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FIG. 1. Sample Feynman diagrams for monojet t-channel. In the EFT limit only the first row

dominates.

searches can be simply applied to DM DD in the limit that the mediator mass, m
M

, is well

above the typical production energies at the collider, m
M

� ŝ. The typical diagrams for

DM pair production in association with a single jet are shown in Fig. 1. By taking the

heavy mass mediator limit, only diagrams (a-c) contribute and are encoded in a dimension

six operator with a gluon attached to one of the external legs, while (d-e) contribute at

dimension eight. In this case, the collider DM production cross-section scales roughly as

�
t

⇠ g

4
M

m

4
M

⌘ 1
⇤4
DD

. (3)

In this limit, ⇤
DD

maps uniquely to a constraint on the direct detection cross-section, �
DD

,

which scales precisely the same way, so that monojet constraints can be compared uniquely

to the results from direct detection experiments. However, as already explained in the intro-

duction, when the momentum transfer (i.e. the o↵-shellness of one of the quarks interacting

with the DM) in diagrams (a-c) becomes of the order of the squark mass, the cross-section

will be dependent on the full squark propagator structure. Since the momentum transfer is

controlled by the largest between the p
T

cut on the mono-jet and the MET cut, for the EFT

to be valid m
M

� max
�
pj
T

, /E
T

�
. On the other hand current LHC searches happen to be

sensitive to values of ⇤
DD

not too far from the MET cut, so that the EFT limit requires

both g
M

and m
M

to be large.
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FIG. 9. Exclusion bounds for a DM model containing only squarks d̃
R

and s̃
R

. Conventions are

as in Fig 8.

B. Compressed spectrum

Lastly, in Fig. 10, we focus on the case of the compressed spectrum, presenting the

results for the model containing only d̃
R

, s̃
R

and mass splittings m
M

�m
DM

= 10, 50, 100

GeV. In the upper panels we show the exclusion curves both for monojets and jets+MET

searches, while in the lower panels we present the decomposition of the limits in terms of

the three event samples introduced in Sect. II A, defined as the ratio of excluded couplings

from the partial to the full set of samples. As one can see the dominant contributions in

both cases are coming from DM pair production and DM squark associated production, with

ISR fulfilling the jet cuts requirements of both analyses. The rate is therefore controlled by

g
M

and increases monotonically with the mediator mass. Pair production of the mediator

is only relevant at low mediator masses when the constrained coupling is dropping below

1 and the pure QCD production mechanism takes over. While one might expect that the

dijet constraints would be stronger than monojets, we find that jets+MET is competitive

with monojets, except for the extremely degenerate case �M ⇠ 10 GeV.

IV. CONCLUSIONS

The goal of this paper was to compare monojet against jets+MET bounds on DM pro-

duction at the LHC for the case of t-channel mediators, such as a squark. The jets+MET

20

Limit of the approach 
Papucci, Zurek [1402.2285]
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3)Conclusion 1: the effective approach is not valid 

anymore in the energy range of interest at LHC !!! 

One NEEDS to build microscopic extensions
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Conclusion 2: very strong combined constraints on the 

mediator close almost all the window for a weak 

scale Z’ (or scalar) without even taking into 

consideration the THERMAL relic condition!!
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Figure 4: DM coupled to the Higgs. Regions of DM mass M
DM

and Higgs couplings (�
DM

, y
DM

,

yP
DM

): the orange region is excluded at 90% CL by ATLAS mono-jet searches at LHC8, with forecast

for LHC14 (dashed blue line); the grey region is excluded at 90% CL by LUX 2013 direct searches;

the blue region is excluded by the Higgs invisible width constraint �h,inv/�h < 20%. The green solid

curve corresponds to a thermal relic abundance via Higgs-coupling annihilation equal to the observed

DM density (the thick curve is the o↵-shell estimation; the thin curve is the on-shell computation).

• The pseudo-scalar coupling yP
DM

only produces the operator ON
11

= i~S
DM

· ~q, which is spin-

dependent and suppressed by the transferred momentum ~q:

cn
10

⇡ cp
10

⇡ 0.26
yP
DM

mN

M2

h

. (3.12)

As a consequence, there are no limits on perturbative values of yP
DM

.

Thermal abundance

The relic abundance is computed using the interaction in eq. (3.9), which contributes to DM an-

nihilation through s-channel Higgs exchange and through processes with two Higgs or longitudinal

gauge bosons in the final state. We include these annihilation channels in our computation. In the

case of fermionic DM, the approximation of keeping only the dimension-5 operator in eq. (3.9) is

justified as long as y
DM

⌧ 0.5 (500GeV/M
DM

).

Results

In fig. 4 we compare the LHC sensitivity with current bounds, in the plane (DM mass, DM coupling

to h), finding the following results.

1. The bounds from direct detection are dominated by the LUX experiments (regions shaded in

grey). We see that direct detection experiments are severely constraining the scalar couplings

�
DM

, y
DM

, while the pseudo-scalar interaction is completely out of reach at the moment.

2. If M
DM

< Mh/2, the main constraint is due to the Higgs invisible width, �h,inv/�h . 20%,

which gives �
DM

, y
DM

, yP
DM

<⇠ 10�2, taking �h = 4.2 MeV for Mh = 125.6 GeV.
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Figure 3: DM coupled to the Z. Regions of DM mass M
DM

and Z couplings (gDM

s , gDM

V , gDM

A ):

the orange region is excluded at 90% CL by ATLAS mono-jet searches at LHC8, with forecast for

LHC14 (dashed blue line); the grey region is excluded at 90% CL by LUX 2013 direct searches;

the blue region is excluded by the Z-invisible width constraint �Z,inv < 2 MeV. The green solid

curve corresponds to a thermal relic abundance via Z-coupling annihilation equal to the observed

DM density (the thick curve is the o↵-shell estimation; the thin curve is the on-shell computation).

Results

In fig. 3 we compare the LHC sensitivity with the current bounds. In the plane (DM mass, DM

coupling to Z) we show:

1. The bounds from direct detection, dominated by the LUX experiments (regions shaded in

grey). The bounds on gDM

V and gDM

s are quite strong (around 10�3 for DM mass around

100 GeV), while gDM

A , which leads to spin-dependent interactions, is less constrained (typically

gDM

A
<⇠ 0.3 for M

DM

⇡ 100GeV). We see that direct detection experiments severely constrain

the vector coupling gDM

V and the scalar coupling gDM

s , and are presently probing the region

gDM

A ⇠ 1.

2. The LEP bounds from the invisible Z width, �Z,inv < 2 MeV. This bound, shown in light blue,

implies gDM

V,A
<⇠ 0.04, gDM

s
<⇠ 0.08 if M

DM

< MZ/2.

3. The present bound from LHC mono-jet searches, extracted with the procedure described in

section 2.3. We see that such bounds can never be competitive with the combined limits from

LUX and LEP.

4. Our estimate on the future sensitivity of LHC at
p
s = 14TeV with an integrated luminosity of

300 fb�1. By simulating the sample and rescaling the corresponding statistical error with the

square-root of the number of events we find that only a modest improvement is possible. New

strategies for reducing the systematic error and improving background rejection are necessary

for the LHC to give competitive results.

5. The curve that corresponds to a thermal DM density equal to the cosmological density (green

curve). We observe that a thermal abundance from pure Z coupling is ruled out for scalar

12

DM, while some regions are still allowed for fermion DM, most notably for axial couplings and

in the window around the near-resonant region (that will be discussed in section 4). However,

we stress that the relic abundance, computed here using the e↵ective interaction in eq. (3.3),

is very sensitive to new-physics e↵ects, especially in the high-mass region. In particular, the

decrease of the green line with the DM mass is only a consequence of the non-renormalisable

contact interactions. New particles and new interactions can completely modify the behaviour

of the thermal-abundance constraint. Hence, the green curve in fig. 3 is only meant to be

indicative of the e↵ective-theory regime.

3.2 DM coupled to the Higgs

The case of DM that couples to the SM sector only though interactions with the Higgs boson has

been discussed extensively in the literature [64–84]. Here we assume that DM is either a real scalar

(s
DM

) or a Majorana fermion ( 
DM

) coupled to the physical Higgs field h at low energies as

L = �hJh , Jh =
1p
2

X

f

yf f̄f +  ̄
DM

(y
DM

+ iyP
DM

�
5

) 
DM

+
�
DM

v

2
s2
DM

�
. (3.8)

The SM fermions f have the usual Yukawa couplings yf and we parameterise the DM couplings to

the Higgs as �
DM

, y
DM

, yP
DM

.

We can complete the e↵ective interaction in eq. (3.8) in a straightforward way, since H†H/v =p
2h + . . . . Hence, the simplest recipe to express the DM coupling to Higgs boson in terms of

gauge-invariant quantities is

L = �H†H


 ̄
DM

(y
DM

+ iyP
DM

�
5

)

2v
 
DM

+
�
DM

4
s2
DM

�
. (3.9)

Note that the coupling of scalar DM to the Higgs doublet can be expressed in terms of a renormal-

isable interaction, while the coupling of fermonic DM involves a dimension-5 operator.

Direct detection

By integrating out the Higgs boson, one obtains the e↵ective Lagrangian L
e↵

= J2

h/2M
2

h that

describes direct detection. Employing again the non-relativistic nucleon Lagrangian of eq. (3.4) we

find:

• The �
DM

coupling of scalar DM generates the dominant spin-independent e↵ective non-relativistic

operator ON
1

= 1 with coe�cients

cn
1

⇡ cp
1

= �0.45�
DM

mNv

M2

h

. (3.10)

• The y
DM

coupling of fermion DM also generates ON
1

with

cn
1

⇡ cp
1

= �1.8y
DM

mNM
DM

M2

h

. (3.11)
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parameter space allowed by thermal freeze-out. The full exploration of DM co-annihilating with a

coloured partner requires higher energies. It is interesting that a future pp collider with
p
s ⇠ 100TeV

is exactly what is needed to cover all the mass range favoured by DM thermal abundance [100].

3 DM annihilating through a SM mediator

In this section we consider situations in which the mediator of interactions between DM and quarks

is a SM particle, rather than a speculative particle from the dark sector. Given that DM is neutral

and has no colour, the candidates for the role of mediator are the Z (considered in section 3.1) and

the Higgs boson (considered in section 3.2).

3.1 DM coupled to the Z

We start by assuming that the DM particle is coupled to the Z boson. At low energies, the Lagrangian

interaction of the Z boson to a current of fermions f and scalars s is

L = �ZµJ
µ
Z , JZ

µ =
g
2

cos ✓
W

X

f

[f̄�µ(g
f
V + �

5

gfA)f ] +
X

s

gs[s
⇤(i@µs)� (i@µs

⇤)s]

�
, (3.1)

where g
2

and ✓
W

are the SU(2)L gauge coupling and weak angle. For the SM fermions one has the

well-known result gV = 1

4

� 2

3

sin2 ✓
W

and gA = �1

4

for up-type quarks and gV = �1

4

+ 1

3

sin2 ✓
W

and gA = 1

4

for down-type quarks. Since the coupling of each chiral fermion to the Z is proportional

to T
3

� Q sin2 ✓
W

= Q cos2 ✓
W

� Y , the coupling of the DM particle, which is neutral (Q = 0), is

proportional to its hypercharge. In our e↵ective Lagrangian, we consider gDM

V , gDM

A or gDM

s as free

parameters that describe the DM couplings. Small values of the DM couplings to Z can be obtained

if the DM is a mixture between a state with Y = 0 and a state with Y 6= 0, or if DM does not couple

directly to Z, but only to a Z 0 boson that mixes with the Z.

At energies larger than MZ , we need to complete in a gauge-invariant way the couplings in

eq. (3.1). This is obtained by observing that, on the Higgs vacuum,

� 4i cos ✓
W

g
2

v2
H†DµH

���
H=hHi

= Zµ , (3.2)

where H is the full Higgs doublet and v = 246 GeV. Thus, the simplest gauge invariant completion

of the coupling between the Z boson and fermonic or scalar DM is

L =
4i

v2
(H†DµH)


 ̄
DM

�µ(g
DM

V + �
5

gDM

A ) 
DM

+ gDM

s

�
s⇤
DM

(i@µsDM

)� (i@µs
⇤
DM

)s
DM

��
. (3.3)

Indeed, these are the lowest-dimension operators leading to the interactions in eq. (3.1).

Direct detection

Concerning direct detection, by integrating out the Z at tree level one obtains the e↵ective La-

grangian L
e↵

= �J2

Z/2M
2

Z . By taking the nucleon matrix element and the non-relativistic limit we

obtain the Lagrangian

L
non rel

=
n,pX

N

12X

i=1

cNi ON
i , (3.4)
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Figure 4: DM coupled to the Higgs. Regions of DM mass M
DM

and Higgs couplings (�
DM

, y
DM

,

yP
DM

): the orange region is excluded at 90% CL by ATLAS mono-jet searches at LHC8, with forecast

for LHC14 (dashed blue line); the grey region is excluded at 90% CL by LUX 2013 direct searches;

the blue region is excluded by the Higgs invisible width constraint �h,inv/�h < 20%. The green solid

curve corresponds to a thermal relic abundance via Higgs-coupling annihilation equal to the observed

DM density (the thick curve is the o↵-shell estimation; the thin curve is the on-shell computation).

• The pseudo-scalar coupling yP
DM

only produces the operator ON
11

= i~S
DM

· ~q, which is spin-

dependent and suppressed by the transferred momentum ~q:

cn
10

⇡ cp
10

⇡ 0.26
yP
DM

mN

M2

h

. (3.12)

As a consequence, there are no limits on perturbative values of yP
DM

.

Thermal abundance

The relic abundance is computed using the interaction in eq. (3.9), which contributes to DM an-

nihilation through s-channel Higgs exchange and through processes with two Higgs or longitudinal

gauge bosons in the final state. We include these annihilation channels in our computation. In the

case of fermionic DM, the approximation of keeping only the dimension-5 operator in eq. (3.9) is

justified as long as y
DM

⌧ 0.5 (500GeV/M
DM

).

Results

In fig. 4 we compare the LHC sensitivity with current bounds, in the plane (DM mass, DM coupling

to h), finding the following results.

1. The bounds from direct detection are dominated by the LUX experiments (regions shaded in

grey). We see that direct detection experiments are severely constraining the scalar couplings

�
DM

, y
DM

, while the pseudo-scalar interaction is completely out of reach at the moment.

2. If M
DM

< Mh/2, the main constraint is due to the Higgs invisible width, �h,inv/�h . 20%,

which gives �
DM

, y
DM

, yP
DM

<⇠ 10�2, taking �h = 4.2 MeV for Mh = 125.6 GeV.
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Figure 3: DM coupled to the Z. Regions of DM mass M
DM

and Z couplings (gDM

s , gDM

V , gDM

A ):

the orange region is excluded at 90% CL by ATLAS mono-jet searches at LHC8, with forecast for

LHC14 (dashed blue line); the grey region is excluded at 90% CL by LUX 2013 direct searches;

the blue region is excluded by the Z-invisible width constraint �Z,inv < 2 MeV. The green solid

curve corresponds to a thermal relic abundance via Z-coupling annihilation equal to the observed

DM density (the thick curve is the o↵-shell estimation; the thin curve is the on-shell computation).

Results

In fig. 3 we compare the LHC sensitivity with the current bounds. In the plane (DM mass, DM

coupling to Z) we show:

1. The bounds from direct detection, dominated by the LUX experiments (regions shaded in

grey). The bounds on gDM

V and gDM

s are quite strong (around 10�3 for DM mass around

100 GeV), while gDM

A , which leads to spin-dependent interactions, is less constrained (typically

gDM

A
<⇠ 0.3 for M

DM

⇡ 100GeV). We see that direct detection experiments severely constrain

the vector coupling gDM

V and the scalar coupling gDM

s , and are presently probing the region

gDM

A ⇠ 1.

2. The LEP bounds from the invisible Z width, �Z,inv < 2 MeV. This bound, shown in light blue,

implies gDM

V,A
<⇠ 0.04, gDM

s
<⇠ 0.08 if M

DM

< MZ/2.

3. The present bound from LHC mono-jet searches, extracted with the procedure described in

section 2.3. We see that such bounds can never be competitive with the combined limits from

LUX and LEP.

4. Our estimate on the future sensitivity of LHC at
p
s = 14TeV with an integrated luminosity of

300 fb�1. By simulating the sample and rescaling the corresponding statistical error with the

square-root of the number of events we find that only a modest improvement is possible. New

strategies for reducing the systematic error and improving background rejection are necessary

for the LHC to give competitive results.

5. The curve that corresponds to a thermal DM density equal to the cosmological density (green

curve). We observe that a thermal abundance from pure Z coupling is ruled out for scalar

12

DM, while some regions are still allowed for fermion DM, most notably for axial couplings and

in the window around the near-resonant region (that will be discussed in section 4). However,

we stress that the relic abundance, computed here using the e↵ective interaction in eq. (3.3),

is very sensitive to new-physics e↵ects, especially in the high-mass region. In particular, the

decrease of the green line with the DM mass is only a consequence of the non-renormalisable

contact interactions. New particles and new interactions can completely modify the behaviour

of the thermal-abundance constraint. Hence, the green curve in fig. 3 is only meant to be

indicative of the e↵ective-theory regime.

3.2 DM coupled to the Higgs

The case of DM that couples to the SM sector only though interactions with the Higgs boson has

been discussed extensively in the literature [64–84]. Here we assume that DM is either a real scalar

(s
DM

) or a Majorana fermion ( 
DM

) coupled to the physical Higgs field h at low energies as

L = �hJh , Jh =
1p
2

X

f

yf f̄f +  ̄
DM

(y
DM

+ iyP
DM

�
5

) 
DM

+
�
DM

v

2
s2
DM

�
. (3.8)

The SM fermions f have the usual Yukawa couplings yf and we parameterise the DM couplings to

the Higgs as �
DM

, y
DM

, yP
DM

.

We can complete the e↵ective interaction in eq. (3.8) in a straightforward way, since H†H/v =p
2h + . . . . Hence, the simplest recipe to express the DM coupling to Higgs boson in terms of

gauge-invariant quantities is

L = �H†H


 ̄
DM

(y
DM

+ iyP
DM

�
5

)

2v
 
DM

+
�
DM

4
s2
DM

�
. (3.9)

Note that the coupling of scalar DM to the Higgs doublet can be expressed in terms of a renormal-

isable interaction, while the coupling of fermonic DM involves a dimension-5 operator.

Direct detection

By integrating out the Higgs boson, one obtains the e↵ective Lagrangian L
e↵

= J2

h/2M
2

h that

describes direct detection. Employing again the non-relativistic nucleon Lagrangian of eq. (3.4) we

find:

• The �
DM

coupling of scalar DM generates the dominant spin-independent e↵ective non-relativistic

operator ON
1

= 1 with coe�cients

cn
1

⇡ cp
1

= �0.45�
DM

mNv

M2

h

. (3.10)

• The y
DM

coupling of fermion DM also generates ON
1

with

cn
1

⇡ cp
1

= �1.8y
DM

mNM
DM

M2

h

. (3.11)
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parameter space allowed by thermal freeze-out. The full exploration of DM co-annihilating with a

coloured partner requires higher energies. It is interesting that a future pp collider with
p
s ⇠ 100TeV

is exactly what is needed to cover all the mass range favoured by DM thermal abundance [100].

3 DM annihilating through a SM mediator

In this section we consider situations in which the mediator of interactions between DM and quarks

is a SM particle, rather than a speculative particle from the dark sector. Given that DM is neutral

and has no colour, the candidates for the role of mediator are the Z (considered in section 3.1) and

the Higgs boson (considered in section 3.2).

3.1 DM coupled to the Z

We start by assuming that the DM particle is coupled to the Z boson. At low energies, the Lagrangian

interaction of the Z boson to a current of fermions f and scalars s is

L = �ZµJ
µ
Z , JZ

µ =
g
2

cos ✓
W

X

f

[f̄�µ(g
f
V + �

5

gfA)f ] +
X

s

gs[s
⇤(i@µs)� (i@µs

⇤)s]

�
, (3.1)

where g
2

and ✓
W

are the SU(2)L gauge coupling and weak angle. For the SM fermions one has the

well-known result gV = 1

4

� 2

3

sin2 ✓
W

and gA = �1

4

for up-type quarks and gV = �1

4

+ 1

3

sin2 ✓
W

and gA = 1

4

for down-type quarks. Since the coupling of each chiral fermion to the Z is proportional

to T
3

� Q sin2 ✓
W

= Q cos2 ✓
W

� Y , the coupling of the DM particle, which is neutral (Q = 0), is

proportional to its hypercharge. In our e↵ective Lagrangian, we consider gDM

V , gDM

A or gDM

s as free

parameters that describe the DM couplings. Small values of the DM couplings to Z can be obtained

if the DM is a mixture between a state with Y = 0 and a state with Y 6= 0, or if DM does not couple

directly to Z, but only to a Z 0 boson that mixes with the Z.

At energies larger than MZ , we need to complete in a gauge-invariant way the couplings in

eq. (3.1). This is obtained by observing that, on the Higgs vacuum,

� 4i cos ✓
W

g
2

v2
H†DµH

���
H=hHi

= Zµ , (3.2)

where H is the full Higgs doublet and v = 246 GeV. Thus, the simplest gauge invariant completion

of the coupling between the Z boson and fermonic or scalar DM is

L =
4i

v2
(H†DµH)


 ̄
DM

�µ(g
DM

V + �
5

gDM

A ) 
DM

+ gDM

s

�
s⇤
DM

(i@µsDM

)� (i@µs
⇤
DM

)s
DM

��
. (3.3)

Indeed, these are the lowest-dimension operators leading to the interactions in eq. (3.1).

Direct detection

Concerning direct detection, by integrating out the Z at tree level one obtains the e↵ective La-

grangian L
e↵

= �J2

Z/2M
2

Z . By taking the nucleon matrix element and the non-relativistic limit we

obtain the Lagrangian

L
non rel

=
n,pX

N

12X

i=1

cNi ON
i , (3.4)
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1 Introduction

Models with an extra U(1) are among the simplest and most natural extensions of the Stan-

dard Model (SM). They enjoy both the top–down and bottom–up motivation. In particular,

additional U(1)’s appear in many string constructions. From the low energy perspective, the

coupling between an SM fermions f and a massive gauge boson Z0 [1]

Lint = gf Z 0
µ f̄�µ(a+ b�5)f , (1)

where gf , a, b are some constants, represents one of the dimension-4 “portals” (see e.g. [2])

connecting the observable world to the SM–singlet sector. This is particularly important in the

context of dark matter models [3]. If dark matter is charged under the extra U(1), the above

coupling provides a DM annihilation channel into visible particles. As long as the Z0 has a TeV

scale mass and the couplings are not too small, this framework fits the WIMP–miracle paradigm

[4]. Recent LHC [5, 6] and direct DM detection constraints [7], however, put significant pressure

on this idea since no traces of a Z0 were found in either direct collider searches or DM scattering

on nuclei.

In this letter, we argue that these negative results may be due to the axial nature of the Z0

and its stronger coupling to dark matter compared to gf above. In this case, which we call “axial

dark matter” (AxDM), DM scattering on nuclei is spin–dependent and weakly constrained. The

LHC has limited sensitivity to such a Z0 due to the fact that it decays predominantly into dark

matter, as in [8].1 We thus find that all of the constraints can be satisfied, which adds some

credibility to the WIMP paradigm.

2 Axial Z

0

In what follows, we consider the possibility that Z0 is purely axial, with the couplings2

Le↵
int =

X

f

gf Z 0
µ f̄�µ�5f + g� Z 0

µ �̄�µ�5� . (2)

Here f represents the Standard Model (SM) fermions, � is a Dirac fermion constituting dark

matter and gf , g� are the corresponding Z0 couplings. This Lagrangian represents an e↵ective low

energy interaction after heavy particles have been integrated out and the vector boson kinetic

1
We allow a Z

0
to couple universally to SM fermions, which distinguishes the model from the leptophobic

scenarios (see e.g. [9]).

2
An analysis of the axial DM coupling to the usual Z–boson has recently appeared in [10].
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Figure 4: DM coupled to the Higgs. Regions of DM mass M
DM

and Higgs couplings (�
DM

, y
DM

,

yP
DM

): the orange region is excluded at 90% CL by ATLAS mono-jet searches at LHC8, with forecast

for LHC14 (dashed blue line); the grey region is excluded at 90% CL by LUX 2013 direct searches;

the blue region is excluded by the Higgs invisible width constraint �h,inv/�h < 20%. The green solid

curve corresponds to a thermal relic abundance via Higgs-coupling annihilation equal to the observed

DM density (the thick curve is the o↵-shell estimation; the thin curve is the on-shell computation).

• The pseudo-scalar coupling yP
DM

only produces the operator ON
11

= i~S
DM

· ~q, which is spin-

dependent and suppressed by the transferred momentum ~q:

cn
10

⇡ cp
10

⇡ 0.26
yP
DM

mN

M2

h

. (3.12)

As a consequence, there are no limits on perturbative values of yP
DM

.

Thermal abundance

The relic abundance is computed using the interaction in eq. (3.9), which contributes to DM an-

nihilation through s-channel Higgs exchange and through processes with two Higgs or longitudinal

gauge bosons in the final state. We include these annihilation channels in our computation. In the

case of fermionic DM, the approximation of keeping only the dimension-5 operator in eq. (3.9) is

justified as long as y
DM

⌧ 0.5 (500GeV/M
DM

).

Results

In fig. 4 we compare the LHC sensitivity with current bounds, in the plane (DM mass, DM coupling

to h), finding the following results.

1. The bounds from direct detection are dominated by the LUX experiments (regions shaded in

grey). We see that direct detection experiments are severely constraining the scalar couplings

�
DM

, y
DM

, while the pseudo-scalar interaction is completely out of reach at the moment.

2. If M
DM

< Mh/2, the main constraint is due to the Higgs invisible width, �h,inv/�h . 20%,

which gives �
DM

, y
DM

, yP
DM

<⇠ 10�2, taking �h = 4.2 MeV for Mh = 125.6 GeV.
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Figure 3: DM coupled to the Z. Regions of DM mass M
DM

and Z couplings (gDM

s , gDM

V , gDM

A ):

the orange region is excluded at 90% CL by ATLAS mono-jet searches at LHC8, with forecast for

LHC14 (dashed blue line); the grey region is excluded at 90% CL by LUX 2013 direct searches;

the blue region is excluded by the Z-invisible width constraint �Z,inv < 2 MeV. The green solid

curve corresponds to a thermal relic abundance via Z-coupling annihilation equal to the observed

DM density (the thick curve is the o↵-shell estimation; the thin curve is the on-shell computation).

Results

In fig. 3 we compare the LHC sensitivity with the current bounds. In the plane (DM mass, DM

coupling to Z) we show:

1. The bounds from direct detection, dominated by the LUX experiments (regions shaded in

grey). The bounds on gDM

V and gDM

s are quite strong (around 10�3 for DM mass around

100 GeV), while gDM

A , which leads to spin-dependent interactions, is less constrained (typically

gDM

A
<⇠ 0.3 for M

DM

⇡ 100GeV). We see that direct detection experiments severely constrain

the vector coupling gDM

V and the scalar coupling gDM

s , and are presently probing the region

gDM

A ⇠ 1.

2. The LEP bounds from the invisible Z width, �Z,inv < 2 MeV. This bound, shown in light blue,

implies gDM

V,A
<⇠ 0.04, gDM

s
<⇠ 0.08 if M

DM

< MZ/2.

3. The present bound from LHC mono-jet searches, extracted with the procedure described in

section 2.3. We see that such bounds can never be competitive with the combined limits from

LUX and LEP.

4. Our estimate on the future sensitivity of LHC at
p
s = 14TeV with an integrated luminosity of

300 fb�1. By simulating the sample and rescaling the corresponding statistical error with the

square-root of the number of events we find that only a modest improvement is possible. New

strategies for reducing the systematic error and improving background rejection are necessary

for the LHC to give competitive results.

5. The curve that corresponds to a thermal DM density equal to the cosmological density (green

curve). We observe that a thermal abundance from pure Z coupling is ruled out for scalar

12

DM, while some regions are still allowed for fermion DM, most notably for axial couplings and

in the window around the near-resonant region (that will be discussed in section 4). However,

we stress that the relic abundance, computed here using the e↵ective interaction in eq. (3.3),

is very sensitive to new-physics e↵ects, especially in the high-mass region. In particular, the

decrease of the green line with the DM mass is only a consequence of the non-renormalisable

contact interactions. New particles and new interactions can completely modify the behaviour

of the thermal-abundance constraint. Hence, the green curve in fig. 3 is only meant to be

indicative of the e↵ective-theory regime.

3.2 DM coupled to the Higgs

The case of DM that couples to the SM sector only though interactions with the Higgs boson has

been discussed extensively in the literature [64–84]. Here we assume that DM is either a real scalar

(s
DM

) or a Majorana fermion ( 
DM

) coupled to the physical Higgs field h at low energies as

L = �hJh , Jh =
1p
2

X

f

yf f̄f +  ̄
DM

(y
DM

+ iyP
DM

�
5

) 
DM

+
�
DM

v

2
s2
DM

�
. (3.8)

The SM fermions f have the usual Yukawa couplings yf and we parameterise the DM couplings to

the Higgs as �
DM

, y
DM

, yP
DM

.

We can complete the e↵ective interaction in eq. (3.8) in a straightforward way, since H†H/v =p
2h + . . . . Hence, the simplest recipe to express the DM coupling to Higgs boson in terms of

gauge-invariant quantities is

L = �H†H


 ̄
DM

(y
DM

+ iyP
DM

�
5

)

2v
 
DM

+
�
DM

4
s2
DM

�
. (3.9)

Note that the coupling of scalar DM to the Higgs doublet can be expressed in terms of a renormal-

isable interaction, while the coupling of fermonic DM involves a dimension-5 operator.

Direct detection

By integrating out the Higgs boson, one obtains the e↵ective Lagrangian L
e↵

= J2

h/2M
2

h that

describes direct detection. Employing again the non-relativistic nucleon Lagrangian of eq. (3.4) we

find:

• The �
DM

coupling of scalar DM generates the dominant spin-independent e↵ective non-relativistic

operator ON
1

= 1 with coe�cients

cn
1

⇡ cp
1

= �0.45�
DM

mNv

M2

h

. (3.10)

• The y
DM

coupling of fermion DM also generates ON
1

with

cn
1

⇡ cp
1

= �1.8y
DM

mNM
DM

M2

h

. (3.11)
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parameter space allowed by thermal freeze-out. The full exploration of DM co-annihilating with a

coloured partner requires higher energies. It is interesting that a future pp collider with
p
s ⇠ 100TeV

is exactly what is needed to cover all the mass range favoured by DM thermal abundance [100].

3 DM annihilating through a SM mediator

In this section we consider situations in which the mediator of interactions between DM and quarks

is a SM particle, rather than a speculative particle from the dark sector. Given that DM is neutral

and has no colour, the candidates for the role of mediator are the Z (considered in section 3.1) and

the Higgs boson (considered in section 3.2).

3.1 DM coupled to the Z

We start by assuming that the DM particle is coupled to the Z boson. At low energies, the Lagrangian

interaction of the Z boson to a current of fermions f and scalars s is

L = �ZµJ
µ
Z , JZ

µ =
g
2

cos ✓
W

X

f

[f̄�µ(g
f
V + �

5

gfA)f ] +
X

s

gs[s
⇤(i@µs)� (i@µs

⇤)s]

�
, (3.1)

where g
2

and ✓
W

are the SU(2)L gauge coupling and weak angle. For the SM fermions one has the

well-known result gV = 1

4

� 2

3

sin2 ✓
W

and gA = �1

4

for up-type quarks and gV = �1

4

+ 1

3

sin2 ✓
W

and gA = 1

4

for down-type quarks. Since the coupling of each chiral fermion to the Z is proportional

to T
3

� Q sin2 ✓
W

= Q cos2 ✓
W

� Y , the coupling of the DM particle, which is neutral (Q = 0), is

proportional to its hypercharge. In our e↵ective Lagrangian, we consider gDM

V , gDM

A or gDM

s as free

parameters that describe the DM couplings. Small values of the DM couplings to Z can be obtained

if the DM is a mixture between a state with Y = 0 and a state with Y 6= 0, or if DM does not couple

directly to Z, but only to a Z 0 boson that mixes with the Z.

At energies larger than MZ , we need to complete in a gauge-invariant way the couplings in

eq. (3.1). This is obtained by observing that, on the Higgs vacuum,

� 4i cos ✓
W

g
2

v2
H†DµH

���
H=hHi

= Zµ , (3.2)

where H is the full Higgs doublet and v = 246 GeV. Thus, the simplest gauge invariant completion

of the coupling between the Z boson and fermonic or scalar DM is

L =
4i

v2
(H†DµH)


 ̄
DM

�µ(g
DM

V + �
5

gDM

A ) 
DM

+ gDM

s

�
s⇤
DM

(i@µsDM

)� (i@µs
⇤
DM

)s
DM

��
. (3.3)

Indeed, these are the lowest-dimension operators leading to the interactions in eq. (3.1).

Direct detection

Concerning direct detection, by integrating out the Z at tree level one obtains the e↵ective La-

grangian L
e↵

= �J2

Z/2M
2

Z . By taking the nucleon matrix element and the non-relativistic limit we

obtain the Lagrangian

L
non rel

=
n,pX

N

12X

i=1

cNi ON
i , (3.4)
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1 Introduction

Models with an extra U(1) are among the simplest and most natural extensions of the Stan-

dard Model (SM). They enjoy both the top–down and bottom–up motivation. In particular,

additional U(1)’s appear in many string constructions. From the low energy perspective, the

coupling between an SM fermions f and a massive gauge boson Z0 [1]

Lint = gf Z 0
µ f̄�µ(a+ b�5)f , (1)

where gf , a, b are some constants, represents one of the dimension-4 “portals” (see e.g. [2])

connecting the observable world to the SM–singlet sector. This is particularly important in the

context of dark matter models [3]. If dark matter is charged under the extra U(1), the above

coupling provides a DM annihilation channel into visible particles. As long as the Z0 has a TeV

scale mass and the couplings are not too small, this framework fits the WIMP–miracle paradigm

[4]. Recent LHC [5, 6] and direct DM detection constraints [7], however, put significant pressure

on this idea since no traces of a Z0 were found in either direct collider searches or DM scattering

on nuclei.

In this letter, we argue that these negative results may be due to the axial nature of the Z0

and its stronger coupling to dark matter compared to gf above. In this case, which we call “axial

dark matter” (AxDM), DM scattering on nuclei is spin–dependent and weakly constrained. The

LHC has limited sensitivity to such a Z0 due to the fact that it decays predominantly into dark

matter, as in [8].1 We thus find that all of the constraints can be satisfied, which adds some

credibility to the WIMP paradigm.

2 Axial Z

0

In what follows, we consider the possibility that Z0 is purely axial, with the couplings2

Le↵
int =

X

f

gf Z 0
µ f̄�µ�5f + g� Z 0

µ �̄�µ�5� . (2)

Here f represents the Standard Model (SM) fermions, � is a Dirac fermion constituting dark

matter and gf , g� are the corresponding Z0 couplings. This Lagrangian represents an e↵ective low

energy interaction after heavy particles have been integrated out and the vector boson kinetic

1
We allow a Z

0
to couple universally to SM fermions, which distinguishes the model from the leptophobic

scenarios (see e.g. [9]).

2
An analysis of the axial DM coupling to the usual Z–boson has recently appeared in [10].
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2

In the original version of H3m, the transition of mt

from the on-shell to the dr scheme could su�er from
large logarithms if superpartners masses or renormaliza-
tion scales µ are much larger than mt. Since null re-
sults from the LHC increasingly favor this possibility,
the program has been improved in the following way.
First, we calculate mt(µ) in five-flavor QCD in the ms
scheme using 4-loop running as implemented in the nu-
merical package RunDec [18]. This value is transferred
to the dr scheme via a finite renormalization at 3-loop
order [19, 20]. Finally, the transition from five-flavor
QCD to SUSY-QCD is performed using the 2-loop de-
coupling coe⌅cient of mt [21, 22]. This procedure is
faster, more robust, and more accurate than the old
code. The new version of H3m is publicly available at
http://www.ttp.kit.edu/Progdata/ttp10/ttp10-23.

Results as a Function of Weak-Scale Parameters. We
now present results for the Higgs boson mass, including
the 3-loop corrections described above, as functions of
weak-scale supersymmetry parameters. We set tan⇥ =
20 so that the tree-level Higgs boson mass is within 1
GeV of its maximal value, and we consider nearly de-
generate, unmixed stops, with mt̃L = mt̃R and Xt = 0.
The dependence on other parameters is relatively mild;
we set µ = 200 GeV, assume gaugino mass unification
with mg̃ = 1.5 TeV, and set all other sfermion soft mass
parameters equal to mt̃L,R

+1 TeV. For multi-TeV values
of the sfermion masses, these models have scalar masses
far heavier than gaugino and Higgsino masses.

The results are shown in Fig. 1. For mt̃1 in the range
1–10 TeV, 1-loop corrections raise the Higgs mass by 18
to 31 GeV, and 2-loop corrections raise the mass fur-
ther by another 4 to 7 GeV. The experimental value of
mh is apparently obtained for mt̃1 ⇥ 5 TeV. However,
the 3-loop e�ects raise the Higgs mass by another 0.5
to 3 GeV. The magnitude of the corrections decreases
with increasing loop order, indicating a well-behaved, if
slowly converging, perturbative expansion, and the size of
the 3-loop corrections is consistent, within uncertainties,
with the NLL analysis of Ref. [23]. Clearly, however, the
3-loop corrections are still sizable, and they reduce the
required top squark mass to 3 to 4 TeV, a reduction with
potentially great significance for supersymmetry discov-
ery, as we discuss below.

Ref. [23] observes partial cancellations between leading
logarithm terms of O(�t�2

s) and O(�2
t�s) in a particular

scenario. We advocate a full calculation at O(�2
t�s) to

investigate whether this behaviour is universal.
In Fig. 1, the width of the bands is determined by

the parametric uncertainty induced by the uncertainty
in the top quark mass and �s. It is dominated by the
uncertainty in the top mass. The top mass has been con-
strained by kinematic fits in combined analyses of Teva-
tron [24] and LHC [25] data, and may also be stringently
constrained in the future by cross section measurements
(see, e.g., Ref. [26]). For now, we consider the range
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FIG. 1. The Higgs boson mass mh from H3m at 1-, 2-,
and 3-loops for nearly degenerate (mt̃L

= mt̃R
), unmixed

(Xt = 0) top squarks, as a function of the physical mass
mt̃1

. The renormalization scale is fixed to MS =
⇥
mt̃1

mt̃2
,

we set tan⇥ = 20, µ = 200 GeV, all other sfermion soft
parameters equal to mt̃L,R

+ 1 TeV, and assume gaugino
mass unification with mg̃ = 1.5 TeV. The bands indicate
the parametric uncertainty from mpole

t = 173.3 ± 1.8 GeV
and �s(mZ) = 0.1184 ± 0.0007. The horizontal bar is the
experimentally allowed range mh = 125.6± 0.4 GeV.

mpole
t = 173.3 ± 1.8 GeV. The resulting parametric un-

certainty is 0.5 to 2 GeV; it exceeds the experimental
uncertainty and is comparable to that expected from 4-
and higher-loop e�ects in the theoretical prediction.

In Fig. 2, we compare our results to those of 2-loop
codes. The 2-loop results di�er significantly from each
other, with di�erences of up to 4 GeV for stop masses
in the 1 to 10 TeV range shown. The 3-loop results are
within this range for ⇥ TeV stop masses, as found in
Refs. [5, 6]. However, for multi-TeV stop masses, the
3-loop contributions may significantly enhance mh.

Some of the di�erences between the 2-loop results can
be explained by di�erent default choices for the renor-
malization scale. They also di�er in how the running top
mass is extracted from its pole mass. This di�erence is
formally of higher order [27]. The di�erent treatment of
parameters also explains the di�erence between H3m’s 2-
loop results and FeynHiggs. For example, FeynHiggs
uses 1-loop running for �s and mt, which is formally cor-
rect since the 2-loop results are leading order in �s.

Results for mSUGRA and Implications for Supersym-
metry at the LHC. To determine the implications of the
3-loop corrections for the LHC, we consider here the well-
known framework of minimal supergravity (mSUGRA),
defined in terms of GUT-scale parameters, for which de-
tailed collider studies have been carried out.
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3 loops Higgs 
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In the original version of H3m, the transition of mt

from the on-shell to the dr scheme could su�er from
large logarithms if superpartners masses or renormaliza-
tion scales µ are much larger than mt. Since null re-
sults from the LHC increasingly favor this possibility,
the program has been improved in the following way.
First, we calculate mt(µ) in five-flavor QCD in the ms
scheme using 4-loop running as implemented in the nu-
merical package RunDec [18]. This value is transferred
to the dr scheme via a finite renormalization at 3-loop
order [19, 20]. Finally, the transition from five-flavor
QCD to SUSY-QCD is performed using the 2-loop de-
coupling coe⌅cient of mt [21, 22]. This procedure is
faster, more robust, and more accurate than the old
code. The new version of H3m is publicly available at
http://www.ttp.kit.edu/Progdata/ttp10/ttp10-23.

Results as a Function of Weak-Scale Parameters. We
now present results for the Higgs boson mass, including
the 3-loop corrections described above, as functions of
weak-scale supersymmetry parameters. We set tan⇥ =
20 so that the tree-level Higgs boson mass is within 1
GeV of its maximal value, and we consider nearly de-
generate, unmixed stops, with mt̃L = mt̃R and Xt = 0.
The dependence on other parameters is relatively mild;
we set µ = 200 GeV, assume gaugino mass unification
with mg̃ = 1.5 TeV, and set all other sfermion soft mass
parameters equal to mt̃L,R

+1 TeV. For multi-TeV values
of the sfermion masses, these models have scalar masses
far heavier than gaugino and Higgsino masses.

The results are shown in Fig. 1. For mt̃1 in the range
1–10 TeV, 1-loop corrections raise the Higgs mass by 18
to 31 GeV, and 2-loop corrections raise the mass fur-
ther by another 4 to 7 GeV. The experimental value of
mh is apparently obtained for mt̃1 ⇥ 5 TeV. However,
the 3-loop e�ects raise the Higgs mass by another 0.5
to 3 GeV. The magnitude of the corrections decreases
with increasing loop order, indicating a well-behaved, if
slowly converging, perturbative expansion, and the size of
the 3-loop corrections is consistent, within uncertainties,
with the NLL analysis of Ref. [23]. Clearly, however, the
3-loop corrections are still sizable, and they reduce the
required top squark mass to 3 to 4 TeV, a reduction with
potentially great significance for supersymmetry discov-
ery, as we discuss below.

Ref. [23] observes partial cancellations between leading
logarithm terms of O(�t�2

s) and O(�2
t�s) in a particular

scenario. We advocate a full calculation at O(�2
t�s) to

investigate whether this behaviour is universal.
In Fig. 1, the width of the bands is determined by

the parametric uncertainty induced by the uncertainty
in the top quark mass and �s. It is dominated by the
uncertainty in the top mass. The top mass has been con-
strained by kinematic fits in combined analyses of Teva-
tron [24] and LHC [25] data, and may also be stringently
constrained in the future by cross section measurements
(see, e.g., Ref. [26]). For now, we consider the range
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FIG. 1. The Higgs boson mass mh from H3m at 1-, 2-,
and 3-loops for nearly degenerate (mt̃L

= mt̃R
), unmixed

(Xt = 0) top squarks, as a function of the physical mass
mt̃1

. The renormalization scale is fixed to MS =
⇥
mt̃1

mt̃2
,

we set tan⇥ = 20, µ = 200 GeV, all other sfermion soft
parameters equal to mt̃L,R

+ 1 TeV, and assume gaugino
mass unification with mg̃ = 1.5 TeV. The bands indicate
the parametric uncertainty from mpole

t = 173.3 ± 1.8 GeV
and �s(mZ) = 0.1184 ± 0.0007. The horizontal bar is the
experimentally allowed range mh = 125.6± 0.4 GeV.

mpole
t = 173.3 ± 1.8 GeV. The resulting parametric un-

certainty is 0.5 to 2 GeV; it exceeds the experimental
uncertainty and is comparable to that expected from 4-
and higher-loop e�ects in the theoretical prediction.

In Fig. 2, we compare our results to those of 2-loop
codes. The 2-loop results di�er significantly from each
other, with di�erences of up to 4 GeV for stop masses
in the 1 to 10 TeV range shown. The 3-loop results are
within this range for ⇥ TeV stop masses, as found in
Refs. [5, 6]. However, for multi-TeV stop masses, the
3-loop contributions may significantly enhance mh.

Some of the di�erences between the 2-loop results can
be explained by di�erent default choices for the renor-
malization scale. They also di�er in how the running top
mass is extracted from its pole mass. This di�erence is
formally of higher order [27]. The di�erent treatment of
parameters also explains the di�erence between H3m’s 2-
loop results and FeynHiggs. For example, FeynHiggs
uses 1-loop running for �s and mt, which is formally cor-
rect since the 2-loop results are leading order in �s.

Results for mSUGRA and Implications for Supersym-
metry at the LHC. To determine the implications of the
3-loop corrections for the LHC, we consider here the well-
known framework of minimal supergravity (mSUGRA),
defined in terms of GUT-scale parameters, for which de-
tailed collider studies have been carried out.
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