all leptonic couplings are taken to be zero. In the left (right) panel we present the

case of pure vector couplings gVDM = 1 and |gVu | = |gVd | = 0.25 (pure axial-vector couplings

gADM = 1 and |gAu | = |gAd | = 0.25). The corresponding total decay width of the Z ′ boson are

ΓZ′ = 56.5 GeV and ΓZ′ = 55.5 GeV assuming a minimal width. One first observes that the

obtained results are to good approximation independent of whether vector or axial-vector

exchange is considered. Second, while the fiducial cross sections corresponding to the QCD

contributions (blue and green markers) are within statistical uncertainties identical for the

SS and OS choices, in the EW case the OS signal strengths (red markers) are, depending on

the considered SR, larger than the SS predicitons (yellow markers) by a factor of around 25

to 400. One also sees that, as a result of the constructive interference in the OS case,

– 12 –



starting with SR4 the EW fiducial cross sections σEW,OS
fid surpass the corresponding QCD

predictions. For the SR7 selection corresponding to ET,miss > 500 GeV, we find for instance

σEW,OS
fid /σQCD,OS

fid ' 330% (σEW,OS
fid /σQCD,OS

fid ' 350%) in the vector (axial-vector) case. The

ratio of the SS fiducial cross sections in SR7 amount instead to σEW,SS
fid /σQCD,SS

fid ' 2%,

independently of the choice of mediator. This example nicely illustrates that the mono-W

problem is not only relevant for searches that look for a W boson and large ET,miss, but

would in general also impact mono-jet searches, if it is not resolved.
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[13] M. Backović, M. Krämer, F. Maltoni, A. Martini, K. Mawatari, et al., Higher-order QCD

predictions for dark matter production at the LHC in simplified models with s-channel

mediators, Eur. Phys. J. C75 (2015), no. 10 482, [1508.05327].

– 13 –

http://dx.doi.org/10.1016/j.physletb.2013.05.057
http://arxiv.org/abs/1208.4361
http://dx.doi.org/10.1103/PhysRevLett.112.041802
http://dx.doi.org/10.1103/PhysRevLett.112.041802
http://dx.doi.org/10.1103/PhysRevLett.112.041802
http://arxiv.org/abs/1309.4017
https://cds.cern.ch/record/1563245?ln=en
https://cds.cern.ch/record/1563245?ln=en
http://dx.doi.org/10.1103/PhysRevD.91.092005
http://dx.doi.org/10.1103/PhysRevD.91.092005
http://arxiv.org/abs/1408.2745
http://dx.doi.org/10.1007/JHEP09(2010)037
http://dx.doi.org/10.1007/JHEP09(2010)037
http://arxiv.org/abs/1002.4137
http://dx.doi.org/10.1103/PhysRevD.82.116010
http://dx.doi.org/10.1103/PhysRevD.82.116010
http://arxiv.org/abs/1008.1783
http://dx.doi.org/10.1007/JHEP12(2010)048
http://dx.doi.org/10.1007/JHEP12(2010)048
http://arxiv.org/abs/1005.3797
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2015-080
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2015-080
http://dx.doi.org/10.1007/JHEP09(2014)037
http://dx.doi.org/10.1007/JHEP09(2014)037
http://arxiv.org/abs/1407.7494
http://dx.doi.org/10.1103/PhysRevD.92.053008
http://dx.doi.org/10.1103/PhysRevD.92.053008
http://arxiv.org/abs/1503.07874
http://dx.doi.org/10.1088/1475-7516/2016/01/051
http://dx.doi.org/10.1088/1475-7516/2016/01/051
http://arxiv.org/abs/1512.00476
http://dx.doi.org/10.1007/JHEP06(2011)128
http://dx.doi.org/10.1007/JHEP06(2011)128
http://arxiv.org/abs/1106.0522
http://dx.doi.org/10.1140/epjc/s10052-015-3700-6
http://dx.doi.org/10.1140/epjc/s10052-015-3700-6
http://dx.doi.org/10.1140/epjc/s10052-015-3700-6
http://arxiv.org/abs/1508.05327


[14] R. D. Ball et al., Parton distributions with LHC data, Nucl. Phys. B867 (2013) 244–289,

[1207.1303].

[15] K. S. Babu, J. Julio, and Y. Zhang, Perturbative unitarity constraints on general W ′ models

and collider implications, Nucl. Phys. B858 (2012) 468–487, [1111.5021].

[16] F. Kahlhoefer, K. Schmidt-Hoberg, T. Schwetz, and S. Vogl, Implications of unitarity and

gauge invariance for simplified dark matter models, JHEP 02 (2016) 016, [1510.02110].

[17] M. S. Chanowitz, M. A. Furman, and I. Hinchliffe, Weak Interactions of Ultraheavy

Fermions. 2., Nucl. Phys. B153 (1979) 402.

[18] J. Abdallah et al., Simplified Models for Dark Matter Searches at the LHC, Phys. Dark

Univ. 9-10 (2015) 8–23, [1506.03116].

[19] M. T. Frandsen, F. Kahlhoefer, A. Preston, S. Sarkar, and K. Schmidt-Hoberg, LHC and

Tevatron Bounds on the Dark Matter Direct Detection Cross-Section for Vector Mediators,

JHEP 07 (2012) 123, [1204.3839].

[20] E. J. Chun, J.-C. Park, and S. Scopel, Dark matter and a new gauge boson through kinetic

mixing, JHEP 02 (2011) 100, [1011.3300].

[21] B. Holdom, Two U(1)’s and Epsilon Charge Shifts, Phys. Lett. B166 (1986) 196.

[22] K. S. Babu, C. F. Kolda, and J. March-Russell, Implications of generalized Z–Z ′ mixing,

Phys. Rev. D57 (1998) 6788–6792, [hep-ph/9710441].

[23] I. M. Shoemaker and L. Vecchi, Unitarity and Monojet Bounds on Models for DAMA,

CoGeNT, and CRESST-II, Phys. Rev. D86 (2012) 015023, [1112.5457].

[24] P. J. Fox, R. Harnik, R. Primulando, and C.-T. Yu, Taking a Razor to Dark Matter

Parameter Space at the LHC, Phys. Rev. D86 (2012) 015010, [1203.1662].

[25] M. Endo and Y. Yamamoto, Unitarity Bounds on Dark Matter Effective Interactions at

LHC, JHEP 06 (2014) 126, [1403.6610].

[26] G. Busoni, A. De Simone, E. Morgante, and A. Riotto, On the Validity of the Effective Field

Theory for Dark Matter Searches at the LHC, Phys. Lett. B728 (2014) 412–421,

[1307.2253].

[27] G. Busoni, A. De Simone, J. Gramling, E. Morgante, and A. Riotto, On the Validity of the

Effective Field Theory for Dark Matter Searches at the LHC, Part II: Complete Analysis for

the s-channel, JCAP 1406 (2014) 060, [1402.1275].

[28] ATLAS, G. Aad et al., Search for new phenomena in final states with an energetic jet and

large missing transverse momentum in pp collisions at
√
s = 8 TeV with the ATLAS

detector, Eur. Phys. J. C75 (2015), no. 7 299, [1502.01518]. [Erratum: Eur. Phys. J. C75

(2015), no. 9 408].

[29] T. Sjostrand, S. Mrenna, and P. Z. Skands, PYTHIA 6.4 Physics and Manual, JHEP 05

(2006) 026, [hep-ph/0603175].

[30] M. Drees, H. Dreiner, D. Schmeier, J. Tattersall, and J. S. Kim, CheckMATE: Confronting

your Favourite New Physics Model with LHC Data, Comput. Phys. Commun. 187 (2014)

227–265, [1312.2591].

[31] DELPHES 3, J. de Favereau et al., DELPHES 3, A modular framework for fast simulation

of a generic collider experiment, JHEP 02 (2014) 057, [1307.6346].

– 14 –

http://dx.doi.org/10.1016/j.nuclphysb.2012.10.003
http://arxiv.org/abs/1207.1303
http://dx.doi.org/10.1016/j.nuclphysb.2012.01.018
http://dx.doi.org/10.1016/j.nuclphysb.2012.01.018
http://arxiv.org/abs/1111.5021
http://dx.doi.org/10.1007/JHEP02(2016)016
http://dx.doi.org/10.1007/JHEP02(2016)016
http://arxiv.org/abs/1510.02110
http://dx.doi.org/10.1016/0550-3213(79)90606-0
http://dx.doi.org/10.1016/0550-3213(79)90606-0
http://dx.doi.org/10.1016/j.dark.2015.08.001
http://arxiv.org/abs/1506.03116
http://dx.doi.org/10.1007/JHEP07(2012)123
http://dx.doi.org/10.1007/JHEP07(2012)123
http://arxiv.org/abs/1204.3839
http://dx.doi.org/10.1007/JHEP02(2011)100
http://dx.doi.org/10.1007/JHEP02(2011)100
http://arxiv.org/abs/1011.3300
http://dx.doi.org/10.1016/0370-2693(86)91377-8
http://dx.doi.org/10.1103/PhysRevD.57.6788
http://arxiv.org/abs/hep-ph/9710441
http://dx.doi.org/10.1103/PhysRevD.86.015023
http://dx.doi.org/10.1103/PhysRevD.86.015023
http://arxiv.org/abs/1112.5457
http://dx.doi.org/10.1103/PhysRevD.86.015010
http://dx.doi.org/10.1103/PhysRevD.86.015010
http://arxiv.org/abs/1203.1662
http://dx.doi.org/10.1007/JHEP06(2014)126
http://dx.doi.org/10.1007/JHEP06(2014)126
http://arxiv.org/abs/1403.6610
http://dx.doi.org/10.1016/j.physletb.2013.11.069
http://dx.doi.org/10.1016/j.physletb.2013.11.069
http://arxiv.org/abs/1307.2253
http://dx.doi.org/10.1088/1475-7516/2014/06/060
http://dx.doi.org/10.1088/1475-7516/2014/06/060
http://dx.doi.org/10.1088/1475-7516/2014/06/060
http://arxiv.org/abs/1402.1275
http://dx.doi.org/10.1140/epjc/s10052-015-3517-3, 10.1140/epjc/s10052-015-3639-7
http://dx.doi.org/10.1140/epjc/s10052-015-3517-3, 10.1140/epjc/s10052-015-3639-7
http://dx.doi.org/10.1140/epjc/s10052-015-3517-3, 10.1140/epjc/s10052-015-3639-7
http://arxiv.org/abs/1502.01518
http://dx.doi.org/10.1088/1126-6708/2006/05/026
http://arxiv.org/abs/hep-ph/0603175
http://dx.doi.org/10.1016/j.cpc.2014.10.018
http://dx.doi.org/10.1016/j.cpc.2014.10.018
http://arxiv.org/abs/1312.2591
http://dx.doi.org/10.1007/JHEP02(2014)057
http://dx.doi.org/10.1007/JHEP02(2014)057
http://arxiv.org/abs/1307.6346


[32] M. Cacciari, G. P. Salam, and G. Soyez, FastJet User Manual, Eur. Phys. J. C72 (2012)

1896, [1111.6097].

[33] M. Cacciari, G. P. Salam, and G. Soyez, The anti-kt jet clustering algorithm, JHEP 04

(2008) 063, [0802.1189].

– 15 –

http://dx.doi.org/10.1140/epjc/s10052-012-1896-2
http://arxiv.org/abs/1111.6097
http://dx.doi.org/10.1088/1126-6708/2008/04/063
http://arxiv.org/abs/0802.1189

	1 Introduction
	2 The mono-W problem in simplified models
	3 Unitarity violation and coupling structures
	4 Interference with additional diagrams
	5 A Z' boson with mixing
	6 Parametrising unitarity violation with non-renormalisable interactions
	7 Summary
	A EW contributions to mono-jet searches

