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•A weak scale annihilation x-sec gives correct abundance
•Mass range is

•DM makes up 23% of the universe
•Gravitates like ordinary matter, but is non-baryonic 
•Is dark i.e. neutral under SM (not coloured, or charged)
•Does not interact much with itself
•Does not couple to massless particle
•Was no relativistic at time of CMB
•Is long lived  

IF DM is a thermal relic:

10 MeV <⇠ m� <⇠ 70 TeV

The story so far

What representation of the Lorentz group?
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TABLE II. A summary of the annihilation and elastic scattering behavior for all tree-level, s-channel annihilation
diagrams, for cases in which the DM is a fermion (see Eqs. 2 and 3). Because Majorana DM cannot couple to a
vector current, this table encodes 14 (rather than 16) possible simplified models. Only those scenarios in which the
low-velocity annihilation cross section is not suppressed (�v ⇠ 1) can the DM potentially account for the observed
gamma-ray excess. For elastic scattering, we indicate whether the constraint on the spin-independent (SI) or spin-
dependent (SD) cross section is currently more restrictive, and whether that cross section is unsuppressed (⇠1), or
is suppressed by powers of momentum or velocity. Any entry with a “�” symbol indicates that there is no particle
representation that at tree-level can mediate the interaction indicated. We use green to indicate a model that satisfies
all of our criteria, and blue to indicate a model that allows for unsuppressed annihilation, but is ruled out by direct
detection constraints. Models presented in black cannot account for the observed gamma-ray excess.

or through the s-channel exchange of a spin-1 medi-
ator, Vµ:

L �
⇥
a �̄�

µ(g�v + g�a�
5)�+ f̄�

µ(gfv + gfa�
5)f

⇤
Vµ.

(3)
In each case, the couplings are defined such that
a = 1 (1/2) for DM in the form of a Dirac (Majorana)
fermion. For Majorana fermions, g�v is required to
be zero. We will return to the case of t-channel an-
nihilations in Sec. IV.

The basic results of this section are summarized in
Table II. Of the fourteen linearly independent combi-
nations that link the DM with SM fermions (counting
Dirac and Majorana DM separately), there are eight
in which the low-velocity annihilation cross section is
not suppressed. We denote these models in the table
with the shorthand �v ⇠ 1. These models are capable
of accounting for the observed gamma-ray excess.

In Figs. 1 and 2, we show additional information
for each of these eight interaction combinations. In
the lower portion of each frame, we show as a function
of the mediator mass the product of the couplings
that is required in order to produce a thermal relic
density in agreement with the measured cosmologi-
cal DM abundance (for the relevant cross sections,
see Appendices B 1 through B4). In the upper por-
tion of each frame, we show the low-velocity annihi-
lation cross section that is predicted for that choice
of couplings. If the solid curve falls between the two
horizontal dashed lines, the model in question can
account for the overall normalization of the Galac-
tic Center’s gamma-ray excess. In generating these
plots we have assumed that spin-1 mediators couple
equally to all SM fermions, and that spin-0 media-

tors couple to SM fermions proportionally to their
mass (as motivated by minimal flavor violation [43]).
Unless otherwise stated, we will maintain these as-
sumptions throughout this paper.

We also assume that all DM annihilations proceed
to pairs of SM fermions. If the mass of the mediator
is less than that of the DM particles, however, anni-
hilations could potentially be dominated instead by
the production of mediator pairs. The fraction of DM
annihilations that yield non-SM particles depends on
the ratio of the mediator’s couplings to the DM and
to SM fermions. While we consider the exploration of
such scenarios to be beyond the scope of the present
study, we acknowledge that such models provide an
additional degree of freedom that could allow them to
account for the Galactic Center’s gamma-ray excess.

Also shown in Figs. 1 and 2 are the current con-
straints from direct detection experiments (shown as
dotted lines). For the details of the calculation of
the DM’s elastic scattering cross section with nuclei,
see Appendix A 2. For the instances in which the
spin-independent cross section provides the dominant
constraint, we apply the results of the LUX Collorab-
oration [42]. For those in which spin-dependent scat-
tering with neutrons is more restrictive, we compare
our results to the constraints of XENON100 [44].3 At
present, the most stringent of these constraints only
rules out one of the eight scenarios shown, in which
the DM is a Dirac fermion annihilating through a

3
In cases in which the DM’s spin-dependent cross section with

protons is much greater than that with neutrons, COUPP

could potentially provide the most stringent limit [45].

Fermionic DM (eg neutralino)
[Berlin, Hooper, McDermott 

1404.0022]

Scalar DM (eg sneutrino, axion/ALP) 7
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TABLE III. A summary of the annihilation and elastic scattering behavior for all tree-level, s-channel annihilation
diagrams, for cases in which the DM is a real or complex scalar or a real or complex vector (see Eqs. 4-7). Only in those
scenarios in which the low-velocity annihilation cross section is not suppressed (�v ⇠ 1) can the DM potentially account
for the observed gamma-ray excess. For elastic scattering, we indicate whether constraints on the spin-independent
(SI) or spin-dependent (SD) cross section is currently more restrictive, and whether that cross section is unsuppressed
(⇠ 1), or is suppressed by powers of momentum or velocity. Any entry with a “�” symbol indicates that there is no
particle representation that at tree-level can mediate the interaction indicated. We use green to indicate a model
that satisfies all of our criteria, blue to indicate a model that allows for unsuppressed annihilation, but is ruled out by
direct detection constraints. Models presented in black cannot provide the observed gamma-ray excess.

in this section assume that spin-1 mediators couple
equally to all SM fermions, and that spin-0 mediators
couple to SM fermions proportionally to their mass.

Next, we consider DM in the form of a complex
or real vector, Xµ, interacting either through the ex-
change of a spin-0 mediator:
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where a = 1 (1/2) for DM as a complex (real) vector.
The conclusions regarding vector DM are very

similar to those found for scalar DM. This can be seen
by comparing the upper and lower portions of Ta-
ble III. Again, we find four cases with an annihilation
cross section that is not velocity-suppressed: those
in which the DM annihilates through the s-channel
exchange of a spin-0 mediator (see Appendices B 9
through B12). Again, two of these four cases are
compatible with direct detection constraints: those
with pseudoscalar, rather than scalar, interactions.
We show the results for these models in Fig. 5.

To date, mono-b projected constraints have only
been presented for the case of fermionic DM. For this
reason, the figures in this and the following section do
not include such constraints. Such constraints should
be qualitatively similar for the cases of scalar or vec-
tor DM as they are for the fermion case. In particu-
lar, we do not expect current mono-b projections to

restrict any of the models under consideration. For
scalar DM, however, we do plot the constraints (90%
CL) from hadronic mono-W/Z plus missing energy
searches by the ATLAS Collaboration [48]. We re-
mind the reader that the same caveats associated
with the validity of e↵ective field theory hold for
this channel as in the cases of mono-jet and mono-
b searches.

It is possible that some of these statements could
be modified somewhat in a case in which DM anni-
hilations proceed through a finely-tuned resonance.
For instance, if there existed a scalar with a mass of
⇠70 GeV and a narrow width (� ⌧ 1 GeV), it might
also be possible for scalar DM to e�ciently annihilate
through that mediator while also evading direct de-
tection constraints [55]. From the top portions of the
upper left frames of Figs. 4 and 5, however, we see
that in this case the low-velocity annihilation cross
section is pulled away from the required range of val-
ues, making it unlikely that resonance annihilation is
responsible for the observed gamma-ray excess.

To summarize this section, we find that DM in
the form of a scalar or a vector could account for
the gamma-ray excess only if it annihilates through
a spin-0 mediator with pseudoscalar interactions. All
other s-channel annihilation diagrams lead to either a
velocity-suppressed annihilation cross section, or pre-
dict an elastic scattering cross section with nuclei that
is in conflict with direct detection constraints.



Spin 1
(Massive) Vector must be associated with a (broken) gauge 
symmetry e.g. U(1)’  

In what ways can it couple to SM?
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We study a model of spin-1 dark matter which interacts with the Standard Model

predominantly via exchange of Higgs bosons. We propose an alternative UV com-

pletion to the usual Vector Dark Matter Higgs Portal, in which vector-like fermions

charged under SU(2)W⇥ U(1)Y and under the dark gauge group, U(1)0, generate an

e↵ective interaction between the Higgs and the dark matter at one loop. We explore

the resulting phenomenology and show that this dark matter candidate is a viable

thermal relic and satisfies Higgs invisible width constraints as well as direct detection

bounds.

I. INTRODUCTION

As the only elementary scalar in the Standard Model (SM), the Higgs boson presents a

unique opportunity as a window to physics beyond the Standard Model (SM). The operator

H
†
H is the lowest dimensional operator which is both a gauge and Lorentz singlet. As

such, it occurs time and again as the means by which physics uncharged under the SM

gauge symmetries communicates with the Standard Model. In particular, it is an e↵ective

mechanism by which scalar dark matter (DM) can talk to the ordinary matter [1], as is

required if we wish to understand its abundance in the Universe today as the result of

thermal processes acting in a standard cosmological history.

In the present work, we focus on the case in which the dark matter is a spin one vec-

tor boson. At first glance, it would appear that this case (much like scalar DM) o↵ers a

renormalizable connection between the dark matter and the Higgs [2, 3],

L � � H
†
H VµV

µ
, (1)

where Vµ is a massive vector field which plays the role of dark matter and � is a dimensionless
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Higgs Portal
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Invisible Higgs width Vector Mass

Not U(1)’ gauge invariant
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UV completion A

2

coupling. But this form, while invariant under the SM gauge symmetries, is misleading.

Just like the SM W and Z bosons, a well-behaved UV description of V requires that it

be associated with a gauge symmetry (the most simple construction of which would be an

Abelian U(1)0, though one could also consider non-Abelian theories as well), spontaneously

broken to give V a mass. The term in Eq. (1) violates the U(1)0, and must be engineered

via its spontaneous breaking.

One tempting avenue would be to charge the Higgs itself under U(1)0. In that case the

Higgs kinetic term (DµH)†(Dµ
H) contains Eq. (1), and the mass of V will arise as part of the

vacuum expectation value (VEV) of H, naturally connecting the scale of the V mass to the

electroweak scale. However, this construction contains other terms which mix V with the SM

Z boson, with the result that V will inevitably end up unstable and contribute unacceptably

to precision electroweak measurements unless it is very light (implying that it is very weakly

coupled). This regime, though worth pursuing, is not very interesting for particle physics at

the weak scale, and not very amenable to exploration through Higgs measurements at the

LHC.

The situation is very di↵erent when the V mass is the result of a VEV living in a di↵erent

scalar particle � which is a SM gauge singlet. In that case, there is no dangerous mixing

with the SM Z boson, and the gauge coupling can be relatively large,

L � �
1

4
Vµ⌫V

µ⌫ + (Dµ�)
† (Dµ�)� V (�) + �P |H|

2
|�|2 , (2)

where Dµ� ⌘ @µ� � gQ�Vµ� is the usual covariant derivative for a particle of charge Q�

and V (�) is a U(1)0-invariant potential designed to induce a VEV h�i = v�, producing a

mass for V ,

m
2
V = g

2
Q

2
� v

2
� . (3)

We have also included a scalar Higgs portal coupling �P , which leads to tree-level mixing

between the SM Higgs boson and the Higgs mode of �, e↵ectively implementing the Higgs

portal. As a construction implementing the Higgs portal, it is well motivated and has been

extensively explored in the literature1 [6–16].

1 It also provides a mechanism to stabilize the Higgs potential [4] and/or generate a first order electroweak

phase transition [5].

New scalar whose vev 
breaks U(1)’

Higgs-portal 
Higgs-Phi mixing 
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m2
V = g2q2�h�i2

DM phenomenology determined by theory with new scalar 
and a new vector, see eg Baek, Ko, Park (1212.2131), and 
other speakers
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UV completion B

•Radiatively generated Higgs-Vector coupling

•Necessarily more complicated 

•New and interesting phenomenology eg decouple Phi, 
new states at LHC

6

h
p

k1

k2

V µ

V ⌫

 

FIG. 1. Representative triangle diagram contributing to the Higgs–dark matter interaction.

B. �SI and Higgs Invisible Width

Both the direct detection cross-section and the Higgs invisible decay width result from

triangle diagrams (see Fig. 1). Integrating out the fermion  running in the loop, the

h� V � V interaction can be encoded by two form factors:

�

✓
1

4
A(p2) h V

µ⌫
Vµ⌫ +

1

2
B(p2) h V

µ
Vµ

◆
(8)

with coe�cients A and B which are (in the on-shell DM limit, k2
1 = k

2
2 = m

2
V ) functions

of the fermion masses and mixings, mV , and the momentum through the Higgs line, p2.

Reasonably compact analytic expressions for A and B are derived in Appendix A. We observe

that B(p2) ! 0 in the limitmV ! 0 (i.e. when the U(1)0 symmetry is restored), as is required

by gauge invariance, see Appendix A.

In terms of A and B, the cross section for non-relativistic scattering of V with a nucleon

n is given by,

�SI =
1

4⇡m4
h

✓
fn

v

◆2 ✓
m

2
n

mn +mV

◆2

|B(0)� A(0) m2
V |

2 (9)

where the momentum transfer through the Higgs is approximated as p2 ⇡ 0,

fn =
X

q=u,d,s

f
(n)
Tq +

2

9
f
(n)
TG, (10)

and we use the hadronic matrix elements fTq, from DarkSUSY [19]. Because of the tiny

up and down Yukawa couplings, scattering mediated by a Higgs is to good approximation

iso-symmetric.

4

TABLE I. Charge assignments for fermions  , �, and n and complex scalar �.

Field (SU(2)W , U(1)Y , U(1)0) Field (SU(2)W , U(1)Y , U(1)0)

 1↵ (2, 1/2, 1)  2↵ (2, 1/2, -1)

�1↵ (2, -1/2, -1) �2↵ (2, -1/2, 1)

n1↵ (1, 0, -1) n2↵ (1, 0, 1)

� (1, 0, Q�)

The first of these is the most subtle. Generically, communication between the SM Higgs and

V requires that the mediator fermions be charged under both U(1)0 and the Standard Model,

which typically will induce processes involving an odd number of V ’s, resulting in their decay.

The simplest example of such a process is the kinetic mixing between V and hypercharge.

Such dangerous processes can be forbidden by a charge-conjugation symmetry, under which

V is odd. In analogy with Furry’s theorem of QED [18], this symmetry forbids processes

involving an odd number of V ’s at energies below the masses of the mediator fermions.

Cancelling gauge anomalies further suggests that the additional fermions appear in vector-

like pairs under both the SM and U(1)0 gauge symmetries, whereas renormalizable coupling to

the Higgs requires fields in SU(2)W representations of size n and n+1 (and have hypercharges

di↵ering by 1/2). A minimal set of particles satisfying these conditions is shown in Table I,
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weak bosons and V ’s, leaving it as a negligible fraction of the dark matter.

In 2-component Weyl notation, the Lagrangian contains mass terms and Yukawa interac-

tions for the new fermions,
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where a and b are SU(2)W indices, the SM Higgs H is defined to transform as a (2, �1/2, 0),

and spin indices have been suppressed. The U(1)0 charge conjugation symmetry, f1$ f2 is

manifest. After electroweak symmetry-breaking, the mass terms can be written as,
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assemble collections of the electrically neutral (N and N
0) and charged (E and E

0) compo-

nents of the fermions, and the mass matrices are given by,
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In the mass basis, there are three electrically neutral and two charged Dirac fermions, all

of which interact with the dark matter V diagonally, since the states that mix all carry the

same U(1)0 charge. Their coupling to the SM Higgs will involve the mixing matrices which

transform from the gauge to the mass basis.

Note that by construction the electrically charged fermions receive no contributions from

hHi, implying that they do not interact with the Higgs boson and lead to no one-loop

correction to its e↵ective coupling to photons. Our choice to arrange N such that they

also receive no contributions from � implies that the fermions do not renormalize the usual

Higgs portal coupling �P of Eq. (2) at one-loop (starting at two loops, there are contributions

mediated by a mixture of the fermions and V itself). In order to better extract the features of

the radiative model, we self-consistently assume that �P is small enough to be subdominant

in the majority of the remainder of this work.
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FIG. 1. Representative triangle diagram contributing to the Higgs–dark matter interaction.

B. �SI and Higgs Invisible Width

Both the direct detection cross-section and the Higgs invisible decay width result from

triangle diagrams (see Fig. 1). Integrating out the fermion  running in the loop, the

h� V � V interaction can be encoded by two form factors:

�
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Vµ⌫ +
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2
B(p2) h V

µ
Vµ

◆
(8)

with coe�cients A and B which are (in the on-shell DM limit, k2
1 = k

2
2 = m

2
V ) functions

of the fermion masses and mixings, mV , and the momentum through the Higgs line, p2.

Reasonably compact analytic expressions for A and B are derived in Appendix A. We observe

that B(p2) ! 0 in the limitmV ! 0 (i.e. when the U(1)0 symmetry is restored), as is required

by gauge invariance, see Appendix A.

In terms of A and B, the cross section for non-relativistic scattering of V with a nucleon

n is given by,

�SI =
1

4⇡m4
h
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fn
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|B(0)� A(0) m2
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where the momentum transfer through the Higgs is approximated as p2 ⇡ 0,

fn =
X

q=u,d,s

f
(n)
Tq +

2

9
f
(n)
TG, (10)

and we use the hadronic matrix elements fTq, from DarkSUSY [19]. Because of the tiny

up and down Yukawa couplings, scattering mediated by a Higgs is to good approximation

iso-symmetric.
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FIG. 2. Representative box diagrams which contribute to DM annihilation into pairs of Higgs or

electroweak bosons.

The same three point vertex function also describes the invisible decay width of the Higgs

boson,
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where the Higgs is on-shell, p
2 = m

2
h. Note that because for small mV the coe�cient

B(p2) / m
4
V , this expression is finite in the limit mV ! 0, as it should be.

C. Annihilation Cross Section and Relic Abundance

Pairs of dark matter can annihilate through the three point coupling of Fig. 1 through

an (o↵- or on-shell) SM Higgs, leading to final states containing heavy quarks and/or weak

bosons. These contributions exhibit a strong resonant behavior when mV ' mh/2. The

gauge and Higgs boson final states also receive contributions at the same order from box di-

agrams (see Fig. 2), which contribute to processes including V V ! hh, ZZ,WW, ��, hZ, Z�.

These box diagrams are sensitive to more of the details of the UV theory, receiving contri-

butions from the charged fermions as well as the neutral ones. As a result, simple analytic

forms are not particularly illuminating, and we evaluate them using FeynArts [20], Form-

Calc, and LoopTools [21]. In the following section, we compute the full annihilation cross

section including all of the accessible SM final states.

Higgs invisible width

Direct detection cross section
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FIG. 2. Representative box diagrams which contribute to DM annihilation into pairs of Higgs or

electroweak bosons.

The same three point vertex function also describes the invisible decay width of the Higgs

boson,
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where the Higgs is on-shell, p
2 = m

2
h. Note that because for small mV the coe�cient

B(p2) / m
4
V , this expression is finite in the limit mV ! 0, as it should be.

C. Annihilation Cross Section and Relic Abundance

Pairs of dark matter can annihilate through the three point coupling of Fig. 1 through

an (o↵- or on-shell) SM Higgs, leading to final states containing heavy quarks and/or weak

bosons. These contributions exhibit a strong resonant behavior when mV ' mh/2. The

gauge and Higgs boson final states also receive contributions at the same order from box di-

agrams (see Fig. 2), which contribute to processes including V V ! hh, ZZ,WW, ��, hZ, Z�.

These box diagrams are sensitive to more of the details of the UV theory, receiving contri-

butions from the charged fermions as well as the neutral ones. As a result, simple analytic

forms are not particularly illuminating, and we evaluate them using FeynArts [20], Form-

Calc, and LoopTools [21]. In the following section, we compute the full annihilation cross

section including all of the accessible SM final states.
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FIG.1.RepresentativetrianglediagramcontributingtotheHiggs–darkmatterinteraction.

B.�SIandHiggsInvisibleWidth

Boththedirectdetectioncross-sectionandtheHiggsinvisibledecaywidthresultfrom

trianglediagrams(seeFig.1).Integratingoutthefermion runningintheloop,the

h�V�Vinteractioncanbeencodedbytwoformfactors:

�

✓
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4
A(p2)hV

µ⌫
Vµ⌫+
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2
B(p2)hV

µ
Vµ

◆
(8)

withcoe�cientsAandBwhichare(intheon-shellDMlimit,k2
1=k

2
2=m

2
V)functions

ofthefermionmassesandmixings,mV,andthemomentumthroughtheHiggsline,p2.

ReasonablycompactanalyticexpressionsforAandBarederivedinAppendixA.Weobserve

thatB(p2)!0inthelimitmV!0(i.e.whentheU(1)0symmetryisrestored),asisrequired

bygaugeinvariance,seeAppendixA.

IntermsofAandB,thecrosssectionfornon-relativisticscatteringofVwithanucleon

nisgivenby,

�SI=
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wherethemomentumtransferthroughtheHiggsisapproximatedasp2⇡0,

fn=
X

q=u,d,s

f
(n)
Tq+

2

9
f

(n)
TG,(10)

andweusethehadronicmatrixelementsfTq,fromDarkSUSY[19].Becauseofthetiny

upanddownYukawacouplings,scatteringmediatedbyaHiggsistogoodapproximation

iso-symmetric.
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FIG. 3. Left: Upper limits on yg2 from VBF Higgs collider and direct detection constraints, with

a fermion of mass 400 GeV. Right: The corresponding lower limit on the relic abundance for a

standard cosmology.

relevant fermion has a mass of 400 GeV. Despite the fact that the limits on the couplings

are relatively weak, the conclusion is nonetheless that aside from a narrow region in the

Higgs funnel region, additional interactions would be required to deplete the dark matter

relic density enough to saturate the observed relic density.

B. Single Fermion with Scalar Mixing

Building on the single fermion limit, we now allow for substantial �P such that the radial

modes of H and � experience significant mixing, resulting in two CP even scalars we denote

by h and h2. Describing this limit requires three additional free parameters, which we take

to be the mass of the second scalar mh2 , h�i = v�, and the Higgs-scalar mixing angle ↵.

For small ↵, the form factors of Eqn. (8) are shifted:

A(p2) !

✓
1�

↵
2

2

◆
A(p2)

B(p2) !

✓
1�

↵
2

2

◆
B(p2)� 2↵

m
2
V

v�

(12)

where the additional contribution is the tree level contribution to B(p2) from the induced

� component in h. In addition to the shift in the e↵ective h-V -V coupling, the h2 state

acquires a coupling to the SM given by the corresponding SM Higgs coupling multiplied by

↵.

Single fermion limit
Everything decoupled except one light neutral fermion

•CMS = VBF, invisible Higgs 20/fb. 8TeV (it’s been a while)

•LUX = 10 ton-days exposure


Only Higgs-funnel region works for cosmology (but there are 
ways out)
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FIG. 5. Upper bound on the gauge coupling, g, for the three benchmark parameters. VBF Higgs

collider constraints are in solid and direct detection constraints are dashed lines. Note that for the

direct detection constraints we assume the local abundance of DM is 0.3 GeV/cm3 whereas the

prediction from the model, for conventional thermal history, is often smaller, see Figure 6.

the U(1)0-breaking Higgs � from the SM are the primary features which distinguish the

radiative model from the quartic-induced Higgs portal as far as dark matter phenomenology

is concerned.

Of course, the UV structure of the radiative model is also far richer, with a family of

electroweakly charged particles whose decays produce gauge bosons and missing momen-

tum, a signature already under study in the context of the neutralinos and charginos of a

supersymmetric theory. These states are the true avatars of the radiative Higgs portal. The

thermal relic density suggests that their masses are at most around TeV, raising the hope

that they could be found at the LHC run II or a future high energy collider.
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FIG. 6. The vector relic abundance for the three benchmark parameters. The gauge coupling here

is chosen to be g = 3.5.
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Appendix A: h-V -V E↵ective Vertex at One Loop

Here we outline the details of the triangle loop calculation. The following results are for a

single fermion species running in the loop. While the Higgs has o↵-diagonal couplings with

the three neutral fermions in the mass basis, the vector only has diagonal couplings and

thus only the diagonal Higgs interactions appear in the triangle diagrams. As a result, the

12

TABLE II. Benchmark parameter sets, and resulting neutral fermion masses and Higgs couplings.

m mn y y� MN (GeV) Y

800 GeV 250 GeV 1 �0.5

2

66664

832

807

274

3

77775

2

66664

�0.25 �0.04 0.71

0.04 �0.06 0.26

�0.71 0.26 �0.19

3

77775

300 GeV 200 GeV 4 �2

2

66664

848

810

238

3

77775

2

66664

�3.0 �0.81 �0.56

0.81 �3.0 �0.47

0.56 �0.47 �0.02

3

77775

500 GeV 1000 GeV 4 4

2

66664

1770

500

265

3

77775

2

66664

�3.9 0 0.98

0 0 0

�0.98 0 �3.9

3

77775

In Fig. 5, we show upper bounds on g as a function of the vector mass. We find that

the collider and direct detection constraints are relatively weak, often less constraining than

perturbativity. Despite the mass of the lightest neutral state being similar for all three

benchmarks, constraints are significantly stronger for the second and third cases, where the

Yukawa couplings are stronger. In terms of the dominant contribution to the e↵ective h-V -V

coupling, in the first and third models, the lightest neutral state is the dominant contribution,

whereas in the second benchmark model the lightest state has a small Yukawa coupling and

is less important than the second lightest state, which has a much larger coupling.

In Fig. 6, we plot the relic abundance for the benchmark parameters with a large, fixed

gauge coupling of g = 3.5, to make comparisons between the benchmarks more apparent.

Note that for our second and third benchmark models, this value is mildly excluded by

limits on the invisible width of the Higgs for mV  60 GeV. All benchmarks can be thermal

relics when the vector can resonantly annihilate through a Higgs, causing the sharp dip

at mV ⇠ mh/2. We also find that the second benchmark can attain a thermal relic for

vector masses above 100 GeV, and third may be a thermal relic above 80 GeV. The success

•Loop generated Higgs-V coupling, cf tree-level Higgs portal

•New sub-TeV electroweak states (decays involve MET)

•Collider perspective similar to simpler single fermion case



Conclusions

•DM could be a spin-1 state

•Could couple to SM through Higgs exchange

•Direct Higgs portal not gauge invariant, need a UV 
completion

•Generate through tree-level H-Phi mixing

•Generate through heavy new fermions running in loop

•Simple model with a few parameters, only subset relevant 
for collider physics

•LHC provides strongest constraint below mH/2

•Can decouple second higgs unlike tree level case 

•New fermionic states to search for
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As mentioned above, the coe�cients A and B in Eq. (8) are given by the sum over the

contributions from all three neutral mediator fermions,
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functions A and B of Eq. (8) are the sum of the contributions from each individual fermion

species.

Momenta are defined as in Fig. 1, with k1 and k2 the two (on-shell) vector momenta

coming into the diagram, and p = �(k1 + k2) the momentum incoming through the Higgs

line. In addition to the diagram shown explicitly in Fig. 1, there is a second contribution

related to it by k1$k2, µ $ ⌫.

The contribution to the matrix element from a single fermion of mass m and Yukawa

coupling y is given by:

M = g
2 y
p
2

i⇡
28m

(2⇡)4
⇥ I

µ⌫ (k1, k2)⇥ ✏µ(k1)✏⌫(k2) (A1)
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Evaluating the trace in the numerator and making use of the fact that k1·✏(k1) = k2·✏(k2) = 0

for on-shell vectors results in,
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After Passarino–Veltman decomposition [33] we find,
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where the arguments of the C functions are (uniformly) C0(k1, k2;m,m,m), etc.

Reducing to scalar functions results in a finite expression of the form,
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corresponding to an e↵ective three-point vertex described by
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Python/Mathematica code exists for this


