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Abstract

The anapole moment is the only allowed electromagnetic moment for Majorana fermions.

Fermionic dark matter acquiring an anapole can have a standard thermal history and be con-

sistent with current direct detection experiments. In this paper, we calculate the collider monojet

signatures of anapole dark matter and show that the current LHC results exclude anapole dark

matter with mass less than 100 GeV, for an anapole coupling that leads to the correct thermal

relic abundance.
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I. INTRODUCTION

The nature of the dark matter that constitutes most of the nonrelativistic density in

the universe remains unresolved. While the leading candidates are usually considered to be

either a massive particle interacting via the weak force (WIMP), or an axion (see, e.g., the

recent review in Ref. [1]), there has been a great deal of recent interest in the possibility

that the dark matter interacts electromagnetically. Dark matter with an integer electric

charge number ∼ O(1) has long been ruled out, and even millicharged dark matter is

strongly disfavored [2]. Hence, the most attention has been paid to models in which the

dark matter particle has an electric or magnetic dipole moment, which we will call generically

dipole dark matter (DDM) [3–16]. If one assumes a thermal production history for the dark

matter, fixing the dipole moment coupling to provide the correct relic abundance, then the

corresponding rate in direct detection experiments rules out a wide range of DDM mass

[4, 6, 13].

An alternative to DDM is a particle with an anapole moment. The idea of the anapole

moment was first proposed by Zel’dovich [17] and mentioned in the context of dark matter by

Pospelov and ter Veldhuis [3]. More recently, the properties of anapole dark matter (ADM)

were investigated in detail by Ho and Scherrer [18]. (See also the model of Fitzpatrick and

Zurek [19], in which the anapole couples to a dark photon rather than a standard-model

photon). Anapole dark matter has several advantages over DDM. The anapole moment is

the only allowed electromagnetic moment if the dark matter is Majorana, rather than Dirac.

The annihilation is exclusively p-wave, and the anapole moment required to give the correct

relic abundance produces a scattering rate in direct detection experiments that lies below

the currently excluded region for all dark matter masses (although see our discussion of LUX

in Sec. V).

Here we extend the discussion of Ref. [18] to consider collider signatures of anapole

dark matter. As we show in the next section, the anapole Lagrangian allows for the pair

production of anapole dark matter, along with a jet that makes the event visible. The dark

matter is then manifested as missing energy + monojet [20]. Mono-photon [21], mono-Z [22]

or mono-Higgs [23] signals are subdominant in our model as their cross-sections suffer from
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FIG. 1: Monojet diagrams at colliders. Diagrams with permuted initial particles also contribute.

smaller couplings.1 Further, these other final states are produced only in q q̄ interactions,

and the q̄ at the LHC is a sea quark. In comparison, the monojet event can be produced

from a q g initial state which is not suppressed by proton’s parton distribution. We use the

latest LHC monojet results to calculate the corresponding limits on the anapole moment in

Sec. III. In Sec. IV, we extend the thermal abundance calculations of Ref. [18] up to higher

dark matter particle masses (∼ 1 TeV) and show that the dominant annihilation channel is

χχ → W+W− when mχ > mW . Our results are discussed in Sec. V. We find that mχ < 100

GeV is excluded by the LHC.

II. ANAPOLE DARK MATTER MONOJET

We denote the anapole Lagrangian as

Lint = gA χ̄ γµ γ5 χ ∂νFµν , (1)

where gA ≡ g/Λ2, with g being the coupling constant and Λ the cutoff scale, as in Ref. [18].

In Eq. (1), χ is the ADM particle, which we take to be a Majorana fermion.

The leading Feynman diagrams for collider monojets are illustrated in Fig. 1. The only

visible part of the event is the single jet that recoils against the χχ pair. In the center of

mass (COM) frame, the invariant mass of the ADM pair is related to the jet energy as

M2
χχ = M2

γ∗ = s− 2
√
sEj , (2)

where
√
s is the total event energy and Ej is the jet energy. For a relatively soft jet (Ej ≪

√
s), the virtual photon mass is

√
s and the anapole coupling is not suppressed. As the

1 One recent study in [24] investigated similar collider signals for a model with a heavy Majorana neutrino

being the dark matter.
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low Ej contribution accounts for the majority of cross-section due to infrared divergence,

the pT and energy cuts determine the signal event rate. This leads to the effect that at low

mχ, the cross section becomes insensitive to mχ. It is worth noting that the virtual photon

propagator also has a pole at Ej =
√
s/2, but it is cancelled by the fact that the anapole

vertex vanishes at a physical photon.

The squared amplitude for the first diagram in Fig. 1 is

|M |2 = 512 π2 g2A αs α · Q2

P 2
T,j

E4
0 · K(Ej , Eχ, θj , θχ) , (3)

where E0 is the beam energy in the center of mass frame, α = 1/137 is the fine structure

constant, Ej , Eχ, θj and θχ are respectively the energy and scattering angles of the radiated

jet and one of the ADM, Q is the electric charge of the relevant quark, and PT,j in the

denominator is the transverse momentum of the single jet. For the second diagram, we have

|M |2 = 128 π2 g2A αs α ·Q2

( 1 + cos θj )Ej
E3

0 · K′(Ej , Eχ, θj , θχ ) . (4)

The kinematic factors K, K′ are given in Appendix A. Both diagrams are sensitive to jet pT

and jet energy. The χ mass is irrelevant unless it starts to suppress the phase space at the

TeV scale.

Now consider the kinematics of these events. The Feynman rule for the χχγ vertex reads

2 6pγ∗ γ5 pµγ∗ − 2 γµ γ5 · p2γ∗ , (5)

where pγ∗ is the 4-momentum of the off-shell photon and the factor of 2 comes from χ being

self-conjugate. By Eq. (2), the effective coupling at this vertex grows as the event energy

squared. This leads to a rather stringent constraint from the LHC.

Combining Eq. (2) with Eq. (4), which corresponds to the dominant diagram in LHC

monojet searches, we see that at any given center of mass energy, the cross-section is max-

imized at low Ej and large Mγ∗ . Namely, the final state jet is favored to sit at the lowest

jet ET that passes the event selection, and the χχ pair takes up the bulk of the energy (as

missing energy). The cross-section increases quickly with the center of mass energy until

it becomes suppressed by the parton momentum distribution (PDF) in protons. This un-

desirable high-energy behavior arises from the high-dimensionality of our effective anapole

operator. At this point, it is worth checking the energy flowing into the χχγ∗ vertex:

Mγ∗ ≈
√
s , (6)
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such that the effective operator would remain a good approximation with cut-off scale Λ

above the event energy. Notably with the LHC running at multiple TeV, corrections to the

effective operator should emerge when the event energy comes close to Λ.

III. COLLIDER BOUNDS

To compute the collider constraints at the LHC, we implemented the anapole La-

grangian in the Calchep package and calculated the signal rates at the parton level. We

use CTEQ6L [25] for the proton PDF. For the one-jet cross-section at the parton level, a

K-factor would be expected; we expect this correction to be no more than one order of

magnitude, and it does not qualitatively alter our results.

Due to collinear and infrared divergences, significant Ej and jet pseudo-rapidity ηj cuts

must be applied. In Table I, we list the kinematic cuts and observed data from the latest

LHC results. The experimental cuts include combinations of Ej, pT , missing transverse

energy (MET) and jet number (Nj = 1) bounds. For our anapole calculation, only the

event pT and jet energy cuts are relevant. In Table I, we show the choice of jet pT cut that

optimizes the constraint on the effective coupling gA in the low ADM mass limit. Both

CMS and ATLAS present experimental results in multiple sets of cuts. Here we only show

the cuts that give the most stringent constraint. In Fig. 2, we illustrate CMS’s monojet

constraint on gA in combination with the value of gA that yields the correct thermal relic

abundance. Note that the collider constraint at small ADM mass is rather stringent.

Experiment Monojet cuts allowed g∗A

CMS 8 TeV, 19.5 fb−1 [26] 6ET > 450 GeV, |ηj | <2.4 4×10-6 @ 95% C.L.

ATLAS 8 TeV, 10.5 fb−1 [27] 6ET > 220 GeV, |ηj | <2.0 6×10-6 @ 95% C.L.

∗ in the low mχ limit.

TABLE I: LHC monojet data and upper-bound on effective anapole coupling gA.

IV. IMPROVED RELIC ABUNDANCE CALCULATION

In Ref. [18], the thermal relic abundance of the anapole dark matter particle was cal-

culated, where mχ was extended up to 80 GeV and only the annihilation into light species
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FIG. 2: Black curve gives the upper bound on the anapole moment, gA, from CMS monojet data

for the indicated anapole dark matter mass, mχ. Red curve gives the value of gA needed to produce

the observed dark matter abundance as a function of mχ.

was considered. In this paper, we are interested in ADM masses as large as 1 TeV, so two

additional annihilation channels open up: χχ → W+W− and tt̄.

γ∗

χ

χ
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FIG. 3: χχ → W+W−.

The Feynman diagram for χχ → W+W− is illustrated in Fig. 3. Its squared amplitude

is given as

|M |2 = 128 π g2A αm2
χ

{

( 1− y ) [ ( 4 y + 12 + 3 y−1 ) (7)

−( 4 y − 4 + 3 y−1 ) cos2 θ ]
}

p2χ ,

where y ≡ m2
W/m2

χ. The nonrelativistic annihilation cross-section is

σχχ→W+W− vrel =
2

3
g2A αm2

χ ( 1− y )
3

2 ( 4 y + 20 + 3 y−1 ) v2rel , (8)
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where vrel is the relative velocity between the annihilating ADM particles.

As in Ref. [18], we will make the simplifying assumption that annihilations into W+W−

are negligible for mχ < mW , and use the mχ ≫ mW limit of Eq. (8) for the case where

mχ > mW , so that

σχχ→W+W− vrel = 2 g2A α
m4

χ

m2
W

v2rel . (9)

This will provide an accurate estimate of the relic abundance as long as mχ does not lie

close to mW . Using 〈 v2rel 〉 = 6T/mχ, we obtain

〈 σχχ→W+W− vrel 〉 = 12 g2A α
m4

χ

m2
W

(

T

mχ

)

. (10)

The χχ → tt̄ channel can be treated identically to other quark-antiquark annihilation

channels considered in Ref. [18]. Thus, the total annihilation cross-section of χχ into charged

fermion-antifermion pairs f f̄ is given by 2

∑

mf<mχ

〈 σχχ→f f̄ vrel 〉 = 16 g2A αm2
χ Neff

(

T

mχ

)

, (11)

where Neff counts the effective number of kinematically allowed fermionic channels at freeze-

out temperature TF . For each annihilation channel, the contribution to Neff is given by

the square of the corresponding fermion charge multiplied by the color factor whenever

applicable.

We can then combine Eqs. (10) and (11) to obtain the total thermally-averaged annihi-

lation cross section:

〈 σ vrel 〉total = g2A αm2
χ

[

16Neff + 12

(

mχ

mW

)2

Θ(mχ −mW )

]

(

T

mχ

)

,

= σ0

(

T

mχ

)

, (12)

where Θ is the Heaviside step function. Note that annihilation into W+W− rapidly be-

comes dominant for mχ > mW . The annihilation is purely p-wave, so we can use the same

expressions as in Ref. [18] for the relic abundance [28, 29],

Ωχ h
2 = ( 2.14× 109 )

x2
F (GeV)−1

g
1/2
∗ MP l σ0

, (13)

2 Note, in this paper, we perform the calculations without a pre-factor of 1/2 in the anapole Lagrangian,

so the annihilation cross-section formulas come with a coefficient of 4 in comparison to those in Ref. [18].
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with xF = mχ/TF given by

xF = ln

[

0.076

(

gχ

g
1/2
∗

)

MP l mχ σ0

]

− 3

2
ln ln

[

0.076

(

gχ

g
1/2
∗

)

MP l mχ σ0

]

. (14)

In these equations, Ωχ is the dark matter fraction relative to the critical density, h is the

Hubble parameter in units of 100 km sec−1 Mpc−1, g∗ is the number of relativistic degrees of

freedom in the universe when χ drops out of thermal equilibrium, MP l is the Planck mass,

and gχ = 2 is the number of internal degrees of freedom for the Majorana χχ pair.

We now set Ωχh
2 equal to the latest measurement from the PLANCK experiment [30],

ΩDMh2 = 0.12. The correct gA as a function of ADM mass is plotted in Fig. 2. It is clear

from this figure that an ADM particle with a thermal relic abundance is ruled out by the

LHC for mχ < 100 GeV.

V. DISCUSSION

In this paper, we have studied the collider monojet signals of the anapole dark matter.

Our results indicate that the LHC provides useful constraints on the ADM model, namely,

mχ > 100 GeV to be consistent with thermal relic density and current LHC bounds. It

should be pointed out that like many effective operator scenarios, increasingly high beam

energy reach at colliders enters the energy range that is close to the new physics scale Λ for

even a large coupling constant g ∼ 1 in gA = g/Λ2. As shown in Fig. 2, g ∼ 1 leads to a

minimal CMS allowed Λ at half a TeV. With a complete theory, new physics at Λ would

emerge and yield corrections to the monojet cross-section compared to that from the effective

anapole operator. But the potential correction is highly dependent on the details in the UV

theory. The results here should be considered as a qualitative model-independent analysis

of the LHC’s constraint on the new physics scale Λ, which gives the anapole coupling at low

energy exchanges.

In Ref. [18], it was shown that the differential scattering rate for anapole dark matter

at direct detection experiments reaches a maximum around mχ ∼ 30 − 40 GeV and it lies

just below the threshold for detection by XENON100 [31]. Given the significantly improved

sensitivity around this regime by LUX [32], it may be possible that anapole dark matter
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with mχ ∼ 30 − 40 GeV is ruled out. However, we have just shown that the current LHC

results have already excluded anapole dark matter with mχ < 100 GeV. So the new bounds

from LUX are redundant for mχ < 100 GeV. For mχ > 100 GeV, the annihilation channels

χχ → W+W− and χχ → tt̄ open up and the correct relic abundance is achieved with a

much smaller gA. Since the differential scattering rate is proportional to gA, the analysis in

Ref. [18] indicates that the bound from LUX on anapole dark matter with mχ > 100 GeV

is far too loose to exclude this mass range.

Finally, recall from Eq. (8) that σχχ→W+W− vrel grows quadratically with
m2

χ

m2
W

when

mχ ≫ mW . This cross-section may violate the unitarity bound if mχ is above ∼TeV.

With such ADM masses, it becomes necessary to include additional interactions, e.g., the

weak interactions involving the Z bosons. In fact, this is very similar to the protection

from a divergent σe+e−→W+W− in the standard model. Namely, one will encounter unitarity

violation at high energy if one only considers the annihilation channel with the photons but

neglects those with the Z bosons. We will explore the quantitative effect of the Z bosons in

a future study.
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Appendix A: Kinematic Factors

The kinematic factor K in Eq. (3) is

K =

(

4

9

) {

2 (1− xj)
[

4 + 2 cos2 θχq
2
χ + 2 cos θj cos θχqχxj + 2x2

χ + 2xχxj (A1)

− 4 (xχ + xj) + x2
j (1 + cos2 θj)

]

−
m2

χ

E2
0

[

4(1− xj) + (1 + cos2 θj)x
2
j

]

}

,

where xj =
Ej

E0
, xχ = Eχ

E0
and qχ = |~q|

E0
denote the ratios of final state particle energy and/or

3-momentum to the COM energy E0. In this diagram, j is the radiated gluon and χ can be

either one of the two dark matter particles.
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The kinematic factor K′ in Eq. (4) is

K′ =

(

1

6

) {

2(1− xj)
[

12 + 2 cos2 θχq
2
χ + 10x2

χ − 12xj + 4 cos θjxj (A2)

+ (5− 2 cos θj + cos2 θj)x
2
j − 2xχ(10− 5xj + cos θjxj)

+ 2 cos θχqχ(2− 2xχ − xj + cos θjxj) ]

−
m2

χ

E2
0

[

4− 4(1− cos θj)xj + (5− 2 cos θj + cos2 θj)x
2
j

]

}

,

where j denotes the light quark jet from gluon splitting.

In both K and K′, the color factors are given in the front. Note that all variables are

measured in the COM frame, and the squared amplitudes include diagrams with permuted

initial state partons.
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