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Higgs + MET at the LHC

Dominant irreducible background = Z+h production 
with Z           .

/pT

+ t

BF (h → bb̄) ≈ 0.6

BF (h → !! ) ≈ 2.3× 10−3

(1)

1

/pT

+ t

BF (h ! b̄b) " 0.6

BF (h ! γγ) " 2.3 # 10−3

h ! b̄b

h ! γγ

Z ! νν̄ (1)

1



Higgs + MET at the LHC

Dominant irreducible background = Z+h production 
with Z           .

Depending on the Higgs decay channel, other SM 
backgrounds can be comparable or larger.  /pT

+ t

BF (h → bb̄) ≈ 0.6

BF (h → !! ) ≈ 2.3× 10−3

(1)

1

/pT

+ t

BF (h ! b̄b) " 0.6

BF (h ! γγ) " 2.3 # 10−3

h ! b̄b

h ! γγ

Z ! νν̄ (1)

1



Higgs + MET at the LHC

Dominant irreducible background = Z+h production 
with Z           .

Depending on the Higgs decay channel, other SM 
backgrounds can be comparable or larger.  

What Higgs decay channels will be most sensitive?

/pT

+ t

BF (h → bb̄) ≈ 0.6

BF (h → !! ) ≈ 2.3× 10−3

(1)

1

/pT

+ t

BF (h ! b̄b) " 0.6

BF (h ! γγ) " 2.3 # 10−3

h ! b̄b

h ! γγ

Z ! νν̄ (1)

1



Higgs + MET at the LHC

Dominant irreducible background = Z+h production 
with Z           .

Depending on the Higgs decay channel, other SM 
backgrounds can be comparable or larger.  

What Higgs decay channels will be most sensitive?
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FIG. 1. Production mechanisms for dark matter plus Higgs through (left) a contact operator coupling dark matter to Zh or

γh, or (right) a new Z�
coupled to a two Higgs doublet model, where the new pseudoscalar A0

decays primarily to the dark

matter.

tion V.
We also note that the mono-Higgs signal has recently

been discussed in Refs. [18, 19]. Ref. [18] considered con-
tact operators coupling dark matter to SM Higgs dou-
blets and possibly other SM states (the operators are dif-
ferent from the ones in this paper); however they found
that for most of the operators the bounds on the cut-
o! scale are quite low, less than 50 GeV, which is well
beyond the regime of validity for assuming a contact op-
erator.

Ref. [19] considered a somewhat di! erent set of opera-
tors as well as simpliÞed models. For the ÒHiggs-portalÓ-
type operators (e.g., [20Ð22]), they Þnd LHC limits to be
much weaker than exclusion limits on Higgs invisible de-
cay for DM masses belowmh/2, while direct detection is
very constraining at higher masses. Ref. [19] also consid-
ered simpliÞed models with an additionalZ �, where the
Higgs is produced through Higgs-strahlung of theZ �. For
the case ofZ − Z � mass mixing, they found mono-Higgs
is only able to probe large mixing angles (sinθ > 0.1), in
apparent conßict with precision electroweak data. In con-
trast, for our scenario theZ � is produced resonantly and
decays, and we have imposed the precision electroweak
constraint from Þts of the ρ0 parameter.

II. Higgs + MET AT THE LHC

We consider two possible Higgs decay channels,bøb and
γγ, as promising for observing Higgs plus MET. Thebøb
channel has the largest branching ratio for a Higgs of
mass mh = 125 GeV, Br(h → bøb) ≈ 0.577 [23], and
gives the best statistics for the signal, while the diphoton
branching ratio is only Br( h → γγ) ≈ 2.28 × 10−3, but
is potentially a very clean channel. These channels as
well as multi-lepton Þnal states fromh → ZZ∗ were also
studied in [19].

The dominant irreducible SM background for Higgs
plus MET is Zh production with Z decaying to neutrinos.
Depending on the decay channel, other SM backgrounds
can also be comparable or larger. Here we rely on the
ATLAS report [24] to derive bounds from LHC Run 1.
For 14 TeV projections, we estimate backgrounds rates

LHC Run 1 14 TeV

tt̄ 200 1006 ± 335

Zbb̄ 336 682 ± 26

V h 23 142 ± 5

SM total 727 ± 11 1830 ± 336

Dim-8, fermion DM 329 ± 10 23150 ± 880

MZ � = 1 TeV, tanβ = 1 43 ± 1 1836 ± 36

TABLE I. Background and signal events for h ! bb̄ decay,

for the cuts described in the text. The background num-

bers for LHC Run 1 are taken from Ref. [24] for MET > 120

GeV. For our background estimate at a 14 TeV LHC, we in-

clude only the processes listed here; uncertainties from MC

statistics are shown and we include an additional 25% sys-

tematic uncertainty in deriving constraints. For the signal

from a dimension-8 operator with fermion DM, Eq. (7), we

take fiducial values of ! = 200 GeV and mX = 1 GeV. For

the Z�
case, the coupling is the upper limit allowed by the ρ0

constraint, shown in Fig. 4.

from our own Monte Carlo event simulations and also use
some results from [19].

Our dark matter models have been implemented with
FeynRules 2.0 [25], and our event generation makes use
of the MadGraph [26], PYTHIA [27], and Delphes [28]
pipeline from parton-level to detector-level simulation.

A. Two b-jet channel

A search for h → bøb decay in association with aZ/W
boson has been performed using the data of Run 1 of
the LHC; the observed signal strength is compatible with
that of the SM Higgs boson [24, 29]. In particular, the
ATLAS collaboration presents an analysis for theZ(νøν)h
channel in several MET bins, with the full integrated
luminosity of 4.7/fb at 7 TeV and 20.3/fb at

√
s = 8

TeV [24]. We use these results to derive constraints on
mono-Higgs for the models in this paper.

Event selection is governed by demanding two leading
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Effective Field Theory (EFT)

Dim. 6 : Direct Z+DM coupling. Direct detection and 
invisible Z width are very constraining.

Dim. 7: Mild constraints on the cutoff. Softer 
momentum transfer dependence. 

Dim. 8: Stronger constraints on the cutoff. Harder 
momentum transfer dependence. 
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been discussed in Refs. [18, 19]. Ref. [18] considered con-
tact operators coupling dark matter to SM Higgs dou-
blets and possibly other SM states (the operators are dif-
ferent from the ones in this paper); however they found
that for most of the operators the bounds on the cut-
off scale are quite low, less than 50 GeV, which is well
beyond the regime of validity for assuming a contact op-
erator.
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tors as well as simpliÞed models. For the ÒHiggs-portalÓ-
type operators (e.g., [20Ð22]), they Þnd LHC limits to be
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cay for DM masses belowmh/2, while direct detection is
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ered simpliÞed models with an additionalZ ! , where the
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the case ofZ − Z ! mass mixing, they found mono-Higgs
is only able to probe large mixing angles (sin! > 0.1), in
apparent conßict with precision electroweak data. In con-
trast, for our scenario theZ ! is produced resonantly and
decays, and we have imposed the precision electroweak
constraint from Þts of the " 0 parameter.
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We consider two possible Higgs decay channels,bøb and
##, as promising for observing Higgs plus MET. Thebøb
channel has the largest branching ratio for a Higgs of
mass mh = 125 GeV, Br(h → bøb) ≈ 0.577 [23], and
gives the best statistics for the signal, while the diphoton
branching ratio is only Br( h → ##) ≈ 2.28 × 10" 3, but
is potentially a very clean channel. These channels as
well as multi-lepton Þnal states fromh → ZZ# were also
studied in [19].

The dominant irreducible SM background for Higgs
plus MET is Zh production with Z decaying to neutrinos.
Depending on the decay channel, other SM backgrounds
can also be comparable or larger. Here we rely on the
ATLAS report [24] to derive bounds from LHC Run 1.
For 14 TeV projections, we estimate backgrounds rates

LHC Run 1 14 TeV

tøt 200 1006± 335

Zbøb 336 682± 26

V h 23 142± 5

SM total 727± 11 1830± 336

Dim-8, fermion DM 329± 10 23150± 880

MZ ! = 1 TeV, tan " = 1 43± 1 1836± 36

TABLE I. Background and signal events for h → bøb decay,
for the cuts described in the text. The background num-
bers for LHC Run 1 are taken from Ref. [24] for MET > 120
GeV. For our background estimate at a 14 TeV LHC, we in-
clude only the processes listed here; uncertainties from MC
statistics are shown and we include an additional 25% sys-
tematic uncertainty in deriving constraints. For the signal
from a dimension-8 operator with fermion DM, Eq. (7), we
take Þducial values of ! = 200 GeV and mX = 1 GeV. For
the Z� case, the coupling is the upper limit allowed by the #0

constraint, shown in Fig. 4.
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of the MadGraph [26], PYTHIA [27], and Delphes [28]
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boson has been performed using the data of Run 1 of
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that of the SM Higgs boson [24, 29]. In particular, the
ATLAS collaboration presents an analysis for theZ($ø$)h
channel in several MET bins, with the full integrated
luminosity of 4.7/fb at 7 TeV and 20.3/fb at

√
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TeV [24]. We use these results to derive constraints on
mono-Higgs for the models in this paper.

Event selection is governed by demanding two leading
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large ! takes over. The excluded region is the range of
! where the cross section is above that observable at the
LHC (indicated by the dashed line).

For the weakest condition Qtr < 4π! a constraint is
possible for all operators below DM masses around a few
hundred GeV. In the most restrictive case Qtr < 4! ,
we find that no bound is possible for the operators in
Eqs. (3,6). For the fermion DM operator in Eq. (7), a
limit for a narrow range in ! is still possible with the
strongest Qtr condition and 8 TeV data, but again no
bound is expected at larger masses or with a 14 TeV run.
Compared to the results for the 7/8 TeV runs of the LHC,
the 14 TeV run does not necessarily promise a significant
improvement with respect to the issue of unitarity due to
the need for a stronger /ET cut to suppress backgrounds.

IV. DARK MATTER VIA A Z !
AND HEAVY

HIGGS

Motivated by the mono-Higgs processes discussed in
the previous section, we construct a simple model with
renormalizable interactions where the relevant states may
be produced on-shell. The high-dimension operators con-
sidered previously are challenging to UV-complete; how-
ever, it is more straightforward to generalize the mono-
Higgs process, as shown in Fig. 1. If the intermediate
Z is instead a new Z

� gauge boson, resonant production
is possible; the Z

� then decays to a Higgs plus an inter-
mediate state which decays to a DM pair. Since a SM
state decaying to DM is highly constrained, we consider a
two-Higgs doublet extension to the standard model with
Z

� → hA
0, where A

0 is a heavy pseudoscalar with a
large branching ratio to dark matter. Below we discuss in
more detail the Z � coupled to a two-Higgs doublet model
(2HDM), which is su" cient to determine the mono-Higgs
signal. More model-dependent details of the DM cou-
pling to the pseudoscalar are discussed in Sec. IVC.

The gauge symmetry of the SM is extended by a
U(1)Z� , with a new massive Z

� gauge boson (see, for ex-
ample, [35, 36]). We assume that this sector also contains
a SM singlet scalar φ that leads to spontaneous breaking
of the symmetry and a Z

� mass at a scale above elec-
troweak symmetry-breaking. There are many choices for
how the SM fermions are charged under the U(1)Z� ; for
simplicity, we assume generation-independent charges for
the fermions and that only the right-handed quarks uR

are charged2. This allows LHC production of the Z �, but
since the leptons are neutral, avoids potentially stringent
constraints from searches for dilepton resonances.

For the Higgs sector we assume a Type 2 two-Higgs-
doublet model, where # u couples to up-type quarks and

2 Anomaly cancellation can be achieved with a pair of colored
triplet fields which are singlets with respect to SU(2)L: ! L(Qz =
0, Y = ! 2/3) and ! R(Qz = ! zu, Y = ! 2/3) where zu is the Z !

charge of uR.

Φd Φu QL dR uR

U(1)Z� 0 1/2 0 0 1/2

TABLE II. SM fermion and scalar U(1)Z� gauge charges. All
other SM particles are neutral.

# d couples to down-type quarks and leptons:

−L ⊃ yuQ#̃ uū+ ydQ# dd̄+ yeL# dē+ h.c. (8)

with hypercharge Y = 1/2 Higgs doublets # u, # d that
could have Z � charges zu, zd. In the case we consider, only
uR and # u are charged under U(1)Z� . Our convention for
the charges are shown in Table II.
After electroweak symmetry breaking, the Higgs dou-

blets attain vevs vu and vd, and in unitary gauge the
doublets are parametrized as

# d =
1√
2

!
− sinβ H

+

vd − sinα h+ cosα H − i sinβ A
0

"
,

# u =
1√
2

!
cosβ H

+

vu + cosα h+ sinα H + i cosβ A
0

"
(9)

where h,H are neutral CP-even scalars and A
0 is a neu-

tral CP-odd scalar. Furthermore, tanβ ≡ vu/vd, and
α is the mixing angle that diagonalizes the h −H mass
squared matrix.
We make some simplifying assumptions for the Higgs

sector, taking h as the scalar corresponding to the ob-
served Higgs boson with mh ∼ 125 GeV. The remaining
scalars H,A

0
, H

± are assumed to have masses around or
above 300 GeV, in accordance with b → sγ constraints
[37]. Fits to the observed Higgs couplings from the LHC
[38] indicate that a Type 2 2HDM is tightly constrained
around the alignment limit where sin (β − α) → 1 (specif-
ically β → α + π/2, α ∈ (−π/2, 0)). In this limit, h has
SM-like couplings to fermions and gauge bosons. In ad-
dition, perturbativity of the top yukawa coupling implies
tanβ � 0.3. Hence, we choose to work in the α − β
parameter space where tanβ ≥ 0.3 and α = β − π/2.
The Higgs vevs lead to Z−Z

� mass mixing. Diagonal-
izing the gauge boson mass matrix, the tree-level masses
of the Z and Z

� bosons are given by

M
2
Z ≈ (M0

Z)
2 − �2

#
(M0

Z�)2 − (M0
Z)

2
$

M
2
Z� ≈ (M0

Z�)2 + �2
#
(M0

Z�)2 − (M0
Z)

2
$

, (10)

where (M0
Z)

2 = g
2(v2d + v

2
u)/(4 cos

2 θw) and (M0
Z�)2 =

g
2
z(z

2
dv

2
d + z

2
uv

2
u + z

2
φv

2
φ) are the mass-squared values in

the absence of mixing. The result above is accurate to
order �2, where � is a small mixing parameter given by

� ≡ 1

M
2
Z� −M

2
Z

ggz

2 cos θw
(zdv

2
d + zuv

2
u)

=
(M0

Z)
2

M
2
Z� −M

2
Z

2gz cos θw
g

zu sin
2 β. (11)
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ically β → α + π/2, α ∈ (−π/2, 0)). In this limit, h has
SM-like couplings to fermions and gauge bosons. In ad-
dition, perturbativity of the top yukawa coupling implies
tanβ � 0.3. Hence, we choose to work in the α − β
parameter space where tanβ ≥ 0.3 and α = β − π/2.
The Higgs vevs lead to Z−Z

� mass mixing. Diagonal-
izing the gauge boson mass matrix, the tree-level masses
of the Z and Z

� bosons are given by
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large ! takes over. The excluded region is the range of
! where the cross section is above that observable at the
LHC (indicated by the dashed line).

For the weakest condition Qtr < 4π! a constraint is
possible for all operators below DM masses around a few
hundred GeV. In the most restrictive case Qtr < 4! ,
we find that no bound is possible for the operators in
Eqs. (3,6). For the fermion DM operator in Eq. (7), a
limit for a narrow range in ! is still possible with the
strongest Qtr condition and 8 TeV data, but again no
bound is expected at larger masses or with a 14 TeV run.
Compared to the results for the 7/8 TeV runs of the LHC,
the 14 TeV run does not necessarily promise a significant
improvement with respect to the issue of unitarity due to
the need for a stronger /ET cut to suppress backgrounds.

IV. DARK MATTER VIA A Z !
AND HEAVY

HIGGS

Motivated by the mono-Higgs processes discussed in
the previous section, we construct a simple model with
renormalizable interactions where the relevant states may
be produced on-shell. The high-dimension operators con-
sidered previously are challenging to UV-complete; how-
ever, it is more straightforward to generalize the mono-
Higgs process, as shown in Fig. 1. If the intermediate
Z is instead a new Z

� gauge boson, resonant production
is possible; the Z

� then decays to a Higgs plus an inter-
mediate state which decays to a DM pair. Since a SM
state decaying to DM is highly constrained, we consider a
two-Higgs doublet extension to the standard model with
Z

� → hA
0, where A

0 is a heavy pseudoscalar with a
large branching ratio to dark matter. Below we discuss in
more detail the Z � coupled to a two-Higgs doublet model
(2HDM), which is su" cient to determine the mono-Higgs
signal. More model-dependent details of the DM cou-
pling to the pseudoscalar are discussed in Sec. IVC.

The gauge symmetry of the SM is extended by a
U(1)Z� , with a new massive Z

� gauge boson (see, for ex-
ample, [35, 36]). We assume that this sector also contains
a SM singlet scalar φ that leads to spontaneous breaking
of the symmetry and a Z

� mass at a scale above elec-
troweak symmetry-breaking. There are many choices for
how the SM fermions are charged under the U(1)Z� ; for
simplicity, we assume generation-independent charges for
the fermions and that only the right-handed quarks uR

are charged2. This allows LHC production of the Z �, but
since the leptons are neutral, avoids potentially stringent
constraints from searches for dilepton resonances.

For the Higgs sector we assume a Type 2 two-Higgs-
doublet model, where # u couples to up-type quarks and

2 Anomaly cancellation can be achieved with a pair of colored
triplet fields which are singlets with respect to SU(2)L: ! L(Qz =
0, Y = ! 2/3) and ! R(Qz = ! zu, Y = ! 2/3) where zu is the Z !

charge of uR.

Φd Φu QL dR uR

U(1)Z� 0 1/2 0 0 1/2
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0 is a neu-

tral CP-odd scalar. Furthermore, tanβ ≡ vu/vd, and
α is the mixing angle that diagonalizes the h −H mass
squared matrix.
We make some simplifying assumptions for the Higgs

sector, taking h as the scalar corresponding to the ob-
served Higgs boson with mh ∼ 125 GeV. The remaining
scalars H,A

0
, H

± are assumed to have masses around or
above 300 GeV, in accordance with b → sγ constraints
[37]. Fits to the observed Higgs couplings from the LHC
[38] indicate that a Type 2 2HDM is tightly constrained
around the alignment limit where sin (β − α) → 1 (specif-
ically β → α + π/2, α ∈ (−π/2, 0)). In this limit, h has
SM-like couplings to fermions and gauge bosons. In ad-
dition, perturbativity of the top yukawa coupling implies
tanβ � 0.3. Hence, we choose to work in the α − β
parameter space where tanβ ≥ 0.3 and α = β − π/2.
The Higgs vevs lead to Z−Z
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izing the gauge boson mass matrix, the tree-level masses
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M
2
Z ≈ (M0

Z)
2 − �2

#
(M0

Z�)2 − (M0
Z)

2
$

M
2
Z� ≈ (M0

Z�)2 + �2
#
(M0

Z�)2 − (M0
Z)

2
$

, (10)

where (M0
Z)

2 = g
2(v2d + v

2
u)/(4 cos

2 θw) and (M0
Z�)2 =

g
2
z(z

2
dv

2
d + z

2
uv

2
u + z

2
φv

2
φ) are the mass-squared values in

the absence of mixing. The result above is accurate to
order �2, where � is a small mixing parameter given by

� ≡ 1

M
2
Z� −M

2
Z

ggz

2 cos θw
(zdv

2
d + zuv

2
u)

=
(M0

Z)
2

M
2
Z� −M

2
Z

2gz cos θw
g

zu sin
2 β. (11)



Simplified Model: Z’ + Type II 2HDM

Enlarge gauge group: 
new U(1)

Enlarge Higgs sector: 
2nd Higgs doublet

All particles can be 
produced on shell.

Assume pseudoscalar 
has order 1 BF to DM. 

øq

q h

X

øX
A0

Z ′

6
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! where the cross section is above that observable at the
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For the weakest condition Qtr < 4π! a constraint is
possible for all operators below DM masses around a few
hundred GeV. In the most restrictive case Qtr < 4! ,
we find that no bound is possible for the operators in
Eqs. (3,6). For the fermion DM operator in Eq. (7), a
limit for a narrow range in ! is still possible with the
strongest Qtr condition and 8 TeV data, but again no
bound is expected at larger masses or with a 14 TeV run.
Compared to the results for the 7/8 TeV runs of the LHC,
the 14 TeV run does not necessarily promise a significant
improvement with respect to the issue of unitarity due to
the need for a stronger /ET cut to suppress backgrounds.

IV. DARK MATTER VIA A Z !
AND HEAVY

HIGGS

Motivated by the mono-Higgs processes discussed in
the previous section, we construct a simple model with
renormalizable interactions where the relevant states may
be produced on-shell. The high-dimension operators con-
sidered previously are challenging to UV-complete; how-
ever, it is more straightforward to generalize the mono-
Higgs process, as shown in Fig. 1. If the intermediate
Z is instead a new Z

� gauge boson, resonant production
is possible; the Z

� then decays to a Higgs plus an inter-
mediate state which decays to a DM pair. Since a SM
state decaying to DM is highly constrained, we consider a
two-Higgs doublet extension to the standard model with
Z

� → hA
0, where A

0 is a heavy pseudoscalar with a
large branching ratio to dark matter. Below we discuss in
more detail the Z � coupled to a two-Higgs doublet model
(2HDM), which is su" cient to determine the mono-Higgs
signal. More model-dependent details of the DM cou-
pling to the pseudoscalar are discussed in Sec. IVC.

The gauge symmetry of the SM is extended by a
U(1)Z� , with a new massive Z

� gauge boson (see, for ex-
ample, [35, 36]). We assume that this sector also contains
a SM singlet scalar φ that leads to spontaneous breaking
of the symmetry and a Z

� mass at a scale above elec-
troweak symmetry-breaking. There are many choices for
how the SM fermions are charged under the U(1)Z� ; for
simplicity, we assume generation-independent charges for
the fermions and that only the right-handed quarks uR

are charged2. This allows LHC production of the Z �, but
since the leptons are neutral, avoids potentially stringent
constraints from searches for dilepton resonances.

For the Higgs sector we assume a Type 2 two-Higgs-
doublet model, where # u couples to up-type quarks and

2 Anomaly cancellation can be achieved with a pair of colored
triplet fields which are singlets with respect to SU(2)L: ! L(Qz =
0, Y = ! 2/3) and ! R(Qz = ! zu, Y = ! 2/3) where zu is the Z !

charge of uR.

Φd Φu QL dR uR

U(1)Z� 0 1/2 0 0 1/2

TABLE II. SM fermion and scalar U(1)Z� gauge charges. All
other SM particles are neutral.

# d couples to down-type quarks and leptons:

−L ⊃ yuQ#̃ uū+ ydQ# dd̄+ yeL# dē+ h.c. (8)

with hypercharge Y = 1/2 Higgs doublets # u, # d that
could have Z � charges zu, zd. In the case we consider, only
uR and # u are charged under U(1)Z� . Our convention for
the charges are shown in Table II.
After electroweak symmetry breaking, the Higgs dou-

blets attain vevs vu and vd, and in unitary gauge the
doublets are parametrized as

# d =
1√
2
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+
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0
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(9)

where h,H are neutral CP-even scalars and A
0 is a neu-

tral CP-odd scalar. Furthermore, tanβ ≡ vu/vd, and
α is the mixing angle that diagonalizes the h −H mass
squared matrix.
We make some simplifying assumptions for the Higgs

sector, taking h as the scalar corresponding to the ob-
served Higgs boson with mh ∼ 125 GeV. The remaining
scalars H,A

0
, H

± are assumed to have masses around or
above 300 GeV, in accordance with b → sγ constraints
[37]. Fits to the observed Higgs couplings from the LHC
[38] indicate that a Type 2 2HDM is tightly constrained
around the alignment limit where sin (β − α) → 1 (specif-
ically β → α + π/2, α ∈ (−π/2, 0)). In this limit, h has
SM-like couplings to fermions and gauge bosons. In ad-
dition, perturbativity of the top yukawa coupling implies
tanβ � 0.3. Hence, we choose to work in the α − β
parameter space where tanβ ≥ 0.3 and α = β − π/2.
The Higgs vevs lead to Z−Z

� mass mixing. Diagonal-
izing the gauge boson mass matrix, the tree-level masses
of the Z and Z

� bosons are given by
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large Λ takes over. The excluded region is the range of
Λ where the cross section is above that observable at the
LHC (indicated by the dashed line).

For the weakest condition Qtr < 4πΛ a constraint is
possible for all operators below DM masses around a few
hundred GeV. In the most restrictive caseQtr < 4Λ,
we Þnd that no bound is possible for the operators in
Eqs. (3,6). For the fermion DM operator in Eq. (7), a
limit for a narrow range in Λ is still possible with the
strongest Qtr condition and 8 TeV data, but again no
bound is expected at larger masses or with a 14 TeV run.
Compared to the results for the 7/8 TeV runs of the LHC,
the 14 TeV run does not necessarily promise a signiÞcant
improvement with respect to the issue of unitarity due to
the need for a stronger/ET cut to suppress backgrounds.

IV. DARK MATTER VIA A Z !
AND HEAVY

HIGGS

Motivated by the mono-Higgs processes discussed in
the previous section, we construct a simple model with
renormalizable interactions where the relevant states may
be produced on-shell. The high-dimension operators con-
sidered previously are challenging to UV-complete; how-
ever, it is more straightforward to generalize the mono-
Higgs process, as shown in Fig. 1. If the intermediate
Z is instead a newZ

! gauge boson, resonant production
is possible; theZ ! then decays to a Higgs plus an inter-
mediate state which decays to a DM pair. Since a SM
state decaying to DM is highly constrained, we consider a
two-Higgs doublet extension to the standard model with
Z

! → hA
0, where A

0 is a heavy pseudoscalar with a
large branching ratio to dark matter. Below we discuss in
more detail the Z

! coupled to a two-Higgs doublet model
(2HDM), which is sufficient to determine the mono-Higgs
signal. More model-dependent details of the DM cou-
pling to the pseudoscalar are discussed in Sec. IV C.

The gauge symmetry of the SM is extended by a
U (1)Z � , with a new massiveZ ! gauge boson (see, for ex-
ample, [35, 36]). We assume that this sector also contains
a SM singlet scalarφ that leads to spontaneous breaking
of the symmetry and a Z

! mass at a scale above elec-
troweak symmetry-breaking. There are many choices for
how the SM fermions are charged under theU (1)Z � ; for
simplicity, we assume generation-independent charges for
the fermions and that only the right-handed quarks uR
are charged2. This allows LHC production of the Z

! , but
since the leptons are neutral, avoids potentially stringent
constraints from searches for dilepton resonances.

For the Higgs sector we assume a Type 2 two-Higgs-
doublet model, whereΦu couples to up-type quarks and

2 Anomaly cancellation can be achieved with a pair of colored
triplet fields which are singlets with respect to SU(2)L: ! L(Qz =
0, Y = ! 2/3) and ! R(Qz = ! zu, Y = ! 2/3) where zu is the Z !

charge of uR.

Φd Φu QL dR uR

U(1)Z� 0 1/2 0 0 1/2

TABLE II. SM fermion and scalar U(1)Z� gauge charges. All
other SM particles are neutral.

Φd couples to down-type quarks and leptons:

−L ⊃ yuQ÷Φu øu + ydQΦd
ød + yeLΦdøe + h .c. (8)

with hypercharge Y = 1/2 Higgs doubletsΦu ,Φd that
could haveZ ! chargeszu , zd. In the case we consider, only
uR and Φu are charged underU (1)Z � . Our convention for
the charges are shown in Table II.

After electroweak symmetry breaking, the Higgs dou-
blets attain vevs vu and vd, and in unitary gauge the
doublets are parametrized as
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"
(9)

whereh,H are neutral CP-even scalars andA0 is a neu-
tral CP-odd scalar. Furthermore, tan β ≡ vu/vd, and
α is the mixing angle that diagonalizes theh −H mass
squared matrix.

We make some simplifying assumptions for the Higgs
sector, taking h as the scalar corresponding to the ob-
served Higgs boson withmh ∼ 125 GeV. The remaining
scalarsH,A

0
, H

± are assumed to have masses around or
above 300 GeV, in accordance withb → sγ constraints
[37]. Fits to the observed Higgs couplings from the LHC
[38] indicate that a Type 2 2HDM is tightly constrained
around the alignment limit where sin (β − α) → 1 (specif-
ically β → α + π/2, α ∈ (−π/2, 0)). In this limit, h has
SM-like couplings to fermions and gauge bosons. In ad-
dition, perturbativity of the top yukawa coupling implies
tan β � 0.3. Hence, we choose to work in theα − β
parameter space where tanβ ≥ 0.3 and α = β − π/2.

The Higgs vevs lead toZ−Z
! mass mixing. Diagonal-

izing the gauge boson mass matrix, the tree-level masses
of the Z and Z
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large ! takes over. The excluded region is the range of
! where the cross section is above that observable at the
LHC (indicated by the dashed line).

For the weakest condition Qtr < 4π! a constraint is
possible for all operators below DM masses around a few
hundred GeV. In the most restrictive case Qtr < 4! ,
we find that no bound is possible for the operators in
Eqs. (3,6). For the fermion DM operator in Eq. (7), a
limit for a narrow range in ! is still possible with the
strongest Qtr condition and 8 TeV data, but again no
bound is expected at larger masses or with a 14 TeV run.
Compared to the results for the 7/8 TeV runs of the LHC,
the 14 TeV run does not necessarily promise a significant
improvement with respect to the issue of unitarity due to
the need for a stronger /ET cut to suppress backgrounds.

IV. DARK MATTER VIA A Z !
AND HEAVY

HIGGS

Motivated by the mono-Higgs processes discussed in
the previous section, we construct a simple model with
renormalizable interactions where the relevant states may
be produced on-shell. The high-dimension operators con-
sidered previously are challenging to UV-complete; how-
ever, it is more straightforward to generalize the mono-
Higgs process, as shown in Fig. 1. If the intermediate
Z is instead a new Z

� gauge boson, resonant production
is possible; the Z

� then decays to a Higgs plus an inter-
mediate state which decays to a DM pair. Since a SM
state decaying to DM is highly constrained, we consider a
two-Higgs doublet extension to the standard model with
Z

� → hA
0, where A

0 is a heavy pseudoscalar with a
large branching ratio to dark matter. Below we discuss in
more detail the Z � coupled to a two-Higgs doublet model
(2HDM), which is su" cient to determine the mono-Higgs
signal. More model-dependent details of the DM cou-
pling to the pseudoscalar are discussed in Sec. IVC.

The gauge symmetry of the SM is extended by a
U(1)Z� , with a new massive Z

� gauge boson (see, for ex-
ample, [35, 36]). We assume that this sector also contains
a SM singlet scalar φ that leads to spontaneous breaking
of the symmetry and a Z

� mass at a scale above elec-
troweak symmetry-breaking. There are many choices for
how the SM fermions are charged under the U(1)Z� ; for
simplicity, we assume generation-independent charges for
the fermions and that only the right-handed quarks uR

are charged2. This allows LHC production of the Z �, but
since the leptons are neutral, avoids potentially stringent
constraints from searches for dilepton resonances.

For the Higgs sector we assume a Type 2 two-Higgs-
doublet model, where # u couples to up-type quarks and

2 Anomaly cancellation can be achieved with a pair of colored
triplet fields which are singlets with respect to SU(2)L: ! L(Qz =
0, Y = ! 2/3) and ! R(Qz = ! zu, Y = ! 2/3) where zu is the Z !

charge of uR.
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TABLE II. SM fermion and scalar U(1)Z� gauge charges. All
other SM particles are neutral.

# d couples to down-type quarks and leptons:

−L ⊃ yuQ#̃ uū+ ydQ# dd̄+ yeL# dē+ h.c. (8)

with hypercharge Y = 1/2 Higgs doublets # u, # d that
could have Z � charges zu, zd. In the case we consider, only
uR and # u are charged under U(1)Z� . Our convention for
the charges are shown in Table II.
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where h,H are neutral CP-even scalars and A
0 is a neu-

tral CP-odd scalar. Furthermore, tanβ ≡ vu/vd, and
α is the mixing angle that diagonalizes the h −H mass
squared matrix.
We make some simplifying assumptions for the Higgs

sector, taking h as the scalar corresponding to the ob-
served Higgs boson with mh ∼ 125 GeV. The remaining
scalars H,A
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± are assumed to have masses around or
above 300 GeV, in accordance with b → sγ constraints
[37]. Fits to the observed Higgs couplings from the LHC
[38] indicate that a Type 2 2HDM is tightly constrained
around the alignment limit where sin (β − α) → 1 (specif-
ically β → α + π/2, α ∈ (−π/2, 0)). In this limit, h has
SM-like couplings to fermions and gauge bosons. In ad-
dition, perturbativity of the top yukawa coupling implies
tanβ � 0.3. Hence, we choose to work in the α − β
parameter space where tanβ ≥ 0.3 and α = β − π/2.
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large Λ takes over. The excluded region is the range of
Λ where the cross section is above that observable at the
LHC (indicated by the dashed line).

For the weakest condition Qtr < 4πΛ a constraint is
possible for all operators below DM masses around a few
hundred GeV. In the most restrictive caseQtr < 4Λ,
we Þnd that no bound is possible for the operators in
Eqs. (3,6). For the fermion DM operator in Eq. (7), a
limit for a narrow range in Λ is still possible with the
strongest Qtr condition and 8 TeV data, but again no
bound is expected at larger masses or with a 14 TeV run.
Compared to the results for the 7/8 TeV runs of the LHC,
the 14 TeV run does not necessarily promise a signiÞcant
improvement with respect to the issue of unitarity due to
the need for a stronger/ET cut to suppress backgrounds.

IV. DARK MATTER VIA A Z !
AND HEAVY

HIGGS

Motivated by the mono-Higgs processes discussed in
the previous section, we construct a simple model with
renormalizable interactions where the relevant states may
be produced on-shell. The high-dimension operators con-
sidered previously are challenging to UV-complete; how-
ever, it is more straightforward to generalize the mono-
Higgs process, as shown in Fig. 1. If the intermediate
Z is instead a newZ

! gauge boson, resonant production
is possible; theZ ! then decays to a Higgs plus an inter-
mediate state which decays to a DM pair. Since a SM
state decaying to DM is highly constrained, we consider a
two-Higgs doublet extension to the standard model with
Z

! → hA
0, where A

0 is a heavy pseudoscalar with a
large branching ratio to dark matter. Below we discuss in
more detail the Z

! coupled to a two-Higgs doublet model
(2HDM), which is sufficient to determine the mono-Higgs
signal. More model-dependent details of the DM cou-
pling to the pseudoscalar are discussed in Sec. IV C.

The gauge symmetry of the SM is extended by a
U (1)Z � , with a new massiveZ ! gauge boson (see, for ex-
ample, [35, 36]). We assume that this sector also contains
a SM singlet scalarφ that leads to spontaneous breaking
of the symmetry and a Z

! mass at a scale above elec-
troweak symmetry-breaking. There are many choices for
how the SM fermions are charged under theU (1)Z � ; for
simplicity, we assume generation-independent charges for
the fermions and that only the right-handed quarks uR
are charged2. This allows LHC production of the Z

! , but
since the leptons are neutral, avoids potentially stringent
constraints from searches for dilepton resonances.

For the Higgs sector we assume a Type 2 two-Higgs-
doublet model, whereΦu couples to up-type quarks and

2 Anomaly cancellation can be achieved with a pair of colored
triplet fields which are singlets with respect to SU(2)L: ! L(Qz =
0, Y = ! 2/3) and ! R(Qz = ! zu, Y = ! 2/3) where zu is the Z !

charge of uR.

Φd Φu QL dR uR

U(1)Z� 0 1/2 0 0 1/2

TABLE II. SM fermion and scalar U(1)Z� gauge charges. All
other SM particles are neutral.

Φd couples to down-type quarks and leptons:

−L ⊃ yuQ÷Φu øu + ydQΦd
ød + yeLΦdøe + h .c. (8)

with hypercharge Y = 1/2 Higgs doubletsΦu ,Φd that
could haveZ ! chargeszu , zd. In the case we consider, only
uR and Φu are charged underU (1)Z � . Our convention for
the charges are shown in Table II.

After electroweak symmetry breaking, the Higgs dou-
blets attain vevs vu and vd, and in unitary gauge the
doublets are parametrized as

Φd =
1√
2

!
− sinβ H

+

vd − sinα h + cosα H − i sinβ A
0

"
,

Φu =
1√
2

!
cosβ H

+

vu + cosα h + sin α H + i cosβ A
0

"
(9)

whereh,H are neutral CP-even scalars andA0 is a neu-
tral CP-odd scalar. Furthermore, tan β ≡ vu/vd, and
α is the mixing angle that diagonalizes theh −H mass
squared matrix.

We make some simplifying assumptions for the Higgs
sector, taking h as the scalar corresponding to the ob-
served Higgs boson withmh ∼ 125 GeV. The remaining
scalarsH,A

0
, H

± are assumed to have masses around or
above 300 GeV, in accordance withb → sγ constraints
[37]. Fits to the observed Higgs couplings from the LHC
[38] indicate that a Type 2 2HDM is tightly constrained
around the alignment limit where sin (β − α) → 1 (specif-
ically β → α + π/2, α ∈ (−π/2, 0)). In this limit, h has
SM-like couplings to fermions and gauge bosons. In ad-
dition, perturbativity of the top yukawa coupling implies
tan β � 0.3. Hence, we choose to work in theα − β
parameter space where tanβ ≥ 0.3 and α = β − π/2.

The Higgs vevs lead toZ−Z
! mass mixing. Diagonal-

izing the gauge boson mass matrix, the tree-level masses
of the Z and Z

! bosons are given by

M
2
Z ≈ (M0

Z )2 − �2
#
(M0

Z � )2 − (M0
Z )2

$

M
2
Z � ≈ (M0

Z � )2 + �2
#
(M0

Z � )2 − (M0
Z )2

$
, (10)

where (M0
Z )2 = g

2(v2d + v
2
u )/(4 cos2 θw ) and (M0

Z � )2 =
g
2
z (z2dv

2
d + z

2
uv

2
u + z

2
! v

2
! ) are the mass-squared values in

the absence of mixing. The result above is accurate to
order �2, where � is a small mixing parameter given by

� ≡ 1
M

2
Z � −M

2
Z

ggz

2 cosθw
(zdv

2
d + zuv

2
u )

=
(M0

Z )2

M
2
Z � −M

2
Z

2gz cosθw

g
zu sin2 β. (11)
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Z+h production via Z’ resonance!
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Finally, the mass eigenstates corresponding to the ob-
servedZ boson and the hypotheticalZ ! boson are

Zµ ≈ W 3µ cos! w −Bµ
Y sin ! w + "Bµ

Z ,

Z !µ ≈ Bµ
Z − "

!
W 3µ cos! w −Bµ

Y sin ! w
"
. (12)

A. Z �
constraints

The Z − Z ! mixing leads to a modiÞcation to the Z
mass, as shown in Eq. (10). This in turn affects the
relation between theW and Z masses, which is expressed
as a deviation of the#0 parameter away from unity:

#0 = 1 + "2
#
M2

Z � −M2
Z

M2
Z

$
, (13)

Current precision electroweak global Þts constrain#0 =
1.0004+0.0003

" 0.0004 [39]. Taking this result at face value, the
approximate 95% upper limit

#0 ≤ 1.0009 (14)

implies an upper limit on gz (at Þxed tan$ and MZ � ),
shown in Fig. 4. Although there are also strong LEP
constraints on Z − Z ! mixing from, e.g., precision mea-
surements of dijets/dileptons through a Z resonance, in
our case the limits are weak since the coupling to leptons
is "-suppressed.

There are additional gz constraints from searches for
dijet resonances fromZ ! decay toqøq, also shown in Fig. 4.
We apply results from Tevatron and LHC studies, with
Tevatron results [40] providing coverage for 300 GeV≤
MZ � ≤ 1.4 TeV. We also apply 95% CL upper limits from

CMS using 7 TeV [41] and 8 TeV [42] data3, given in a
model-independent form in terms of a cross section times
acceptance for a narrow resonance decaying toqøq. An
upper bound ongz is derived by comparing our detector-
level simulation to the published upper limits, assuming
that the Z ! width is Þxed for the most part by its decay
to quarks:

ΓZ �# qq̄ ≈ g2z
24%

z2uNcMZ � (15)

for each light-quark ßavor. This is a valid approximation
for the model here, assuming that there isnÕt a signiÞcant
width for Z ! decay to other new fermionic modes.

For masses below∼ 1.3 TeV (exactly the regime that
we Þnd the strongest potential mono-Higgs signal) and
in particular for large tan $, we Þnd that the #0 con-
straint on gz is stronger than dijet limits. However, for
tan $ ! 0.6, the dijet constraints dominate even at low
masses. For the remainder of the paper, for any given
MZ � and tan $, we will simply assume the couplinggz
is the maximum allowed by #0 and dijet constraints, as
given in Fig. 4.

B. Mono-Higgs signal

The mono-Higgs signal associated with DM plus Higgs
production proceeds throughZ ! → hA0; the decay width
for this to leading order in " is

ΓZ �# hA 0 = ( gz cos& cos$)2
|p|
24%

|p|2

M2
Z �

. (16)

The center of mass momentum for the decay products
is |p| = 1

2M Z�
' 1/ 2(M2

Z � ,m2
h ,m

2
A 0 ), where ' is the K¬allen

triangle function. Since only the Φu doublet couples di-
rectly to the Z ! , and since the pseudoscalar component of
the Φu scales with cos$, this decay width is suppressed
by 1/ tan2 $ in the limit of large tan $. For tan $ < 1, the
rate actually increases because the allowedgz from the
precision electroweak constraint increases, at least until
tan $ ≈ 0.6 when dijet limits take over.

The Z ! model enjoys an additional source of Higgs plus
MET from the decay of Z ! → hZ, where the Z decays
invisibly. The decay width is

ΓZ �# hZ = ( gz cos& sin$)2
|p|
24%

#
|p|2

M2
Z �

+ 3
M2

Z

M2
Z �

$
, (17)

which grows with smallerMZ � due to the M2
Z /M

!2
Z term.

At Þxed MZ � , the mono-Higgs rate for this process is

3 The ATLAS collaboration has also presented 95% CL upper lim-
its [43, 44], but for a narrow Gaussian in dijet mass distribution,
which is not applicable to this case since there is a signiÞcant
tail to the distribution at lower dijet masses.
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Y sinθw + �Bµ

Z ,

Z �µ ≈ Bµ
Z − �

�
W 3µ cosθw −Bµ

Y sinθw
�
. (12)
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The Z − Z � mixing leads to a modiÞcation to the Z
mass, as shown in Eq. (10). This in turn a! ects the
relation between theW and Z masses, which is expressed
as a deviation of theρ0 parameter away from unity:
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, (13)

Current precision electroweak global Þts constrainρ0 =
1.0004+0.0003

−0.0004 [39]. Taking this result at face value, the
approximate 95% upper limit

ρ0 ≤ 1.0009 (14)

implies an upper limit on gz (at Þxed tanβ and MZ� ),
shown in Fig. 4. Although there are also strong LEP
constraints on Z − Z � mixing from, e.g., precision mea-
surements of dijets/dileptons through a Z resonance, in
our case the limits are weak since the coupling to leptons
is �-suppressed.

There are additional gz constraints from searches for
dijet resonances fromZ � decay toqøq, also shown in Fig. 4.
We apply results from Tevatron and LHC studies, with
Tevatron results [40] providing coverage for 300 GeV≤
MZ� ≤ 1.4 TeV. We also apply 95% CL upper limits from

CMS using 7 TeV [41] and 8 TeV [42] data3, given in a
model-independent form in terms of a cross section times
acceptance for a narrow resonance decaying toqøq. An
upper bound ongz is derived by comparing our detector-
level simulation to the published upper limits, assuming
that the Z � width is Þxed for the most part by its decay
to quarks:

" Z�→qq̄ ≈ g2z
24π

z2uNcMZ� (15)

for each light-quark ßavor. This is a valid approximation
for the model here, assuming that there isnÕt a signiÞcant
width for Z � decay to other new fermionic modes.

For masses below∼ 1.3 TeV (exactly the regime that
we Þnd the strongest potential mono-Higgs signal) and
in particular for large tan β, we Þnd that the ρ0 con-
straint on gz is stronger than dijet limits. However, for
tan β � 0.6, the dijet constraints dominate even at low
masses. For the remainder of the paper, for any given
MZ� and tanβ, we will simply assume the couplinggz
is the maximum allowed by ρ0 and dijet constraints, as
given in Fig. 4.

B. Mono-Higgs signal

The mono-Higgs signal associated with DM plus Higgs
production proceeds throughZ � → hA0; the decay width
for this to leading order in � is

" Z�→hA0 = ( gz cosα cosβ)2
|p|
24π

|p|2

M2
Z�

. (16)

The center of mass momentum for the decay products
is |p| = 1

2MZ �
λ1/2(M2

Z� ,m2
h,m

2
A0 ), where λ is the K¬allen

triangle function. Since only the # u doublet couples di-
rectly to the Z �, and since the pseudoscalar component of
the # u scales with cosβ, this decay width is suppressed
by 1/ tan2 β in the limit of large tan β. For tan β < 1, the
rate actually increases because the allowedgz from the
precision electroweak constraint increases, at least until
tan β ≈ 0.6 when dijet limits take over.

The Z � model enjoys an additional source of Higgs plus
MET from the decay of Z � → hZ, where the Z decays
invisibly. The decay width is

" Z�→hZ = ( gz cosα sinβ)2
|p|
24π

�
|p|2
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Z
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, (17)

which grows with smallerMZ� due to the M2
Z/M

�2
Z term.

At Þxed MZ� , the mono-Higgs rate for this process is

3 The ATLAS collaboration has also presented 95% CL upper lim-
its [43, 44], but for a narrow Gaussian in dijet mass distribution,
which is not applicable to this case since there is a significant
tail to the distribution at lower dijet masses.
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Finally, the mass eigenstates corresponding to the ob-
servedZ boson and the hypotheticalZ ! boson are

Zµ ≈ W 3µ cos! w −Bµ
Y sin ! w + "Bµ

Z ,

Z !µ ≈ Bµ
Z − "
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A. Z �
constraints

The Z − Z ! mixing leads to a modiÞcation to the Z
mass, as shown in Eq. (10). This in turn affects the
relation between theW and Z masses, which is expressed
as a deviation of the#0 parameter away from unity:

#0 = 1 + "2
#
M2

Z � −M2
Z
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Z
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, (13)

Current precision electroweak global Þts constrain#0 =
1.0004+0.0003

" 0.0004 [39]. Taking this result at face value, the
approximate 95% upper limit

#0 ≤ 1.0009 (14)

implies an upper limit on gz (at Þxed tan$ and MZ � ),
shown in Fig. 4. Although there are also strong LEP
constraints on Z − Z ! mixing from, e.g., precision mea-
surements of dijets/dileptons through a Z resonance, in
our case the limits are weak since the coupling to leptons
is "-suppressed.

There are additional gz constraints from searches for
dijet resonances fromZ ! decay toqøq, also shown in Fig. 4.
We apply results from Tevatron and LHC studies, with
Tevatron results [40] providing coverage for 300 GeV≤
MZ � ≤ 1.4 TeV. We also apply 95% CL upper limits from

CMS using 7 TeV [41] and 8 TeV [42] data3, given in a
model-independent form in terms of a cross section times
acceptance for a narrow resonance decaying toqøq. An
upper bound ongz is derived by comparing our detector-
level simulation to the published upper limits, assuming
that the Z ! width is Þxed for the most part by its decay
to quarks:

ΓZ �# qq̄ ≈ g2z
24%

z2uNcMZ � (15)

for each light-quark ßavor. This is a valid approximation
for the model here, assuming that there isnÕt a signiÞcant
width for Z ! decay to other new fermionic modes.

For masses below∼ 1.3 TeV (exactly the regime that
we Þnd the strongest potential mono-Higgs signal) and
in particular for large tan $, we Þnd that the #0 con-
straint on gz is stronger than dijet limits. However, for
tan $ ! 0.6, the dijet constraints dominate even at low
masses. For the remainder of the paper, for any given
MZ � and tan $, we will simply assume the couplinggz
is the maximum allowed by #0 and dijet constraints, as
given in Fig. 4.

B. Mono-Higgs signal

The mono-Higgs signal associated with DM plus Higgs
production proceeds throughZ ! → hA0; the decay width
for this to leading order in " is

ΓZ �# hA 0 = ( gz cos& cos$)2
|p|
24%

|p|2

M2
Z �

. (16)

The center of mass momentum for the decay products
is |p| = 1

2M Z�
' 1/ 2(M2

Z � ,m2
h ,m

2
A 0 ), where ' is the K¬allen

triangle function. Since only the Φu doublet couples di-
rectly to the Z ! , and since the pseudoscalar component of
the Φu scales with cos$, this decay width is suppressed
by 1/ tan2 $ in the limit of large tan $. For tan $ < 1, the
rate actually increases because the allowedgz from the
precision electroweak constraint increases, at least until
tan $ ≈ 0.6 when dijet limits take over.

The Z ! model enjoys an additional source of Higgs plus
MET from the decay of Z ! → hZ, where the Z decays
invisibly. The decay width is

ΓZ �# hZ = ( gz cos& sin$)2
|p|
24%
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which grows with smallerMZ � due to the M2
Z /M

!2
Z term.

At Þxed MZ � , the mono-Higgs rate for this process is

3 The ATLAS collaboration has also presented 95% CL upper lim-
its [43, 44], but for a narrow Gaussian in dijet mass distribution,
which is not applicable to this case since there is a signiÞcant
tail to the distribution at lower dijet masses.
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Current precision electroweak global Þts constrainρ0 =
1.0004+0.0003

−0.0004 [39]. Taking this result at face value, the
approximate 95% upper limit

ρ0 ≤ 1.0009 (14)

implies an upper limit on gz (at Þxed tanβ and MZ� ),
shown in Fig. 4. Although there are also strong LEP
constraints on Z − Z � mixing from, e.g., precision mea-
surements of dijets/dileptons through a Z resonance, in
our case the limits are weak since the coupling to leptons
is �-suppressed.

There are additional gz constraints from searches for
dijet resonances fromZ � decay toqøq, also shown in Fig. 4.
We apply results from Tevatron and LHC studies, with
Tevatron results [40] providing coverage for 300 GeV≤
MZ� ≤ 1.4 TeV. We also apply 95% CL upper limits from

CMS using 7 TeV [41] and 8 TeV [42] data3, given in a
model-independent form in terms of a cross section times
acceptance for a narrow resonance decaying toqøq. An
upper bound ongz is derived by comparing our detector-
level simulation to the published upper limits, assuming
that the Z � width is Þxed for the most part by its decay
to quarks:
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for each light-quark ßavor. This is a valid approximation
for the model here, assuming that there isnÕt a signiÞcant
width for Z � decay to other new fermionic modes.

For masses below∼ 1.3 TeV (exactly the regime that
we Þnd the strongest potential mono-Higgs signal) and
in particular for large tan β, we Þnd that the ρ0 con-
straint on gz is stronger than dijet limits. However, for
tan β � 0.6, the dijet constraints dominate even at low
masses. For the remainder of the paper, for any given
MZ� and tanβ, we will simply assume the couplinggz
is the maximum allowed by ρ0 and dijet constraints, as
given in Fig. 4.

B. Mono-Higgs signal

The mono-Higgs signal associated with DM plus Higgs
production proceeds throughZ � → hA0; the decay width
for this to leading order in � is
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is |p| = 1
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triangle function. Since only the # u doublet couples di-
rectly to the Z �, and since the pseudoscalar component of
the # u scales with cosβ, this decay width is suppressed
by 1/ tan2 β in the limit of large tan β. For tan β < 1, the
rate actually increases because the allowedgz from the
precision electroweak constraint increases, at least until
tan β ≈ 0.6 when dijet limits take over.

The Z � model enjoys an additional source of Higgs plus
MET from the decay of Z � → hZ, where the Z decays
invisibly. The decay width is
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which grows with smallerMZ� due to the M2
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Z term.

At Þxed MZ� , the mono-Higgs rate for this process is

3 The ATLAS collaboration has also presented 95% CL upper lim-
its [43, 44], but for a narrow Gaussian in dijet mass distribution,
which is not applicable to this case since there is a significant
tail to the distribution at lower dijet masses.
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FIG. 1. Production mechanisms for dark matter plus Higgs through (left) a contact operator coupling dark matter to Zh or

! h, or (right ) a new Z !
coupled to a two Higgs doublet model, where the new pseudoscalar A0

decays primarily to the dark

matter.

tion V.
We also note that the mono-Higgs signal has recently

been discussed in Refs. [18, 19]. Ref. [18] considered con-
tact operators coupling dark matter to SM Higgs dou-
blets and possibly other SM states (the operators are dif-
ferent from the ones in this paper); however they found
that for most of the operators the bounds on the cut-
off scale are quite low, less than 50 GeV, which is well
beyond the regime of validity for assuming a contact op-
erator.

Ref. [19] considered a somewhat different set of opera-
tors as well as simplified models. For the “Higgs-portal”-
type operators (e.g., [20–22]), they find LHC limits to be
much weaker than exclusion limits on Higgs invisible de-
cay for DM masses below mh/ 2, while direct detection is
very constraining at higher masses. Ref. [19] also consid-
ered simplified models with an additional Z �, where the
Higgs is produced through Higgs-strahlung of the Z �. For
the case of Z ! Z � mass mixing, they found mono-Higgs
is only able to probe large mixing angles (sin ! > 0.1), in
apparent conflict with precision electroweak data. In con-
trast, for our scenario the Z � is produced resonantly and
decays, and we have imposed the precision electroweak
constraint from fits of the " 0 parameter.

II. Higgs + MET AT THE LHC

We consider two possible Higgs decay channels, b̄b and
##, as promising for observing Higgs plus MET. The b̄b
channel has the largest branching ratio for a Higgs of
mass mh = 125 GeV, Br(h " b̄b) # 0.577 [23], and
gives the best statistics for the signal, while the diphoton
branching ratio is only Br(h " ##) # 2.28 $ 10−3, but
is potentially a very clean channel. These channels as
well as multi-lepton final states from h " ZZ ∗ were also
studied in [19].

The dominant irreducible SM background for Higgs
plus MET is Zh production with Z decaying to neutrinos.
Depending on the decay channel, other SM backgrounds
can also be comparable or larger. Here we rely on the
ATLAS report [24] to derive bounds from LHC Run 1.
For 14 TeV projections, we estimate backgrounds rates

LHC Run 1 14 TeV

t t̄ 200 1006± 335

Zbb̄ 336 682± 26

V h 23 142± 5

SM total 727± 11 1830± 336

Dim-8, fermion DM 329± 10 23150± 880

M Z � = 1 TeV, tan " = 1 43± 1 1836± 36

TABLE I. Background and signal events for h → b̄b decay,

for the cuts described in the text. The background num-

bers for LHC Run 1 are taken from Ref. [24] for MET > 120

GeV. For our background estimate at a 14 TeV LHC, we in-

clude only the processes listed here; uncertainties from MC

statistics are shown and we include an additional 25% sys-

tematic uncertainty in deriving constraints. For the signal

from a dimension-8 operator with fermion DM, Eq. (7), we

take fiducial values of Λ = 200 GeV and mX = 1 GeV. For

the Z !
case, the coupling is the upper limit allowed by the #0

constraint, shown in Fig. 4.

from our own Monte Carlo event simulations and also use
some results from [19].
Our dark matter models have been implemented with

FeynRules 2.0 [25], and our event generation makes use
of the MadGraph [26], PYTHIA [27], and Delphes [28]
pipeline from parton-level to detector-level simulation.

A. Two b-jet channel

A search for h " b̄b decay in association with a Z/W
boson has been performed using the data of Run 1 of
the LHC; the observed signal strength is compatible with
that of the SM Higgs boson [24, 29]. In particular, the
ATLAS collaboration presents an analysis for the Z ($$̄)h
channel in several MET bins, with the full integrated
luminosity of 4.7/fb at 7 TeV and 20.3/fb at

%
s = 8

TeV [24]. We use these results to derive constraints on
mono-Higgs for the models in this paper.
Event selection is governed by demanding two leading

2

q̄

q h

X

X̄

Z/γ

q̄

q h

X

X̄
A0

Z �

FIG. 1. Production mechanisms for dark matter plus Higgs through (left) a contact operator coupling dark matter to Zh or

γh, or (right) a new Z �
coupled to a two Higgs doublet model, where the new pseudoscalar A0

decays primarily to the dark

matter.

tion V.
We also note that the mono-Higgs signal has recently

been discussed in Refs. [18, 19]. Ref. [18] considered con-
tact operators coupling dark matter to SM Higgs dou-
blets and possibly other SM states (the operators are dif-
ferent from the ones in this paper); however they found
that for most of the operators the bounds on the cut-
o! scale are quite low, less than 50 GeV, which is well
beyond the regime of validity for assuming a contact op-
erator.

Ref. [19] considered a somewhat di! erent set of opera-
tors as well as simpliÞed models. For the ÒHiggs-portalÓ-
type operators (e.g., [20Ð22]), they Þnd LHC limits to be
much weaker than exclusion limits on Higgs invisible de-
cay for DM masses belowmh/2, while direct detection is
very constraining at higher masses. Ref. [19] also consid-
ered simpliÞed models with an additionalZ �, where the
Higgs is produced through Higgs-strahlung of theZ �. For
the case ofZ ! Z � mass mixing, they found mono-Higgs
is only able to probe large mixing angles (sinθ > 0.1), in
apparent conßict with precision electroweak data. In con-
trast, for our scenario theZ � is produced resonantly and
decays, and we have imposed the precision electroweak
constraint from Þts of the ρ0 parameter.

II. Higgs+MET AT THE LHC

We consider two possible Higgs decay channels,bøb and
γγ, as promising for observing Higgs plus MET. Thebøb
channel has the largest branching ratio for a Higgs of
mass mh = 125 GeV, Br(h " bøb) # 0.577 [23], and
gives the best statistics for the signal, while the diphoton
branching ratio is only Br( h " γγ) # 2.28 $ 10−3, but
is potentially a very clean channel. These channels as
well as multi-lepton Þnal states fromh " ZZ∗ were also
studied in [19].

The dominant irreducible SM background for Higgs
plus MET is Zh production with Z decaying to neutrinos.
Depending on the decay channel, other SM backgrounds
can also be comparable or larger. Here we rely on the
ATLAS report [24] to derive bounds from LHC Run 1.
For 14 TeV projections, we estimate backgrounds rates
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been discussed in Refs. [18, 19]. Ref. [18] considered con-
tact operators coupling dark matter to SM Higgs dou-
blets and possibly other SM states (the operators are dif-
ferent from the ones in this paper); however they found
that for most of the operators the bounds on the cut-
off scale are quite low, less than 50 GeV, which is well
beyond the regime of validity for assuming a contact op-
erator.

Ref. [19] considered a somewhat different set of opera-
tors as well as simplified models. For the “Higgs-portal”-
type operators (e.g., [20–22]), they find LHC limits to be
much weaker than exclusion limits on Higgs invisible de-
cay for DM masses below mh/ 2, while direct detection is
very constraining at higher masses. Ref. [19] also consid-
ered simplified models with an additional Z �, where the
Higgs is produced through Higgs-strahlung of the Z �. For
the case of Z ! Z � mass mixing, they found mono-Higgs
is only able to probe large mixing angles (sin ! > 0.1), in
apparent conflict with precision electroweak data. In con-
trast, for our scenario the Z � is produced resonantly and
decays, and we have imposed the precision electroweak
constraint from fits of the " 0 parameter.

II. Higgs + MET AT THE LHC

We consider two possible Higgs decay channels, b̄b and
##, as promising for observing Higgs plus MET. The b̄b
channel has the largest branching ratio for a Higgs of
mass mh = 125 GeV, Br(h " b̄b) # 0.577 [23], and
gives the best statistics for the signal, while the diphoton
branching ratio is only Br(h " ##) # 2.28 $ 10−3, but
is potentially a very clean channel. These channels as
well as multi-lepton final states from h " ZZ ∗ were also
studied in [19].

The dominant irreducible SM background for Higgs
plus MET is Zh production with Z decaying to neutrinos.
Depending on the decay channel, other SM backgrounds
can also be comparable or larger. Here we rely on the
ATLAS report [24] to derive bounds from LHC Run 1.
For 14 TeV projections, we estimate backgrounds rates
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t t̄ 200 1006± 335

Zbb̄ 336 682± 26

V h 23 142± 5

SM total 727± 11 1830± 336

Dim-8, fermion DM 329± 10 23150± 880

M Z � = 1 TeV, tan " = 1 43± 1 1836± 36

TABLE I. Background and signal events for h → b̄b decay,

for the cuts described in the text. The background num-

bers for LHC Run 1 are taken from Ref. [24] for MET > 120

GeV. For our background estimate at a 14 TeV LHC, we in-

clude only the processes listed here; uncertainties from MC

statistics are shown and we include an additional 25% sys-

tematic uncertainty in deriving constraints. For the signal
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of the MadGraph [26], PYTHIA [27], and Delphes [28]
pipeline from parton-level to detector-level simulation.

A. Two b-jet channel

A search for h " b̄b decay in association with a Z/W
boson has been performed using the data of Run 1 of
the LHC; the observed signal strength is compatible with
that of the SM Higgs boson [24, 29]. In particular, the
ATLAS collaboration presents an analysis for the Z ($$̄)h
channel in several MET bins, with the full integrated
luminosity of 4.7/fb at 7 TeV and 20.3/fb at
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TeV [24]. We use these results to derive constraints on
mono-Higgs for the models in this paper.
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These same operators 
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channel Higgs 
production.

When is this EFT valid 
to order 1?

Dim. 7:

3

b-tagged jets, with pT > 20 GeV and |η| < 2.5, with
the highest pT b-tagged jet having pT > 45 GeV. Mul-
tijet backgrounds are reduced by requiring /ET > 120
GeV and constraints on the azimuthal angle between the
missing transverse momentum and jets: ∆φ(/ET , bb̄) >

2.8,min[∆φ(/ET , j)] > 1.5. A lepton veto is imposed, and
the bb̄ system invariant mass must reconstruct to near the
Higgs mass, 90 GeV < mbb < 150 GeV. Finally, tt̄ is sup-
pressed by vetoing events that have any additional jets
with pT > 30 GeV.

Estimates of SM processes, including Zh, are com-
pared to observed data events in three MET bins. The
most important backgrounds are Z + bb̄ and tt̄. Making
use of these published SM process estimates, we com-
pare our signal to the data with cuts of /ET > 120 GeV,
/ET > 160 GeV, and /ET > 200 GeV, and derive 95%
CL upper limits on the number of possible mono-Higgs
signal events.

For 14 TeV projections, we modify the 8 TeV ATLAS
cuts slightly, loosing the jet veto such that up to one
additional jet with pT > 30 GeV is allowed, and take a
cut of /ET > 250 GeV. The total integrated luminosity is
300/fb. Our estimates for background rates are shown in
Table I. We find the bb̄ channel performs better compared
to the results in Ref. [19]; this appears to be due primarily
to our choice of R = 0.4 jet clustering radius instead of
R = 0.7, since with a larger radius the two b-jets from
the Higgs decay are more often clustered together in the
boosted Higgs regime.

B. Diphoton channel

The diphoton channel requires two hard photons recon-
structing to the Higgs mass, large missing energy, and a
veto on leptons. The dominant SM backgrounds are Zγγ
and hZ/hW . Because the Higgs branching ratio to pho-
tons is so small, we find that this channel is not constrain-
ing if the 8 TeV run is considered, since there are simply
not enough signal events. However, the statistics are far
improved at 14 TeV. We use results for background esti-
mates from [19], where they found that this channel can
demonstrate improved sensitivity over bb̄ (which suffers
from a larger tt̄ background). The cuts applied require
m!! ∈ [110, 130] GeV and /ET > 100, 250 GeV at 8,14
TeV respectively.

III. EFFECTIVE FIELD THEORY

Contact operators coupling dark matter to a Higgs
doublet can potentially give rise to a mono-Higgs sig-
nal. If the dark matter is a gauge singlet, then gauge
invariance implies the operator must also include other
electroweak doublets. We focus on operators that give
rise to a coupling of dark matter to both h and Z/γ, al-
lowing the production of dark matter through the process

shown in Fig. 1. If the dark matter couples to two Higgs
bosons, the production rate is correspondingly lower.
For the process above, we also note that a mono-Z

signal is possible by reversing the roles of the h and the
Z; this rate is automatically lower by several orders of
magnitude since it requires the initial production of an
s-channel Higgs. For all the operators considered here,
the limits from mono-Z are weaker compared to mono-
Higgs.
These kinds of operators have been studied in Refs. [19,

30, 31], as well as mono-Higgs from Higgs-portal type
operators in [18]. The lowest dimension SM operator
that can give a Zh interaction with dark matter is

i(H†
DµH − h.c.) → −2mZ hZµ − �v�mZ Zµ , (1)

after electroweak symmetry breaking. This operator
could be combined with singlets formed of the dark
matter: i(φ†∂µφ − h.c.) for scalar DM, and X̄γµ

X or
X̄γµγ5

X for fermion DM. Because of the induced direct
Z coupling to dark matter, direct detection is very con-
straining for mDM > 10 GeV, while the invisible Z width
is very constraining for mDM < mZ /2. Despite this, in
the case of scalar DM Ref. [19] found that a mono-Higgs
search at 14 TeV could be much more sensitive than the
invisible Z width1. We therefore do not consider this
operator further.
At dimension-4 in the SM factor there is the operator

i
�
(DµH)†D" H − h.c.

�
→ mZ (Zµ∂" h− Z" ∂µh), (2)

concentrating on the part giving an hZ interaction. In-
cluding a DM factor, we consider

1

Λ3
X̄γµ "

X × i
�
(DµH)†D" H − h.c.

�
, (3)

neglecting the similar possibility with X̄γ5γµ "
X.

Finally there are dimension-5 SM operators [30]

(B" µYH H
†
D

"
H + h.c.) (4)

→ �v�
2

(cos θwF" µ∂
"
h− sin θwZ" µ∂

"
h)

(W a
" µH

†
t
a
D

"
H + h.c.) (5)

→ −�v�
2

(sin θwF" µ∂
"
h+ cos θwZ" µ∂

"
h)

where B" µ , W a
" µ are the field strengths for U(1)Y and

SU(2)L , and Z" µ , F" µ are the field strengths for Z and
γ, respectively. Dimension-8 operators are formed by
including a DM factor of either X̄γµ

X or X̄γµ5
X for

fermion DM, and either i(φ†∂µφ−h.c.) or (φ†∂µφ+h.c.)
for scalar DM. Combined with the possibility of exchang-
ing B" µ ,W

a
" µ for B̃" µ , W̃

a
" µ , a large number of operators

1
The constraints on the suppression scale Λ are again of order a

few hundred GeV up to a TeV for the LHC and therefore has

the same problem with unitarity that we discuss below.
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FIG. 2. (Left) Distributions (at
√
s = 8 TeV) for the momentum transfer Qtr for 10 GeV (solid gray line) and 100 GeV (solid

black line) DM, from a mono-Higgs DM signal corresponding to the operator of Eq. (7) with fermion DM. The irreducible SM

background from Zh production (red dashed line) is also shown. (Right) For the same operator, the rate for mono-Higgs at

8 TeV with a cut of 120 GeV missing transverse energy. The total cross section is scaled by the fraction of events satisfying

various “unitarity” conditions on Qtr . The horizontal line indicates the approximate cross section that would be ruled out at

95% CL using data from Run 1 of the LHC; regions of Λ with cross sections above this line are excluded and correspond to the

shaded regions in Fig. 3.

are possible. We therefore restrict our attention to two
representative examples with scalar DM (φ) or a Dirac
fermion (X):

1
! 4

1
2

(φ†∂µφ + h.c.) ( BνµH
†
D

ν
H + h.c.) (6)

1
! 4

øXγµ
X (W a

νµH
†
t
a
D

ν
H + h.c.) , (7)

Refs. [30, 31] discuss the complete list of possible oper-
ators, as well as further details on the relic density and
gamma-ray signals of dark matter annihilation.

For the operators in Eqs. (3), and (6-7) we derive con-
straints on ! as a function of DM mass from a mono-
Higgs search. For LHC Run 1 data, we consider the
bøb channel with the weakest cut on the missing energy
/ET > 120 GeV. Higher /ET values will necessarily require
larger momentum transfer and thus lead to even larger
error in the validity of the EFT, as discussed further in
the following section. For 14 TeV, we obtain constraints
using the diphoton channel, where we Þnd the best re-
sults.

The LHC Run 1 lower bounds on ! are comparable
and on the order of 200 GeV for all three cases, increas-
ing up to 300 GeV for 14 TeV projections. The related
operator 1

Λ4
øXγµ

X(BµνH
†
D

ν
H + h.c.) was also studied

in Ref. [19], where they obtained very similar bounds.
Even though one would expect the constraints on

the dimension-7 operator to be stronger than for the
dimension-8 ones, they are in fact slightly weaker. This
is because most of the mono-Higgs signal is coming from
the high momentum transfer (Qtr ) region, as can also be
seen in Fig. 2, and the dimension-7 operator has a softer
Qtr dependence. This result is clearly related to the issue
of validity of the EFT, as we discuss further below.

A. Unitarity

A frequent concern in this EFT approach is that, tak-
ing LHC constraints at face value, the values of! that
can be probed correspond to energy scales accessible at
the LHC. This implies a violation of perturbative unitar-
ity at high momentum transfer, or equivalently that the
EFT is no longer a valid description for LHC processes.

Fig. 2 shows the distribution for the momentum trans-
fer Qtr for the operator of Eq. (7). Compared to the
naive constraint of ! ! 225 GeV derived for the opera-
tor, it is clear that the EFT description is on shaky foot-
ing. For an s-channel mediator, the conditionQtr " 4π!
is required for an expansion in the mediator mass for a
perturbative theory [32] or Qtr " 2.5! for unitarity of
the S-matrix [33]. In general the speciÞc regime ofQtr
where the theory breaks down depends on the form of
the operator (as well as its UV completion). Since it is
not straightforward to derive UV completions for the op-
erators here, we considerQtr = 4 ! and Qtr = 4π! as
representative of where the EFT assumption begins to
su" er from large errors.

We implement three di" erent criteria: Qtr < ! (corre-
sponding to the na¬õve limit),Qtr < 4π" ! , andQtr < 4! .
More speciÞcally, for a given! , we discard any events in
violation and thus rescale the calculated cross section by
the fraction of events satisfying this criterion at parton-
level. The conditions above on the generated events
should not be taken literally; they are only to indicate
the size of the error in assuming a single e" ective oper-
ator can describe the relevant physics. This procedure
gives conservative constraints, in the sense that any new
physics giving rise to the operator is expected to be rel-
evant at these scales. In general, this could lead to even
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are possible. We therefore restrict our attention to two

representative examples with scalar DM (φ) or a Dirac
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physics giving rise to the operator is expected to be rel-

evant at these scales. In general, this could lead to even
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FIG. 1. Production mechanisms for dark matter plus Higgs through ( left) a contact operator coupling dark matter to Zh or
! h, or (right ) a new Z� coupled to a two Higgs doublet model, where the new pseudoscalarA0 decays primarily to the dark
matter.

tion V.
We also note that the mono-Higgs signal has recently

been discussed in Refs. [18, 19]. Ref. [18] considered con-
tact operators coupling dark matter to SM Higgs dou-
blets and possibly other SM states (the operators are dif-
ferent from the ones in this paper); however they found
that for most of the operators the bounds on the cut-
off scale are quite low, less than 50 GeV, which is well
beyond the regime of validity for assuming a contact op-
erator.

Ref. [19] considered a somewhat different set of opera-
tors as well as simpliÞed models. For the ÒHiggs-portalÓ-
type operators (e.g., [20Ð22]), they Þnd LHC limits to be
much weaker than exclusion limits on Higgs invisible de-
cay for DM masses belowmh/2, while direct detection is
very constraining at higher masses. Ref. [19] also consid-
ered simpliÞed models with an additionalZ ! , where the
Higgs is produced through Higgs-strahlung of theZ ! . For
the case ofZ − Z ! mass mixing, they found mono-Higgs
is only able to probe large mixing angles (sin! > 0.1), in
apparent conßict with precision electroweak data. In con-
trast, for our scenario theZ ! is produced resonantly and
decays, and we have imposed the precision electroweak
constraint from Þts of the " 0 parameter.

II. Higgs + MET AT THE LHC

We consider two possible Higgs decay channels,bøb and
##, as promising for observing Higgs plus MET. Thebøb
channel has the largest branching ratio for a Higgs of
mass mh = 125 GeV, Br(h → bøb) ≈ 0.577 [23], and
gives the best statistics for the signal, while the diphoton
branching ratio is only Br( h → ##) ≈ 2.28 × 10" 3, but
is potentially a very clean channel. These channels as
well as multi-lepton Þnal states fromh → ZZ# were also
studied in [19].

The dominant irreducible SM background for Higgs
plus MET is Zh production with Z decaying to neutrinos.
Depending on the decay channel, other SM backgrounds
can also be comparable or larger. Here we rely on the
ATLAS report [24] to derive bounds from LHC Run 1.
For 14 TeV projections, we estimate backgrounds rates

LHC Run 1 14 TeV

tøt 200 1006± 335

Zbøb 336 682± 26

V h 23 142± 5

SM total 727± 11 1830± 336

Dim-8, fermion DM 329± 10 23150± 880

MZ ! = 1 TeV, tan " = 1 43± 1 1836± 36

TABLE I. Background and signal events for h → bøb decay,
for the cuts described in the text. The background num-
bers for LHC Run 1 are taken from Ref. [24] for MET > 120
GeV. For our background estimate at a 14 TeV LHC, we in-
clude only the processes listed here; uncertainties from MC
statistics are shown and we include an additional 25% sys-
tematic uncertainty in deriving constraints. For the signal
from a dimension-8 operator with fermion DM, Eq. (7), we
take Þducial values of ! = 200 GeV and mX = 1 GeV. For
the Z� case, the coupling is the upper limit allowed by the #0

constraint, shown in Fig. 4.

from our own Monte Carlo event simulations and also use
some results from [19].

Our dark matter models have been implemented with
FeynRules 2.0 [25], and our event generation makes use
of the MadGraph [26], PYTHIA [27], and Delphes [28]
pipeline from parton-level to detector-level simulation.

A. Two b-jet channel

A search for h → bøb decay in association with aZ/W
boson has been performed using the data of Run 1 of
the LHC; the observed signal strength is compatible with
that of the SM Higgs boson [24, 29]. In particular, the
ATLAS collaboration presents an analysis for theZ($ø$)h
channel in several MET bins, with the full integrated
luminosity of 4.7/fb at 7 TeV and 20.3/fb at

√
s = 8

TeV [24]. We use these results to derive constraints on
mono-Higgs for the models in this paper.

Event selection is governed by demanding two leading
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Dark Matter Coupling

Want order 1 BF of pseudoscalar to DM

Singlet-Doublet Fermionic Dark Matter (Cheung and 
Sanford arXiv 1311.5896 [hep-ph])

Introduce two SU(2) doublet Weyls with hypercharge 
±1/2, D2 and D1, respectively

Introduce total gauge singlet Weyl S

Assume all are neutral under U(1)Z’

9

cut4. For 14 TeV projections, we again Þnd better over-
all sensitivity with a harder MET cut (taken here to be
/ET > 250 GeV) to reduce SM backgrounds.

The diphoton channel is sensitive to lower cross sec-
tions compared to bøb for a 14 TeV LHC, as evidenced by
the reach of this channel for large values of tan! . Al-
though our plot cuts off at tan ! = 5, the mono-Higgs
cross section is approximately constant for large tan!
and the sensitivity can extend to much higher tan! .
However for much larger tan! , direct searches forH,A

0

would start to be constraining [45], depending on the
scalar masses. The diphoton channel also performs worse
than expected at largeMZ� . This is because in our detec-
tor simulation, the energy resolution for photons deteri-
orates at higher energies such that themγγ peak is much
broader, which limits the signal efficiency. This effect
could be reduced by loosening the cut onmγγ , however
the extent to which this would be helpful depends on the
actual energy resolution in the experiment.

An appropriate question is whether other 14 TeV
searches will potentially also have sensitivity for this
model. For example, although data from the next LHC
run will improve dijet resonance constraints, this will be
mainly at large MZ� ; below 1.5 TeV it will be even more
difficult to probe due to the large QCD backgrounds.
Here the strongest constraint for our model was the pre-
cision electroweak Þt for" 0. A somewhat indirect but
possibly important channel is a direct search forH,A

0

decay; for example, forH decay to SM fermions, the 14
TeV data could improve the upper limits on tan ! signif-
icantly for the range of masses relevant here [46].

C. Dark Matter Coupling to Higgs Sector

To incorporate DM interactions, we have assumed that
the CP-odd pseudoscalarA0 of the theory possesses a
large coupling to DM particles, such that the branching
ratio is order one. Here we sketch out some simple models
that could give rise to this kind of coupling, reserving
more detailed studies for future work.

One possibility is fermion DM; for example, a pseu-
doscalar interaction can arise in singlet-doublet DM from
a coupling to the down-type Higgs. In this model, a sin-
glet S and electroweak doubletsD1,2 (all singlets under
U (1)Z� ) are introduced, with a Lagrangian

−L ⊃ 1
2
M

2
SS

2 + MDD1D2 + y1SD1Φd + y2SΦ
†
dD2 + h.c.

The DM is the Majorana fermion that is the lightest mass
eigenstate, and we require that it has a mass of at least

4 If we were to use the results of Ref. [19], the 8 TeV data would
be unconstraining at 95% CL for almost the entire parameter
space. This is partly due to the rather conservatives estimates
and also because the cuts are not optimal for our model.
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FIG. 7. 95% CL exclusion regions for the parameter space
with data from Run 1 of the LHC (7 and 8 TeV, total 25/fb)
for the bøb channel with MET cuts of 120, 160 and 200 GeV.
Dashed lines give projections for a 14 TeV LHC with 300/fb
integrated luminosity for bøb and diphoton channels. We only
show the parameter space up to tan! = 5 but the reach for
the diphoton channel could extend to somewhat larger tan ! ,
since the cross section is approximately constant with tan ! .

mh/2 in order to avoid bounds on the invisible width of
the Higgs. In general, this state is a mixture of the singlet
and the neutral components of the doublets. For more
details, see for example Refs. [47, 48].

Elastic scattering off quarks can proceed via the ex-
change of h or H, and direct detection constraints
severely restrict the parameter space for this model.
However, in parts of the parameter space near the Òblind
spotÓ where the coupling through the Higgs is sup-
pressed, the direct detection cross sections are small.
This cancellation requires tan# < 0, where y1 =
y cos#, y2 = y sin#. We Þnd it is possible to obtain large
branching ratios of A0 to DM while satisfying LUX con-
straints [49] for parameter values ofy = 1 .5, tan # = −2
and masses ofMS ≈ 100−200 GeV andMD ≈ 120−180
GeV.

For scalar DM, we consider a complex scalar ÞeldX,
written as X = 1√

2
(X1 + iX2), which is a SM singlet

and hasU (1)Z� charge−1/4. Then the renormalizable
interactions of the DM with the Higgs sector are

L ⊃
�
$dd|Φd|2 + $uu|Φu|2

�
|X|2

+
�

$duΦ
†
dΦuX

2 + h.c.
�
, (18)

with all couplings taken to be real. The mass eigenstates
are the real Þelds ÞeldsX1,2 with massesm2

1,2 = m
2
X ∓
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