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Dark matter is needed!
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Evidences at the scale of galaxies and clusters of galaxies

Mergers of galaxy clusters

X-ray emissivity from Chandra overlayed with the convergence map

from strong and weak lensing data (arXiv:0704.0261, 0806.2320)

T. Schwetz 34

rotation curvesgravitational lensing galaxy cluster mergers

need DM to grow structure

S. Dodelson

69% Dark Energy

26% 
Dark Matter

5% Atoms

ΛCDM fit to CMB + BAO

1502.01589

⌦Bh
2 = 0.02230± 0.00014

⌦Ch
2 = 0.1188± 0.0010

⌦⇤ = 0.6911± 0.0062

h = 0.6774± 0.0046



Challenge for particle physics

• Why is it so abundant?

• Why is it (quasi) stable?

• Is it elementary or composite?

• Is there a „dark sector“?
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• within the Standard Model there is no 
suitable particle to provide the DM  
→ need new particle(s)

• many possible candidates

• this talk focus on WIMP candidates



The WIMP hypothesis: thermal freeze-out
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⌦DM ⇡ 2⇥ 10�37cm2

h�annihvi
⇡ 0.23

Lee, Weinberg, 1977 
Bernstein, Brown, Feinberg, 1985 
Scherrer, Turner, 1986
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“typical” annihilation cross section:

h�annihvi ⇠
g4

2⇡m2
' 6⇥ 10�37cm2

⇣ g

0.1

⌘4 ⇣ m

100GeV

⌘�2

• “Weakly Interacting Massive Particle” (WIMP)

• relation with new physics at the TeV scale
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• WIMP hypothesis gets squeezed from all sides

• typically one needs to break the link to the 
thermal freeze-out cross section somehow



Indirect detection of DM
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Indirect detection of DM
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DM DM

SM SM

today @ freeze-out

• annihilation cross section today corresponds to the 
“thermal” one only for s-wave processes (v-independent)

• p-wave annihilations: σv ~ v2   ⇒ 
@ freeze-out: v2 ~ T/m ~ 0.05 c2  
today: v ~  10-3 c 



FERMI dwarf spheroidals
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FERMI & MAGIC, 1601.06590

“thermal Xsec” excluded for DM mass < 100 GeV 
(assuming s-wave annihilation!)
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Figure 2: 95% CL upper limits on the thermally-averaged cross-section for DM particles annihilating into
bb̄ (upper-left), W+W� (upper-right), ⌧+⌧� (bottom-left) and µ+µ� (bottom-right) pairs. Thick solid lines
show the limits obtained by combining Fermi-LAT observations of 15 dSphs with MAGIC observations of
Segue 1. Dashed lines show the observed individual MAGIC (short dashes) and Fermi-LAT (long dashes)
limits. J-factor statistical uncertainties (Table 1) are considered as described in Section 3.2. The thin-dotted
line, green and yellow bands show, respectively, the median and the symmetrical, two-sided 68% and 95%
containment bands for the distribution of limits under the null hypothesis (see main text for more details).
The red-dashed-dotted line shows the thermal relic cross-section from Ref. [54].

this magnitude would be expected in 5% of the experiments under the null hypothesis and
is therefore compatible with random fluctuations.

As expected, limits in the low and high ends of the considered mass range are dominated
by Fermi -LAT and MAGIC observations, respectively, and the combined limits coincide
with the individual ones. The combination provides a significant improvement in the range
between ⇠1 and ⇠100 TeV (for bb̄ and W+W�) or ⇠0.2 and ⇠2 TeV (for ⌧+⌧� and µ+µ�),

– 9 –



DM direct detection
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Direct detection and the WIMP hypothesis
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• testing cross sections 
 ~ 10-46 cm2 

• parameter region 
motivated by WIMP 
argument 
(thermal freeze-out)  
model dependent!

σscatt < 10-46 cm2    ↔    σannih. ~10-36 cm2?
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FIG. 4: The spin-independent WIMP-nucleon cross sec-
tion limits as a function of WIMP mass at 90% confidence
level (black) for this run of XENON1T. In green and yellow
are the 1- and 2� sensitivity bands. Results from LUX [26]
(red), PandaX-II [27] (brown), and XENON100 [23] (gray)
are shown for reference.

events would appear at unusually low cS2b due to charge
losses near the wall. The inward reconstruction is due to
limited position reconstruction resolution, especially lim-
ited for small S2s, near the 5 (out of 36) top edge PMTs
that are unavailable in this analysis.

Sixth and last, we add a small uniform background in
the (cS1, log cS2b) space for ER events with an anoma-
lous cS2b. Such anomalous leakage beyond accidental
coincidences has been observed in XENON100 [23], and
a few such events are seen in the 220Rn calibration data
(Fig. 2a). If these were not 220Rn-induced events, their
rate would scale with exposure and we would see nu-
merous such events in the WIMP search data. We do
not observe this, and therefore assume their rate is pro-
portional to the ER rate, at (0.08+0.11

�0.06) events based on
the outliers observed in the 220Rn calibration data. The
physical origin of these events is under investigation.

The WIMP search data in a predefined signal box was
blinded (99% of ERs were accessible) until the event se-
lection and the fiducial mass boundaries were finalized.
We performed a staged unblinding, starting with an ex-
posure of 4 live days distributed evenly throughout the
search period. This did not result in changes in the event
selection.

A total of 63 events in the 34.2-day dark matter
search data pass the selection criteria and are within the
cS12 [3, 70] PE, cS2b 2 [50, 8000] PE search region used
in the likelihood analysis (Fig. 2c). None are within
10 ms of a muon veto trigger. The data is compatible
with the ER energy spectrum in [9] and implies an ER
rate of (1.93 ± 0.25) ⇥ 10�4 events/(kg⇥ day⇥ keVee),
compatible with our prediction of (2.3 ± 0.2) ⇥ 10�4

events/(kg⇥ day⇥ keVee) [9] updated with the Kr con-
centration measured in the current science run. This is

the lowest ER background ever achieved in a dark matter
experiment. A single event far from the bulk distribution
was observed at cS1 = 68.0 PE in the initial 4-day un-
blinding stage. This appears to be a bona fide event,
though its location in (cS1, cS2b) (see Fig. 2c) is extreme
for all our physical background models and WIMP signal
models. One event at cS1 = 26.7 PE is at the �2.4� ER
quantile.

For the statistical interpretation of the results, we
use an extended unbinned profile likelihood test statis-
tic in (cS1, cS2b) with the asymptotic distribution for-
mula from [24]. The signal and background models were
evaluated in (cS1, log cS2b) bins. We propagate the un-
certainties on the most significant shape parameters (two
for NR, two for ER) inferred from the posteriors of the
calibration fits to the likelihood. The uncertainties on the
rate of each background component mentioned above are
also included. Finally, we employ the procedure from [25]
to account for mismodeling of the ER background.

The data is consistent with the background-only hy-
pothesis. Fig. 4 shows the 90% confidence level upper
limit on the spin-independent WIMP-nucleon cross sec-
tion, power constrained at the �1� level of the sen-
sitivity band [28]. This does not constrain our re-
sult. For the WIMP energy spectrum we assume a
standard isothermal WIMP halo with v0 = 220 km/s,
⇢DM = 0.3 GeV/cm3, vesc = 544 km/s, and the Helm
form factor for the nuclear cross section [29]. No light
and charge emission is assumed for WIMPs below 1 keV
recoil energy. For all WIMP masses, the background-
only hypothesis provides the best fit, with none of the
nuisance parameters representing the uncertainties dis-
cussed above deviating appreciably from their nomi-
nal values. Our results improve upon the previously
strongest spin-independent WIMP limit for masses above
10 GeV/c2. Our strongest exclusion limit is for 35-
GeV/c2 WIMPs, at 7.7 ⇥ 10�47cm2.

These first results demonstrate that XENON1T has
the lowest low-energy background level ever achieved by
a dark matter experiment. The sensitivity of XENON1T
is the best to date above 20 GeV/c2, up to twice the
LUX sensitivity above 100 GeV/c2, and continues to im-
prove with more data. The experiment resumed opera-
tion shortly after the January 18, 2017 earthquake and
continues to record data.

We gratefully acknowledge support from the National
Science Foundation, Swiss National Science Foundation,
German Ministry for Education and Research, Max
Planck Gesellschaft, Deutsche Forschungsgemeinschaft,
Netherlands Organisation for Scientific Research (NWO),
NLeSC, Weizmann Institute of Science, I-CORE, Pazy-
Vatat, Initial Training Network Invisibles (Marie Curie
Actions, PITNGA-2011-289442), Fundacao para a Cien-
cia e a Tecnologia, Region des Pays de la Loire, Knut and
Alice Wallenberg Foundation, Kavli Foundation, and Is-
tituto Nazionale di Fisica Nucleare. Data processing is

 XENON1T(2017)     
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Ex.: Higgs-portal with fermionic DM χ
1

⇤1
(��)(H†H)

Direct detection and the WIMP hypothesis
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Ex.: Higgs-portal with fermionic DM χ

χ

χ
H

SM

SM

χ χ

(A,Z)

H

annihilation: scattering:

1

⇤1
(��)(H†H)

Direct detection and the WIMP hypothesis
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• excluded by  
XENON, LUX  
 

Lopez-Honorez, TS, Zupan, 12

1

⇤1
(��)(H†H)

Higgs portal
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• s-channel resonance at 
mχ ≈ mH/2



11

• excluded by  
XENON, LUX  
 

Lopez-Honorez, TS, Zupan, 12 1

⇤5
(��5�)(H

†H)

1

⇤1
(��)(H†H)

Higgs portal

• s-channel resonance at 
mχ ≈ mH/2

• pseudo-scalar  
Higgs-Portal



Example for LHC constraints
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q

q

Z’

DM

DM

Dirac DM, axial-vector couplings to quarks (not leptons)
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Example for LHC constraints
Dirac DM, axial-vector couplings to quarks (not leptons)
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Can we make generic statements 
about the WIMP hypothesis?
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DM DM

SM SM

indirect det.
freeze-out

collider

direct detection

The comparison is necessarily model dependent
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UV-complete 
models (SUSY)

“simplified” models
DM particle + mediator(s)



Minimal requirements on a „model“

• SM gauge invariance

• perturbative unitarity

18



Minimal requirements on a „model“

• SM gauge invariance

• perturbative unitarity
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example for „consistent“ model

2-mediator DM 
(2MDM) Z’
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SM + 

partial wave expansion of the matrix element. In the following we will focus on the J = 0

partial wave, which typically provides the strongest constraint. Since d0µµ0 is non-zero only

for µ = µ0 = 0, we then obtain from eq. (2.1)

M0
if (s) =

1

64⇡
�if �µ0�µ00

Z 1

�1
d cos ✓Mif (s, cos ✓) . (2.4)

2.2 Application to a simplified model with a Z 0 mediator

Let us consider a simplified model for a spin-1 mediator Z 0µ with mass mZ0 and a Dirac

DM particle  with mass mDM.1 The most general coupling structure is captured by the

following Lagrangian:

L = �
X

f=q,l,⌫

Z 0µ f̄
⇥
gVf �µ + gAf �µ�

5
⇤
f � Z 0µ  ̄

⇥
gVDM�µ + gADM�µ�

5
⇤
 . (2.5)

Although these interactions appear renormalisable, the presence of a massive vector boson

implies that perturbative unitarity may be violated at large energies. In the following, we

will study this issue in detail and derive constraints on the parameter space of the model.

Let us first consider diagrams between 2-fermion states with the Z 0 as mediator. The

appropriate propagator for the mediator is

hZ 0µ(k)Z 0⌫(�k)i = 1

k2 �m2
Z0

✓
gµ⌫ � kµk⌫

m2
Z0

◆
, (2.6)

where kµ is the momentum of the mediator. For the case of a gauge boson this corresponds

to unitary gauge in which the Goldstone boson has been absorbed. Since we are interested

in the high-energy behaviour of the theory we concentrate on the second term, which

does not vanish in the limit k ! 1. This corresponds to restricting to the longitudinal

component of the mediator, Z 0
L, which dominates at high energy [47].2 For instance,

considering DM annihilations, we can contract the longitudinal part of the propagator

with the DM current. Making use of k = p1 + p2, where p1 and p2 are the momenta of the

two DM particles in the initial state, leads to a factor

kµv̄(p2)
�
gVDM�µ + gADM�µ�

5
�
u(p1) = v̄(p2)

h
gVDM(/p2 + /p1) + gADM(/p2�

5 � �5/p1)
i
u(p1)

= �2 gADMmDM v̄(p2)�
5u(p1) . (2.7)

Hence, the second term in the propagator behaves exactly like a pseudoscalar with mass

mZ0 and couplings to DM equal to 2 gADMmDM/mZ0 , just like the Goldstone boson present

in Feynman gauge. Note that the term is independent of the vector couplings. The same

1In the case of Majorana DM the vector current vanishes and hence there can only be an axial coupling

on the DM side. We will come back to this case shortly but will consider Dirac DM here to allow for both

vectorial and axial couplings.
2It turns out that for certain processes the transversal part of the propagator leads to a logarithmic

divergence for m2
Z0 ⌧ s. This divergence is not related to the UV completeness of the theory, but signals

breakdown of perturbativity in the IR, see also [14]. By restricting to the longitudinal components of the

Z0 [47] we can avoid the occurence of those IR divergences.

– 4 –

DM fermion + U(1)’ gauge symmetry with Z’ mediator

Kahlhöfer, Schmidt-Hoberg, Schwetz, Vogl, 1510.02110
Dürr, Kahlhöfer, Schmidt-Hoberg, Schwetz, Vogl, 1606.07609

Example for a „consistent simplified“ model
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partial wave expansion of the matrix element. In the following we will focus on the J = 0

partial wave, which typically provides the strongest constraint. Since d0µµ0 is non-zero only

for µ = µ0 = 0, we then obtain from eq. (2.1)
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in the high-energy behaviour of the theory we concentrate on the second term, which
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mZ0 and couplings to DM equal to 2 gADMmDM/mZ0 , just like the Goldstone boson present

in Feynman gauge. Note that the term is independent of the vector couplings. The same

1In the case of Majorana DM the vector current vanishes and hence there can only be an axial coupling

on the DM side. We will come back to this case shortly but will consider Dirac DM here to allow for both
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2It turns out that for certain processes the transversal part of the propagator leads to a logarithmic

divergence for m2
Z0 ⌧ s. This divergence is not related to the UV completeness of the theory, but signals

breakdown of perturbativity in the IR, see also [14]. By restricting to the longitudinal components of the

Z0 [47] we can avoid the occurence of those IR divergences.
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where g0 is the gauge coupling of the new U(1)0. The kinetic term for  can hence be

written as

Lkin =
1

2
 ̄(i/@ � g0 qDM �5 /Z

0
) =

i

2
 ̄/@ � 1

2
gADMZ 0µ ̄�5�µ , (3.4)

with gADM ⌘ g0qDM. The U(1)0 charge forbids a Majorana mass term. Nevertheless, if

the Higgs field S carries charge qS = �2qDM, we can write down the gauge-invariant

combination

Lmass = �1

2
yDM ̄(PLS + PRS

⇤) . (3.5)

Including the kinetic and potential terms for the Higgs singlet, the full dark Lagrangian

therefore reads

LDM =
i

2
 ̄/@ � 1

2
gADMZ 0µ ̄�5�µ � 1

2
yDM ̄(PLS + PRS

⇤) ,

LS =
⇥
(@µ + i gS Z 0µ)S

⇤† ⇥
(@µ + i gS Z 0

µ)S
⇤
+ µ2

s S
†S � �s

⇣
S†S

⌘2
. (3.6)

Once the Higgs singlet aquires a vacuum expectation value (vev), it will spontaneously

break the U(1)0 symmetry, thus giving mass to the Z 0 gauge boson and the DM particle.

After symmetry breaking, we obtain the following Lagrangian (defining S = 1/
p
2(s+ w)

and using gS ⌘ g0qS = �2gADM)

L =
i

2
 ̄/@ � 1

2
gADMZ 0µ ̄�5�µ � mDM

2
 ̄ � yDM

2
p
2
s ̄ 

� 1

2
m2

Z0 Z 0µZ 0
µ +

1

2
@µs@µs� 2(gADM)2 Z 0µZ 0

µ(s
2 + 2 sw)� µ2

s

2
(s+ w)2 +

�s
4
(s+ w)4 ,

(3.7)

with

mDM =
1p
2
yDMw , mZ0 ⇡ 2gADMw . (3.8)

If the SM Higgs is charged under the U(1)0 the Z 0 mass will receive an additional contri-

bution from the SM Higgs vev, see eq. (3.19) below. Electroweak precisison data requires

that this contribution is small, and therefore we neglect this term in eq. (3.8) and for the

rest of this subsection. Note that without loss of generality we can choose w and yDM to

be real (ensuring real masses) by absorbing complex phases in the field definitions for S

and  .6

As discussed above, the mass of the additional Higgs particle must satisfy

ms <
⇡m2

Z0

(gADM)2mDM
(3.9)

in order for perturbative unitarity to be satisfied, which when substituting the masses of

the Z 0 and DM becomes

ms <
4
p
2⇡w

yDM
. (3.10)

6This will no longer be true if we allow for an explicit mass term for  . In this case the relative phase

between yDM and the mass term is physical (see e.g. [55]). Here we do not allow for an explicit mass term

and we assume that the vev of the singlet is the only source of U(1)0 symmetry breaking.

– 8 –

DM fermion + U(1)’ gauge symmetry with Z’ mediator

need „dark Higgs“ S to give mass to Z’ and DM

+yS ̄ 

Kahlhöfer, Schmidt-Hoberg, Schwetz, Vogl, 1510.02110
Dürr, Kahlhöfer, Schmidt-Hoberg, Schwetz, Vogl, 1606.07609

Example for a „consistent simplified“ model
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where kµ is the momentum of the mediator. For the case of a gauge boson this corresponds

to unitary gauge in which the Goldstone boson has been absorbed. Since we are interested

in the high-energy behaviour of the theory we concentrate on the second term, which

does not vanish in the limit k ! 1. This corresponds to restricting to the longitudinal
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considering DM annihilations, we can contract the longitudinal part of the propagator
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Hence, the second term in the propagator behaves exactly like a pseudoscalar with mass

mZ0 and couplings to DM equal to 2 gADMmDM/mZ0 , just like the Goldstone boson present

in Feynman gauge. Note that the term is independent of the vector couplings. The same

1In the case of Majorana DM the vector current vanishes and hence there can only be an axial coupling

on the DM side. We will come back to this case shortly but will consider Dirac DM here to allow for both

vectorial and axial couplings.
2It turns out that for certain processes the transversal part of the propagator leads to a logarithmic

divergence for m2
Z0 ⌧ s. This divergence is not related to the UV completeness of the theory, but signals

breakdown of perturbativity in the IR, see also [14]. By restricting to the longitudinal components of the

Z0 [47] we can avoid the occurence of those IR divergences.
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where g0 is the gauge coupling of the new U(1)0. The kinetic term for  can hence be

written as

Lkin =
1

2
 ̄(i/@ � g0 qDM �5 /Z

0
) =

i

2
 ̄/@ � 1

2
gADMZ 0µ ̄�5�µ , (3.4)

with gADM ⌘ g0qDM. The U(1)0 charge forbids a Majorana mass term. Nevertheless, if

the Higgs field S carries charge qS = �2qDM, we can write down the gauge-invariant

combination

Lmass = �1

2
yDM ̄(PLS + PRS

⇤) . (3.5)

Including the kinetic and potential terms for the Higgs singlet, the full dark Lagrangian

therefore reads

LDM =
i

2
 ̄/@ � 1

2
gADMZ 0µ ̄�5�µ � 1

2
yDM ̄(PLS + PRS

⇤) ,

LS =
⇥
(@µ + i gS Z 0µ)S

⇤† ⇥
(@µ + i gS Z 0

µ)S
⇤
+ µ2

s S
†S � �s

⇣
S†S

⌘2
. (3.6)

Once the Higgs singlet aquires a vacuum expectation value (vev), it will spontaneously

break the U(1)0 symmetry, thus giving mass to the Z 0 gauge boson and the DM particle.

After symmetry breaking, we obtain the following Lagrangian (defining S = 1/
p
2(s+ w)

and using gS ⌘ g0qS = �2gADM)

L =
i

2
 ̄/@ � 1

2
gADMZ 0µ ̄�5�µ � mDM

2
 ̄ � yDM

2
p
2
s ̄ 

� 1

2
m2

Z0 Z 0µZ 0
µ +

1

2
@µs@µs� 2(gADM)2 Z 0µZ 0

µ(s
2 + 2 sw)� µ2

s

2
(s+ w)2 +

�s
4
(s+ w)4 ,

(3.7)

with

mDM =
1p
2
yDMw , mZ0 ⇡ 2gADMw . (3.8)

If the SM Higgs is charged under the U(1)0 the Z 0 mass will receive an additional contri-

bution from the SM Higgs vev, see eq. (3.19) below. Electroweak precisison data requires

that this contribution is small, and therefore we neglect this term in eq. (3.8) and for the

rest of this subsection. Note that without loss of generality we can choose w and yDM to

be real (ensuring real masses) by absorbing complex phases in the field definitions for S

and  .6

As discussed above, the mass of the additional Higgs particle must satisfy

ms <
⇡m2

Z0

(gADM)2mDM
(3.9)

in order for perturbative unitarity to be satisfied, which when substituting the masses of

the Z 0 and DM becomes

ms <
4
p
2⇡w

yDM
. (3.10)

6This will no longer be true if we allow for an explicit mass term for  . In this case the relative phase

between yDM and the mass term is physical (see e.g. [55]). Here we do not allow for an explicit mass term

and we assume that the vev of the singlet is the only source of U(1)0 symmetry breaking.
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partial wave expansion of the matrix element. In the following we will focus on the J = 0

partial wave, which typically provides the strongest constraint. Since d0µµ0 is non-zero only

for µ = µ0 = 0, we then obtain from eq. (2.1)

M0
if (s) =

1

64⇡
�if �µ0�µ00

Z 1

�1
d cos ✓Mif (s, cos ✓) . (2.4)

2.2 Application to a simplified model with a Z 0 mediator

Let us consider a simplified model for a spin-1 mediator Z 0µ with mass mZ0 and a Dirac

DM particle  with mass mDM.1 The most general coupling structure is captured by the

following Lagrangian:

L = �
X

f=q,l,⌫

Z 0µ f̄
⇥
gVf �µ + gAf �µ�

5
⇤
f � Z 0µ  ̄

⇥
gVDM�µ + gADM�µ�

5
⇤
 . (2.5)

Although these interactions appear renormalisable, the presence of a massive vector boson

implies that perturbative unitarity may be violated at large energies. In the following, we

will study this issue in detail and derive constraints on the parameter space of the model.

Let us first consider diagrams between 2-fermion states with the Z 0 as mediator. The

appropriate propagator for the mediator is

hZ 0µ(k)Z 0⌫(�k)i = 1

k2 �m2
Z0

✓
gµ⌫ � kµk⌫

m2
Z0

◆
, (2.6)

where kµ is the momentum of the mediator. For the case of a gauge boson this corresponds

to unitary gauge in which the Goldstone boson has been absorbed. Since we are interested

in the high-energy behaviour of the theory we concentrate on the second term, which

does not vanish in the limit k ! 1. This corresponds to restricting to the longitudinal

component of the mediator, Z 0
L, which dominates at high energy [47].2 For instance,

considering DM annihilations, we can contract the longitudinal part of the propagator

with the DM current. Making use of k = p1 + p2, where p1 and p2 are the momenta of the

two DM particles in the initial state, leads to a factor

kµv̄(p2)
�
gVDM�µ + gADM�µ�

5
�
u(p1) = v̄(p2)

h
gVDM(/p2 + /p1) + gADM(/p2�

5 � �5/p1)
i
u(p1)

= �2 gADMmDM v̄(p2)�
5u(p1) . (2.7)

Hence, the second term in the propagator behaves exactly like a pseudoscalar with mass

mZ0 and couplings to DM equal to 2 gADMmDM/mZ0 , just like the Goldstone boson present

in Feynman gauge. Note that the term is independent of the vector couplings. The same

1In the case of Majorana DM the vector current vanishes and hence there can only be an axial coupling

on the DM side. We will come back to this case shortly but will consider Dirac DM here to allow for both

vectorial and axial couplings.
2It turns out that for certain processes the transversal part of the propagator leads to a logarithmic

divergence for m2
Z0 ⌧ s. This divergence is not related to the UV completeness of the theory, but signals

breakdown of perturbativity in the IR, see also [14]. By restricting to the longitudinal components of the

Z0 [47] we can avoid the occurence of those IR divergences.
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A look at the SM side: gauge invariance

I fermionic dark matter interactions with SM fermions mediated by
Z 0 boson

L = �
X

f=q,l,⌫

Z 0µ f̄
⇥
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LYuk = ��dq̄LHqR � �uq̄LH̃qR � �`
¯̀
LH`R + h.c.

As discussed above, the mass of the additional Higgs particle must satisfy

ms <
⇡m2

Z0

(gADM)2mDM
(3.9)

in order for perturbative unitarity to be satisfied, which when substituting the masses of

the Z 0 and DM becomes

ms <
4
p
2⇡w

yDM
. (3.10)

Once we include such a new particle coupling to the Z 0, however, there are additional

scattering processes such as ss ! ss that need to be taken into account when check-

ing perturbative unitarity [60]. Here we consider the scattering of the states ss/
p
2 and

Z 0
LZ

0
L/

p
2. In the limit

p
s � ms � mZ0 , the J = 0 partial wave of the scattering matrix

takes the form [49]

limp
s!1

M0
if = �(gADM)2m2

s

8⇡m2
Z0

 
3 1

1 3

!
. (3.11)

Partial wave unitarity requires the real part of the largest eigenvalue, which corresponds

to the eigenvector (ss+ Z 0
LZ

0
L)/2, to be smaller than 1/2. We hence obtain the inequality

ms 
p
⇡mZ0

gADM

=
p
4⇡w . (3.12)

This inequality together with eq. (2.8) gives a stronger bound on the Higgs mass than

the one obtained in eq. (2.10). In other words, the bound in (2.10) can never actually be

saturated in this UV completion. We note that eqs. (2.8) and (3.12) can be unified to

p
⇡
mZ0

gADM

� max
h
ms,

p
2mDM

i
. (3.13)

3.2 Implications for the visible sector

For the discussion above we only needed to consider the DM part of the Lagrangian. Let

us now also look at the coupling to the SM, see e.g. [61]. The interactions between SM

states and the new Z 0 gauge boson can be written as

L0
SM =

h
(DµH)†(�i g0 qH Z 0

µH) + h.c.
i
+ g02 q2H Z 0µZ 0

µH
†H

�
X

f=q,`,⌫

g0 Z 0µ ⇥qfL f̄L�µfL + qfR f̄R�µfR
⇤
, (3.14)

where Dµ denotes the SM covariant derivative. We can now immediately write down a list

of relations between the di↵erent charges q required by gauge invariance of the SM Yukawa

terms:7

qH = qqL � quR = qdR � qqL = qeR � q`L . (3.15)

7If right-handed neutrinos exist their charge q⌫R would be constrained by qH = q`L � q⌫R to allow for a

Yukawa term with the lepton doublet. In the following we assume that if right-handed neutrinos exist they

are heavy enough to decouple from all relevant phenomenology.
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partial wave expansion of the matrix element. In the following we will focus on the J = 0

partial wave, which typically provides the strongest constraint. Since d0µµ0 is non-zero only

for µ = µ0 = 0, we then obtain from eq. (2.1)

M0
if (s) =

1

64⇡
�if �µ0�µ00

Z 1

�1
d cos ✓Mif (s, cos ✓) . (2.4)

2.2 Application to a simplified model with a Z 0 mediator

Let us consider a simplified model for a spin-1 mediator Z 0µ with mass mZ0 and a Dirac

DM particle  with mass mDM.1 The most general coupling structure is captured by the

following Lagrangian:

L = �
X

f=q,l,⌫

Z 0µ f̄
⇥
gVf �µ + gAf �µ�

5
⇤
f � Z 0µ  ̄

⇥
gVDM�µ + gADM�µ�

5
⇤
 . (2.5)

Although these interactions appear renormalisable, the presence of a massive vector boson

implies that perturbative unitarity may be violated at large energies. In the following, we

will study this issue in detail and derive constraints on the parameter space of the model.

Let us first consider diagrams between 2-fermion states with the Z 0 as mediator. The

appropriate propagator for the mediator is

hZ 0µ(k)Z 0⌫(�k)i = 1

k2 �m2
Z0

✓
gµ⌫ � kµk⌫

m2
Z0

◆
, (2.6)

where kµ is the momentum of the mediator. For the case of a gauge boson this corresponds

to unitary gauge in which the Goldstone boson has been absorbed. Since we are interested

in the high-energy behaviour of the theory we concentrate on the second term, which

does not vanish in the limit k ! 1. This corresponds to restricting to the longitudinal

component of the mediator, Z 0
L, which dominates at high energy [47].2 For instance,

considering DM annihilations, we can contract the longitudinal part of the propagator

with the DM current. Making use of k = p1 + p2, where p1 and p2 are the momenta of the

two DM particles in the initial state, leads to a factor

kµv̄(p2)
�
gVDM�µ + gADM�µ�

5
�
u(p1) = v̄(p2)

h
gVDM(/p2 + /p1) + gADM(/p2�

5 � �5/p1)
i
u(p1)

= �2 gADMmDM v̄(p2)�
5u(p1) . (2.7)

Hence, the second term in the propagator behaves exactly like a pseudoscalar with mass

mZ0 and couplings to DM equal to 2 gADMmDM/mZ0 , just like the Goldstone boson present

in Feynman gauge. Note that the term is independent of the vector couplings. The same

1In the case of Majorana DM the vector current vanishes and hence there can only be an axial coupling

on the DM side. We will come back to this case shortly but will consider Dirac DM here to allow for both

vectorial and axial couplings.
2It turns out that for certain processes the transversal part of the propagator leads to a logarithmic

divergence for m2
Z0 ⌧ s. This divergence is not related to the UV completeness of the theory, but signals

breakdown of perturbativity in the IR, see also [14]. By restricting to the longitudinal components of the

Z0 [47] we can avoid the occurence of those IR divergences.
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Z 0 boson

L = �
X

f=q,l,⌫

Z 0µ f̄
⇥
gV

f �µ + gA
f �µ�

5⇤ f � Z 0µ  ̄
⇥
gV

DM�µ + gA
DM�µ�

5⇤ .

I looks fine but:

gV
f =

1
2

g0(qfR + qfL) , gA
f =

1
2

g0(qfR � qfL)

I general Z 0 couplings break SM gauge invariance (SM Yukawa
terms)

S. Vogl (Karlsruhe Institute of Technology) Universität Bonn, 25th of April 2016

As discussed above, the mass of the additional Higgs particle must satisfy

ms <
⇡m2

Z0

(gADM)2mDM
(3.9)

in order for perturbative unitarity to be satisfied, which when substituting the masses of

the Z 0 and DM becomes

ms <
4
p
2⇡w

yDM
. (3.10)

Once we include such a new particle coupling to the Z 0, however, there are additional

scattering processes such as ss ! ss that need to be taken into account when check-

ing perturbative unitarity [60]. Here we consider the scattering of the states ss/
p
2 and

Z 0
LZ

0
L/

p
2. In the limit

p
s � ms � mZ0 , the J = 0 partial wave of the scattering matrix

takes the form [49]

limp
s!1

M0
if = �(gADM)2m2

s

8⇡m2
Z0

 
3 1

1 3

!
. (3.11)

Partial wave unitarity requires the real part of the largest eigenvalue, which corresponds

to the eigenvector (ss+ Z 0
LZ

0
L)/2, to be smaller than 1/2. We hence obtain the inequality

ms 
p
⇡mZ0

gADM

=
p
4⇡w . (3.12)

This inequality together with eq. (2.8) gives a stronger bound on the Higgs mass than

the one obtained in eq. (2.10). In other words, the bound in (2.10) can never actually be

saturated in this UV completion. We note that eqs. (2.8) and (3.12) can be unified to

p
⇡
mZ0

gADM

� max
h
ms,

p
2mDM

i
. (3.13)

3.2 Implications for the visible sector

For the discussion above we only needed to consider the DM part of the Lagrangian. Let

us now also look at the coupling to the SM, see e.g. [61]. The interactions between SM

states and the new Z 0 gauge boson can be written as

L0
SM =

h
(DµH)†(�i g0 qH Z 0

µH) + h.c.
i
+ g02 q2H Z 0µZ 0

µH
†H

�
X

f=q,`,⌫

g0 Z 0µ ⇥qfL f̄L�µfL + qfR f̄R�µfR
⇤
, (3.14)

where Dµ denotes the SM covariant derivative. We can now immediately write down a list

of relations between the di↵erent charges q required by gauge invariance of the SM Yukawa

terms:7

qH = qqL � quR = qdR � qqL = qeR � q`L . (3.15)

7If right-handed neutrinos exist their charge q⌫R would be constrained by qH = q`L � q⌫R to allow for a

Yukawa term with the lepton doublet. In the following we assume that if right-handed neutrinos exist they

are heavy enough to decouple from all relevant phenomenology.
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partial wave expansion of the matrix element. In the following we will focus on the J = 0

partial wave, which typically provides the strongest constraint. Since d0µµ0 is non-zero only

for µ = µ0 = 0, we then obtain from eq. (2.1)

M0
if (s) =

1

64⇡
�if �µ0�µ00

Z 1

�1
d cos ✓Mif (s, cos ✓) . (2.4)

2.2 Application to a simplified model with a Z 0 mediator

Let us consider a simplified model for a spin-1 mediator Z 0µ with mass mZ0 and a Dirac

DM particle  with mass mDM.1 The most general coupling structure is captured by the

following Lagrangian:

L = �
X

f=q,l,⌫

Z 0µ f̄
⇥
gVf �µ + gAf �µ�

5
⇤
f � Z 0µ  ̄

⇥
gVDM�µ + gADM�µ�

5
⇤
 . (2.5)

Although these interactions appear renormalisable, the presence of a massive vector boson

implies that perturbative unitarity may be violated at large energies. In the following, we

will study this issue in detail and derive constraints on the parameter space of the model.

Let us first consider diagrams between 2-fermion states with the Z 0 as mediator. The

appropriate propagator for the mediator is

hZ 0µ(k)Z 0⌫(�k)i = 1

k2 �m2
Z0

✓
gµ⌫ � kµk⌫

m2
Z0

◆
, (2.6)

where kµ is the momentum of the mediator. For the case of a gauge boson this corresponds

to unitary gauge in which the Goldstone boson has been absorbed. Since we are interested

in the high-energy behaviour of the theory we concentrate on the second term, which

does not vanish in the limit k ! 1. This corresponds to restricting to the longitudinal

component of the mediator, Z 0
L, which dominates at high energy [47].2 For instance,

considering DM annihilations, we can contract the longitudinal part of the propagator

with the DM current. Making use of k = p1 + p2, where p1 and p2 are the momenta of the

two DM particles in the initial state, leads to a factor

kµv̄(p2)
�
gVDM�µ + gADM�µ�

5
�
u(p1) = v̄(p2)

h
gVDM(/p2 + /p1) + gADM(/p2�

5 � �5/p1)
i
u(p1)

= �2 gADMmDM v̄(p2)�
5u(p1) . (2.7)

Hence, the second term in the propagator behaves exactly like a pseudoscalar with mass

mZ0 and couplings to DM equal to 2 gADMmDM/mZ0 , just like the Goldstone boson present

in Feynman gauge. Note that the term is independent of the vector couplings. The same

1In the case of Majorana DM the vector current vanishes and hence there can only be an axial coupling

on the DM side. We will come back to this case shortly but will consider Dirac DM here to allow for both

vectorial and axial couplings.
2It turns out that for certain processes the transversal part of the propagator leads to a logarithmic

divergence for m2
Z0 ⌧ s. This divergence is not related to the UV completeness of the theory, but signals

breakdown of perturbativity in the IR, see also [14]. By restricting to the longitudinal components of the

Z0 [47] we can avoid the occurence of those IR divergences.
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As discussed above, the mass of the additional Higgs particle must satisfy

ms <
⇡m2

Z0

(gADM)2mDM
(3.9)

in order for perturbative unitarity to be satisfied, which when substituting the masses of

the Z 0 and DM becomes

ms <
4
p
2⇡w

yDM
. (3.10)

Once we include such a new particle coupling to the Z 0, however, there are additional

scattering processes such as ss ! ss that need to be taken into account when check-

ing perturbative unitarity [60]. Here we consider the scattering of the states ss/
p
2 and

Z 0
LZ

0
L/

p
2. In the limit

p
s � ms � mZ0 , the J = 0 partial wave of the scattering matrix

takes the form [49]

limp
s!1

M0
if = �(gADM)2m2

s

8⇡m2
Z0

 
3 1

1 3

!
. (3.11)

Partial wave unitarity requires the real part of the largest eigenvalue, which corresponds

to the eigenvector (ss+ Z 0
LZ

0
L)/2, to be smaller than 1/2. We hence obtain the inequality

ms 
p
⇡mZ0

gADM

=
p
4⇡w . (3.12)

This inequality together with eq. (2.8) gives a stronger bound on the Higgs mass than

the one obtained in eq. (2.10). In other words, the bound in (2.10) can never actually be

saturated in this UV completion. We note that eqs. (2.8) and (3.12) can be unified to

p
⇡
mZ0

gADM

� max
h
ms,

p
2mDM

i
. (3.13)

3.2 Implications for the visible sector

For the discussion above we only needed to consider the DM part of the Lagrangian. Let

us now also look at the coupling to the SM, see e.g. [61]. The interactions between SM

states and the new Z 0 gauge boson can be written as

L0
SM =

h
(DµH)†(�i g0 qH Z 0

µH) + h.c.
i
+ g02 q2H Z 0µZ 0

µH
†H

�
X

f=q,`,⌫

g0 Z 0µ ⇥qfL f̄L�µfL + qfR f̄R�µfR
⇤
, (3.14)

where Dµ denotes the SM covariant derivative. We can now immediately write down a list

of relations between the di↵erent charges q required by gauge invariance of the SM Yukawa

terms:7

qH = qqL � quR = qdR � qqL = qeR � q`L . (3.15)

7If right-handed neutrinos exist their charge q⌫R would be constrained by qH = q`L � q⌫R to allow for a

Yukawa term with the lepton doublet. In the following we assume that if right-handed neutrinos exist they

are heavy enough to decouple from all relevant phenomenology.
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Spot the difference: axial(DM)-axial(SM)
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partial wave expansion of the matrix element. In the following we will focus on the J = 0

partial wave, which typically provides the strongest constraint. Since d0µµ0 is non-zero only

for µ = µ0 = 0, we then obtain from eq. (2.1)

M0
if (s) =

1

64⇡
�if �µ0�µ00

Z 1

�1
d cos ✓Mif (s, cos ✓) . (2.4)

2.2 Application to a simplified model with a Z 0 mediator

Let us consider a simplified model for a spin-1 mediator Z 0µ with mass mZ0 and a Dirac

DM particle  with mass mDM.1 The most general coupling structure is captured by the

following Lagrangian:

L = �
X

f=q,l,⌫

Z 0µ f̄
⇥
gVf �µ + gAf �µ�

5
⇤
f � Z 0µ  ̄

⇥
gVDM�µ + gADM�µ�

5
⇤
 . (2.5)

Although these interactions appear renormalisable, the presence of a massive vector boson

implies that perturbative unitarity may be violated at large energies. In the following, we

will study this issue in detail and derive constraints on the parameter space of the model.

Let us first consider diagrams between 2-fermion states with the Z 0 as mediator. The

appropriate propagator for the mediator is

hZ 0µ(k)Z 0⌫(�k)i = 1

k2 �m2
Z0

✓
gµ⌫ � kµk⌫

m2
Z0

◆
, (2.6)

where kµ is the momentum of the mediator. For the case of a gauge boson this corresponds

to unitary gauge in which the Goldstone boson has been absorbed. Since we are interested

in the high-energy behaviour of the theory we concentrate on the second term, which

does not vanish in the limit k ! 1. This corresponds to restricting to the longitudinal

component of the mediator, Z 0
L, which dominates at high energy [47].2 For instance,

considering DM annihilations, we can contract the longitudinal part of the propagator

with the DM current. Making use of k = p1 + p2, where p1 and p2 are the momenta of the

two DM particles in the initial state, leads to a factor

kµv̄(p2)
�
gVDM�µ + gADM�µ�

5
�
u(p1) = v̄(p2)

h
gVDM(/p2 + /p1) + gADM(/p2�

5 � �5/p1)
i
u(p1)

= �2 gADMmDM v̄(p2)�
5u(p1) . (2.7)

Hence, the second term in the propagator behaves exactly like a pseudoscalar with mass

mZ0 and couplings to DM equal to 2 gADMmDM/mZ0 , just like the Goldstone boson present

in Feynman gauge. Note that the term is independent of the vector couplings. The same

1In the case of Majorana DM the vector current vanishes and hence there can only be an axial coupling

on the DM side. We will come back to this case shortly but will consider Dirac DM here to allow for both

vectorial and axial couplings.
2It turns out that for certain processes the transversal part of the propagator leads to a logarithmic

divergence for m2
Z0 ⌧ s. This divergence is not related to the UV completeness of the theory, but signals

breakdown of perturbativity in the IR, see also [14]. By restricting to the longitudinal components of the

Z0 [47] we can avoid the occurence of those IR divergences.
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where g0 is the gauge coupling of the new U(1)0. The kinetic term for  can hence be

written as
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with gADM ⌘ g0qDM. The U(1)0 charge forbids a Majorana mass term. Nevertheless, if

the Higgs field S carries charge qS = �2qDM, we can write down the gauge-invariant

combination

Lmass = �1

2
yDM ̄(PLS + PRS

⇤) . (3.5)

Including the kinetic and potential terms for the Higgs singlet, the full dark Lagrangian

therefore reads

LDM =
i

2
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2
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2
yDM ̄(PLS + PRS

⇤) ,

LS =
⇥
(@µ + i gS Z 0µ)S

⇤† ⇥
(@µ + i gS Z 0

µ)S
⇤
+ µ2

s S
†S � �s

⇣
S†S

⌘2
. (3.6)

Once the Higgs singlet aquires a vacuum expectation value (vev), it will spontaneously

break the U(1)0 symmetry, thus giving mass to the Z 0 gauge boson and the DM particle.

After symmetry breaking, we obtain the following Lagrangian (defining S = 1/
p
2(s+ w)

and using gS ⌘ g0qS = �2gADM)

L =
i

2
 ̄/@ � 1

2
gADMZ 0µ ̄�5�µ � mDM

2
 ̄ � yDM

2
p
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2
@µs@µs� 2(gADM)2 Z 0µZ 0

µ(s
2 + 2 sw)� µ2
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2
(s+ w)2 +

�s
4
(s+ w)4 ,

(3.7)

with

mDM =
1p
2
yDMw , mZ0 ⇡ 2gADMw . (3.8)

If the SM Higgs is charged under the U(1)0 the Z 0 mass will receive an additional contri-

bution from the SM Higgs vev, see eq. (3.19) below. Electroweak precisison data requires

that this contribution is small, and therefore we neglect this term in eq. (3.8) and for the

rest of this subsection. Note that without loss of generality we can choose w and yDM to

be real (ensuring real masses) by absorbing complex phases in the field definitions for S

and  .6

As discussed above, the mass of the additional Higgs particle must satisfy

ms <
⇡m2

Z0

(gADM)2mDM
(3.9)

in order for perturbative unitarity to be satisfied, which when substituting the masses of

the Z 0 and DM becomes

ms <
4
p
2⇡w

yDM
. (3.10)

6This will no longer be true if we allow for an explicit mass term for  . In this case the relative phase

between yDM and the mass term is physical (see e.g. [55]). Here we do not allow for an explicit mass term

and we assume that the vev of the singlet is the only source of U(1)0 symmetry breaking.
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partial wave expansion of the matrix element. In the following we will focus on the J = 0

partial wave, which typically provides the strongest constraint. Since d0µµ0 is non-zero only

for µ = µ0 = 0, we then obtain from eq. (2.1)
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2.2 Application to a simplified model with a Z 0 mediator

Let us consider a simplified model for a spin-1 mediator Z 0µ with mass mZ0 and a Dirac

DM particle  with mass mDM.1 The most general coupling structure is captured by the
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Although these interactions appear renormalisable, the presence of a massive vector boson

implies that perturbative unitarity may be violated at large energies. In the following, we

will study this issue in detail and derive constraints on the parameter space of the model.

Let us first consider diagrams between 2-fermion states with the Z 0 as mediator. The

appropriate propagator for the mediator is
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where kµ is the momentum of the mediator. For the case of a gauge boson this corresponds

to unitary gauge in which the Goldstone boson has been absorbed. Since we are interested

in the high-energy behaviour of the theory we concentrate on the second term, which

does not vanish in the limit k ! 1. This corresponds to restricting to the longitudinal

component of the mediator, Z 0
L, which dominates at high energy [47].2 For instance,

considering DM annihilations, we can contract the longitudinal part of the propagator

with the DM current. Making use of k = p1 + p2, where p1 and p2 are the momenta of the

two DM particles in the initial state, leads to a factor
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Hence, the second term in the propagator behaves exactly like a pseudoscalar with mass

mZ0 and couplings to DM equal to 2 gADMmDM/mZ0 , just like the Goldstone boson present

in Feynman gauge. Note that the term is independent of the vector couplings. The same

1In the case of Majorana DM the vector current vanishes and hence there can only be an axial coupling

on the DM side. We will come back to this case shortly but will consider Dirac DM here to allow for both

vectorial and axial couplings.
2It turns out that for certain processes the transversal part of the propagator leads to a logarithmic

divergence for m2
Z0 ⌧ s. This divergence is not related to the UV completeness of the theory, but signals

breakdown of perturbativity in the IR, see also [14]. By restricting to the longitudinal components of the

Z0 [47] we can avoid the occurence of those IR divergences.
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combination
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therefore reads
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Once the Higgs singlet aquires a vacuum expectation value (vev), it will spontaneously

break the U(1)0 symmetry, thus giving mass to the Z 0 gauge boson and the DM particle.

After symmetry breaking, we obtain the following Lagrangian (defining S = 1/
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2(s+ w)
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If the SM Higgs is charged under the U(1)0 the Z 0 mass will receive an additional contri-

bution from the SM Higgs vev, see eq. (3.19) below. Electroweak precisison data requires

that this contribution is small, and therefore we neglect this term in eq. (3.8) and for the

rest of this subsection. Note that without loss of generality we can choose w and yDM to

be real (ensuring real masses) by absorbing complex phases in the field definitions for S

and  .6

As discussed above, the mass of the additional Higgs particle must satisfy

ms <
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(gADM)2mDM
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in order for perturbative unitarity to be satisfied, which when substituting the masses of

the Z 0 and DM becomes
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4
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6This will no longer be true if we allow for an explicit mass term for  . In this case the relative phase

between yDM and the mass term is physical (see e.g. [55]). Here we do not allow for an explicit mass term

and we assume that the vev of the singlet is the only source of U(1)0 symmetry breaking.
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partial wave expansion of the matrix element. In the following we will focus on the J = 0

partial wave, which typically provides the strongest constraint. Since d0µµ0 is non-zero only

for µ = µ0 = 0, we then obtain from eq. (2.1)
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2.2 Application to a simplified model with a Z 0 mediator

Let us consider a simplified model for a spin-1 mediator Z 0µ with mass mZ0 and a Dirac

DM particle  with mass mDM.1 The most general coupling structure is captured by the

following Lagrangian:
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Although these interactions appear renormalisable, the presence of a massive vector boson

implies that perturbative unitarity may be violated at large energies. In the following, we

will study this issue in detail and derive constraints on the parameter space of the model.

Let us first consider diagrams between 2-fermion states with the Z 0 as mediator. The

appropriate propagator for the mediator is

hZ 0µ(k)Z 0⌫(�k)i = 1

k2 �m2
Z0

✓
gµ⌫ � kµk⌫

m2
Z0

◆
, (2.6)

where kµ is the momentum of the mediator. For the case of a gauge boson this corresponds

to unitary gauge in which the Goldstone boson has been absorbed. Since we are interested

in the high-energy behaviour of the theory we concentrate on the second term, which

does not vanish in the limit k ! 1. This corresponds to restricting to the longitudinal

component of the mediator, Z 0
L, which dominates at high energy [47].2 For instance,

considering DM annihilations, we can contract the longitudinal part of the propagator

with the DM current. Making use of k = p1 + p2, where p1 and p2 are the momenta of the

two DM particles in the initial state, leads to a factor

kµv̄(p2)
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u(p1) = v̄(p2)
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Hence, the second term in the propagator behaves exactly like a pseudoscalar with mass

mZ0 and couplings to DM equal to 2 gADMmDM/mZ0 , just like the Goldstone boson present

in Feynman gauge. Note that the term is independent of the vector couplings. The same

1In the case of Majorana DM the vector current vanishes and hence there can only be an axial coupling

on the DM side. We will come back to this case shortly but will consider Dirac DM here to allow for both

vectorial and axial couplings.
2It turns out that for certain processes the transversal part of the propagator leads to a logarithmic

divergence for m2
Z0 ⌧ s. This divergence is not related to the UV completeness of the theory, but signals

breakdown of perturbativity in the IR, see also [14]. By restricting to the longitudinal components of the

Z0 [47] we can avoid the occurence of those IR divergences.
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with gADM ⌘ g0qDM. The U(1)0 charge forbids a Majorana mass term. Nevertheless, if

the Higgs field S carries charge qS = �2qDM, we can write down the gauge-invariant

combination

Lmass = �1
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Including the kinetic and potential terms for the Higgs singlet, the full dark Lagrangian

therefore reads
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Once the Higgs singlet aquires a vacuum expectation value (vev), it will spontaneously

break the U(1)0 symmetry, thus giving mass to the Z 0 gauge boson and the DM particle.

After symmetry breaking, we obtain the following Lagrangian (defining S = 1/
p
2(s+ w)

and using gS ⌘ g0qS = �2gADM)
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If the SM Higgs is charged under the U(1)0 the Z 0 mass will receive an additional contri-

bution from the SM Higgs vev, see eq. (3.19) below. Electroweak precisison data requires

that this contribution is small, and therefore we neglect this term in eq. (3.8) and for the

rest of this subsection. Note that without loss of generality we can choose w and yDM to

be real (ensuring real masses) by absorbing complex phases in the field definitions for S

and  .6

As discussed above, the mass of the additional Higgs particle must satisfy
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(gADM)2mDM
(3.9)

in order for perturbative unitarity to be satisfied, which when substituting the masses of

the Z 0 and DM becomes
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6This will no longer be true if we allow for an explicit mass term for  . In this case the relative phase

between yDM and the mass term is physical (see e.g. [55]). Here we do not allow for an explicit mass term

and we assume that the vev of the singlet is the only source of U(1)0 symmetry breaking.
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partial wave expansion of the matrix element. In the following we will focus on the J = 0

partial wave, which typically provides the strongest constraint. Since d0µµ0 is non-zero only
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where kµ is the momentum of the mediator. For the case of a gauge boson this corresponds

to unitary gauge in which the Goldstone boson has been absorbed. Since we are interested

in the high-energy behaviour of the theory we concentrate on the second term, which

does not vanish in the limit k ! 1. This corresponds to restricting to the longitudinal

component of the mediator, Z 0
L, which dominates at high energy [47].2 For instance,

considering DM annihilations, we can contract the longitudinal part of the propagator
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mZ0 and couplings to DM equal to 2 gADMmDM/mZ0 , just like the Goldstone boson present

in Feynman gauge. Note that the term is independent of the vector couplings. The same

1In the case of Majorana DM the vector current vanishes and hence there can only be an axial coupling

on the DM side. We will come back to this case shortly but will consider Dirac DM here to allow for both

vectorial and axial couplings.
2It turns out that for certain processes the transversal part of the propagator leads to a logarithmic

divergence for m2
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Z0 [47] we can avoid the occurence of those IR divergences.
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that this contribution is small, and therefore we neglect this term in eq. (3.8) and for the
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be real (ensuring real masses) by absorbing complex phases in the field definitions for S

and  .6
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ms <
4
p
2⇡w

yDM
. (3.10)

6This will no longer be true if we allow for an explicit mass term for  . In this case the relative phase

between yDM and the mass term is physical (see e.g. [55]). Here we do not allow for an explicit mass term

and we assume that the vev of the singlet is the only source of U(1)0 symmetry breaking.

– 8 –

DM fermion + U(1)’ gauge symmetry with Z’ mediator

need „dark Higgs“ S to give mass to Z’ and DM

+�S⇤SH†H + �F 0
µ⌫F

µ⌫

+yS ̄ 

Higgs mixing and kinetic mixing open new portals to SM

X X

assume only loop-induced kinetic mixing

Example for a „consistent simplified“ model



• additional states are needed to cancel 
anomalies 

• gauge symmetries & vectorial Z’ coupling 
imply that there is no color anomaly → 

• no colored states needed 
small impact on phenomenology

27

Comment on anomalies:

Example for a „consistent simplified“ model

e.g., Dürr, Fileviez Perez, 1309.3970;  Ekstedt et al., 1605.04855;
Ellis, Fairbairn, Tunney, 1704.03850

http://de.arxiv.org/abs/1704.03850


• parameters of the 2MDM model:  
3 masses 
3 couplings

• fix one coupling by relic density

28

particle masses coupling constants

DM mass m� dark-sector coupling g� or y�
Z 0 mass mZ0 quark–Z 0 coupling gq
dark Higgs mass ms Higgs mixing angle ✓

Table 1. Summary of the 6 independent parameters of our model. For given masses, there is only
one independent dark-sector coupling, since g� and y� are related via eq. (2.3).

1. An essential feature of our model is that the two mediators are linked by their common

origin from the broken U(1)0. This implies in particular that the two mediators can

interact with each other, leading to processes like for example �� ! Z 0⇤ ! Z 0s or

�� ! s(⇤) ! Z 0Z 0.

2. The interactions between the dark Higgs s and SM quarks arise from mixing between

the two Higgs bosons. Such a mixing necessarily introduces couplings of all SM

particles to the dark Higgs proportional to their masses, leading in particular to the

possibility that DM particles can annihilate into SM gauge bosons.1 At the same

time, this mixing changes the couplings of the SM Higgs to other SM particles and

furthermore couples the SM Higgs to both the Z 0 and the DM particle. This leads to

additional constraints on sin ✓ from the observed properties of the SM Higgs boson.

3. In order to ensure that the model remains perturbative, one needs to consider not

only gq and g�, but also y� and sin ✓. In particular, requiring that all interactions

between the two Higgs bosons remain perturbative leads to non-trivial bounds on

the coe�cients in the scalar potential, which can be translated into bounds on the

mixing angle ✓ in terms of the various masses, see section 2.3 below.

4. In this model the stability of the DM particle is a consequence of the U(1)0 gauge

symmetry. Even after symmetry breaking a Z2 symmetry remains unbroken, which

protects the DM particle from decay.

5. Finally, a general expectation for such a model is that the new U(1)0 can mix with

the U(1)Y hypercharge gauge group of the SM. In principle, the kinetic mixing pa-

rameter ✏ could be taken as an additional free parameter for our model. However,

the magnitude of this mixing is very tightly constrained, so that it typically cannot

have a large e↵ect on the DM phenomenology of the model. We therefore assume in

the main text that kinetic mixing is absent at some high scale and only introduced

radiatively by quark loops. Tree-level kinetic mixing is discussed in appendix C.

Let us emphasise that our model is still simplified in the sense that we do not specify the

additional particles needed for anomaly cancellation. The flavour-universal vector couplings

1Note that our approach provides a gauge-invariant realisation of a simplified model with a spin-0 s-

channel mediator.
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• parameters of the 2MDM model:  
3 masses 
3 couplings

• fix one coupling by relic density

• impose constraints from:  
- direct and indirect DM searches 
- monojets, dijets, dileptons at colliders 
- Higgs observables 
- electroweak precision tests  
- perturbative unitarity 

29

Example for a „consistent simplified“ model

Dürr, Kahlhöfer, Schmidt-Hoberg, TS, Vogl, 1606.07609



global parameter scan
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Global scans

> For a given combination of the three masses, we can now scan over all coupling 
combinations to #nd parameter points compatible with the observed relic density 
and all experimental constraints.

Red: All coupling combinations are 

excluded by at least one constraint.

White: At least one coupling combination is 

compatible with all constraints.

Orange: Large values of g
q
 cannot reliably 

be excluded due to the mediator width 

becoming large (Γ/m
Z'
 > 0.3).

Duerr, FK et al., arXiv:1606.07609
Dürr, Kahlhöfer, Schmidt-Hoberg, TS, Vogl, 1606.07609
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WIMPs via Z' exchange

> We also #nd viable parameter points where both the Z' and the singlet are heavier 
than the DM particle.

> Allowed parameter space for g
q
 ~ 0.04 and θ < 0.06.

Dileptons

Monojets
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global parameter scan
WIMP hypothesis survives only in special corners:



global parameter scan
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Global scans

> For a given combination of the three masses, we can now scan over all coupling 
combinations to #nd parameter points compatible with the observed relic density 
and all experimental constraints.

Red: All coupling combinations are 

excluded by at least one constraint.

White: At least one coupling combination is 

compatible with all constraints.

Orange: Large values of g
q
 cannot reliably 

be excluded due to the mediator width 

becoming large (Γ/m
Z'
 > 0.3).

Duerr, FK et al., arXiv:1606.07609

WIMP hypothesis survives only in special corners:
sc

al
ar
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es
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Z’ resonance

• close to an s-channel 
resonance:  
𝝌𝝌 → s/Z’ → SM SM



global parameter scan
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Global scans

> For a given combination of the three masses, we can now scan over all coupling 
combinations to #nd parameter points compatible with the observed relic density 
and all experimental constraints.

Red: All coupling combinations are 

excluded by at least one constraint.

White: At least one coupling combination is 

compatible with all constraints.

Orange: Large values of g
q
 cannot reliably 

be excluded due to the mediator width 

becoming large (Γ/m
Z'
 > 0.3).

Duerr, FK et al., arXiv:1606.07609

WIMP hypothesis survives only in special corners:

• close to an s-channel 
resonance:  
𝝌𝝌 → s/Z’ → SM SM

• one or both mediators 
are lighter than DM → 
„terminator“ or  
„secluded DM“

DM lighter than Z’
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Saving the WIMP by a light mediator:  
Secluded DM

34

partial wave expansion of the matrix element. In the following we will focus on the J = 0

partial wave, which typically provides the strongest constraint. Since d0µµ0 is non-zero only

for µ = µ0 = 0, we then obtain from eq. (2.1)

M0
if (s) =

1

64⇡
�if �µ0�µ00

Z 1

�1
d cos ✓Mif (s, cos ✓) . (2.4)

2.2 Application to a simplified model with a Z 0 mediator

Let us consider a simplified model for a spin-1 mediator Z 0µ with mass mZ0 and a Dirac

DM particle  with mass mDM.1 The most general coupling structure is captured by the

following Lagrangian:

L = �
X

f=q,l,⌫

Z 0µ f̄
⇥
gVf �µ + gAf �µ�

5
⇤
f � Z 0µ  ̄

⇥
gVDM�µ + gADM�µ�

5
⇤
 . (2.5)

Although these interactions appear renormalisable, the presence of a massive vector boson

implies that perturbative unitarity may be violated at large energies. In the following, we

will study this issue in detail and derive constraints on the parameter space of the model.

Let us first consider diagrams between 2-fermion states with the Z 0 as mediator. The

appropriate propagator for the mediator is

hZ 0µ(k)Z 0⌫(�k)i = 1

k2 �m2
Z0

✓
gµ⌫ � kµk⌫

m2
Z0

◆
, (2.6)

where kµ is the momentum of the mediator. For the case of a gauge boson this corresponds

to unitary gauge in which the Goldstone boson has been absorbed. Since we are interested

in the high-energy behaviour of the theory we concentrate on the second term, which

does not vanish in the limit k ! 1. This corresponds to restricting to the longitudinal

component of the mediator, Z 0
L, which dominates at high energy [47].2 For instance,

considering DM annihilations, we can contract the longitudinal part of the propagator

with the DM current. Making use of k = p1 + p2, where p1 and p2 are the momenta of the

two DM particles in the initial state, leads to a factor

kµv̄(p2)
�
gVDM�µ + gADM�µ�

5
�
u(p1) = v̄(p2)

h
gVDM(/p2 + /p1) + gADM(/p2�

5 � �5/p1)
i
u(p1)

= �2 gADMmDM v̄(p2)�
5u(p1) . (2.7)

Hence, the second term in the propagator behaves exactly like a pseudoscalar with mass

mZ0 and couplings to DM equal to 2 gADMmDM/mZ0 , just like the Goldstone boson present

in Feynman gauge. Note that the term is independent of the vector couplings. The same

1In the case of Majorana DM the vector current vanishes and hence there can only be an axial coupling

on the DM side. We will come back to this case shortly but will consider Dirac DM here to allow for both

vectorial and axial couplings.
2It turns out that for certain processes the transversal part of the propagator leads to a logarithmic

divergence for m2
Z0 ⌧ s. This divergence is not related to the UV completeness of the theory, but signals

breakdown of perturbativity in the IR, see also [14]. By restricting to the longitudinal components of the

Z0 [47] we can avoid the occurence of those IR divergences.

– 4 –
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Secluded DM - scalar terminator

example with scalar 
mediator

Lopez-Honorez, TS, 
Zupan, 12
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Secluded DM - scalar terminator

example with scalar 
mediator

Lopez-Honorez, TS, 
Zupan, 12

dark terminator



A potential signal from light mediators
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Global scans

> For a given combination of the three masses, we can now scan over all coupling 
combinations to #nd parameter points compatible with the observed relic density 
and all experimental constraints.

Red: All coupling combinations are 

excluded by at least one constraint.

White: At least one coupling combination is 

compatible with all constraints.

Orange: Large values of g
q
 cannot reliably 

be excluded due to the mediator width 

becoming large (Γ/m
Z'
 > 0.3).

Duerr, FK et al., arXiv:1606.07609

• in some cases there is 
hope for signals in 
indirect detection  
(s-channel annihilation)

FERMI gamma 
rays from dwarfs



Remarks - 1

• thermally produced DM („WIMP“) links 
DM to weak-scale physics

• cornered from direct, indirect, and collider 
searches

• comparison necessarily model dependent 

37



Remarks - 2

38

• request some minimal consistency properties 
(SM gauge invariance, perturb. unitarity,…)

• considered 2-mediator DM (2MDM)  
Majorana DM SM-singlet, U(1)’ symmetry  
s-channel vector and scalar mediator 
gauge invariant, UV-complete (up to anomaly)

• confined to special corners:  
either to s-channel resonance or to a „dark 
terminator“ (mmed < mDM)



Remarks - 3

39

• qualitative similar conclusions should hold for a 
wide class of WIMP models 

• DM (partially) gauged under SM  
(e.g., minimal DM, well-tempered DM)

• co-annihilations 
t-channel mediator: y qR χ η

ex. alternative scenarios:

Cirelli, Fornengo, Strumi, 05;
Arkani-Hamed, Delgado, Giudice, 06;
Banerjee, Matsumoto,  Mukaida,  Tsai, 16 

Baker et al., 1510.03434

Garny, Ibarra, Rydbeck, Vogl, 14
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Conclusions
We have cornered the WIMP.

The time has come 
to discover it!



Thank you!
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Conclusions
We have cornered the WIMP.

The time has come 
to discover it!
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Figure 4. Constraints for the case of two mediators, with the (common) DM–mediator coupling
determined by the requirement to reproduce the observed relic abundance. Plots in the same row
correspond to constant ✓, plots in the same column correspond to constant gq. In all panels, we
have fixed m� = 100GeV. In the grey shaded regions (solid lines) at least one of the couplings
leads to violation of perturbative unitarity. The yellow shaded regions (dotted) are excluded by
dijet searches, the green shaded regions (short dashed) by monojet searches, the red shaded regions
(long dashed) by direct detection, the purple shaded regions (double dash-dotted) by the observed
Higgs signal strength and the bound on invisible Higgs decays. The dark blue regions (short dash-
dotted) are excluded by EWPT and the light blue regions (long dash-dotted) by dilepton searches,
both for loop-induced kinetic mixing.

dominant final state is either qq̄ or W+W�. Both LHC searches and direct detection

place significant constraints on this parameter region.

• For either ms < m� or mZ0 < m�, the relic density can be easily reproduced via

annihilation into two dark terminators. However, if gq and sin ✓ are fixed to relatively

large values, these regions are typically tightly constrained by direct detection and

the Higgs signal strength.

• Moreover, forms < m� the requirement that y� remains perturbative places an upper

– 19 –
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Higgs signal strength and the bound on invisible Higgs decays. The dark blue regions (short dash-
dotted) are excluded by EWPT and the light blue regions (long dash-dotted) by dilepton searches,
both for loop-induced kinetic mixing.
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• For either ms < m� or mZ0 < m�, the relic density can be easily reproduced via

annihilation into two dark terminators. However, if gq and sin ✓ are fixed to relatively

large values, these regions are typically tightly constrained by direct detection and

the Higgs signal strength.

• Moreover, forms < m� the requirement that y� remains perturbative places an upper
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determined by the requirement to reproduce the observed relic abundance. Plots in the same row
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have fixed m� = 100GeV. In the grey shaded regions (solid lines) at least one of the couplings
leads to violation of perturbative unitarity. The yellow shaded regions (dotted) are excluded by
dijet searches, the green shaded regions (short dashed) by monojet searches, the red shaded regions
(long dashed) by direct detection, the purple shaded regions (double dash-dotted) by the observed
Higgs signal strength and the bound on invisible Higgs decays. The dark blue regions (short dash-
dotted) are excluded by EWPT and the light blue regions (long dash-dotted) by dilepton searches,
both for loop-induced kinetic mixing.
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bound on mZ0 , while for mZ0 < m� we obtain an upper bound on ms above which

the Higgs potential becomes non-perturbative.

For m� = 100GeV we see that — for the coupling combinations considered in fig-

ure 4 — only small regions of parameter space close to the two resonances remain viable,

whereas much larger regions are still allowed for m� = 500GeV. The reason is that in

the latter case, it is possible for ms or mZ0 (or both) to be smaller than m� without

immediately being strongly constrained by direct detection or Higgs physics.

The fact that direct detection bounds are so strong in figures 4 and 5 is a direct conse-

quence of the assumption that gq and sin ✓ are sizeable. For mZ0 ,ms < m�, however, direct

annihilation into two terminators typically gives the dominant contribution to DM annihi-

lation. Consequently, it should be possible to reproduce the required DM relic abundance

for much smaller values of gq and sin ✓, provided g� is su�ciently large.

Figure 6 summarises the constraints for gq = ✓ = 0.01. The four di↵erent panels

are constructed in analogy to figures 2–5, i.e. they show the m�–mZ0 plane, the m�–ms

plane and the ms–mZ0 plane for m� = 100GeV and m� = 500GeV, respectively. We
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Figure 4. Constraints for the case of two mediators, with the (common) DM–mediator coupling
determined by the requirement to reproduce the observed relic abundance. Plots in the same row
correspond to constant ✓, plots in the same column correspond to constant gq. In all panels, we
have fixed m� = 100GeV. In the grey shaded regions (solid lines) at least one of the couplings
leads to violation of perturbative unitarity. The yellow shaded regions (dotted) are excluded by
dijet searches, the green shaded regions (short dashed) by monojet searches, the red shaded regions
(long dashed) by direct detection, the purple shaded regions (double dash-dotted) by the observed
Higgs signal strength and the bound on invisible Higgs decays. The dark blue regions (short dash-
dotted) are excluded by EWPT and the light blue regions (long dash-dotted) by dilepton searches,
both for loop-induced kinetic mixing.
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the Higgs signal strength.
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Figure 4. Constraints for the case of two mediators, with the (common) DM–mediator coupling
determined by the requirement to reproduce the observed relic abundance. Plots in the same row
correspond to constant ✓, plots in the same column correspond to constant gq. In all panels, we
have fixed m� = 100GeV. In the grey shaded regions (solid lines) at least one of the couplings
leads to violation of perturbative unitarity. The yellow shaded regions (dotted) are excluded by
dijet searches, the green shaded regions (short dashed) by monojet searches, the red shaded regions
(long dashed) by direct detection, the purple shaded regions (double dash-dotted) by the observed
Higgs signal strength and the bound on invisible Higgs decays. The dark blue regions (short dash-
dotted) are excluded by EWPT and the light blue regions (long dash-dotted) by dilepton searches,
both for loop-induced kinetic mixing.
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bound on mZ0 , while for mZ0 < m� we obtain an upper bound on ms above which

the Higgs potential becomes non-perturbative.

For m� = 100GeV we see that — for the coupling combinations considered in fig-

ure 4 — only small regions of parameter space close to the two resonances remain viable,

whereas much larger regions are still allowed for m� = 500GeV. The reason is that in

the latter case, it is possible for ms or mZ0 (or both) to be smaller than m� without

immediately being strongly constrained by direct detection or Higgs physics.

The fact that direct detection bounds are so strong in figures 4 and 5 is a direct conse-

quence of the assumption that gq and sin ✓ are sizeable. For mZ0 ,ms < m�, however, direct

annihilation into two terminators typically gives the dominant contribution to DM annihi-

lation. Consequently, it should be possible to reproduce the required DM relic abundance

for much smaller values of gq and sin ✓, provided g� is su�ciently large.

Figure 6 summarises the constraints for gq = ✓ = 0.01. The four di↵erent panels

are constructed in analogy to figures 2–5, i.e. they show the m�–mZ0 plane, the m�–ms

plane and the ms–mZ0 plane for m� = 100GeV and m� = 500GeV, respectively. We
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Figure 6. The case of very small SM couplings gq and ✓, shown in the m�–mZ0 parameter
plane (top-left), the m�–ms parameter plane (top-right) and the ms–mZ0 parameter plane for
m� = 100GeV and m� = 500GeV (bottom row). For m� . 100GeV, indirect detection constraints
become relevant (yellow region, double-dashed line). The red shaded regions (long dashed) are
excluded by direct detection, the purple shaded regions (double dash-dotted) by the observed Higgs
signal strength and the bound on invisible Higgs decays. The black contours show constant g�.

find that the parameter region with mZ0 , ms > m� is very tightly constrained, essentially

because it is impossible to reproduce the relic abundance via annihilation into SM final

states using perturbative couplings. For smaller masses of either mZ0 or ms, large allowed

regions open up, which are very di�cult to probe experimentally. If both mZ0 and ms

are small, however, the indirect detection constraints discussed above become important,

provided the DM mass is su�ciently small so that Fermi LAT is sensitive to the thermal

cross section.

To conclude this section, we note that for m� ⇠ 30–50GeV it may be possible within

this framework to provide a viable explanation for the Galactic centre excess [75–79].

For example if 0.5m� < mZ0 < 0.9m� and ms + mZ0 > 2m� the s-wave cross section

of �� ! Z 0Z 0 is naturally close to the thermal value. Alternatively, for ms ⌧ mZ0 and
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Figure 4. Constraints for the case of two mediators, with the (common) DM–mediator coupling
determined by the requirement to reproduce the observed relic abundance. Plots in the same row
correspond to constant ✓, plots in the same column correspond to constant gq. In all panels, we
have fixed m� = 100GeV. In the grey shaded regions (solid lines) at least one of the couplings
leads to violation of perturbative unitarity. The yellow shaded regions (dotted) are excluded by
dijet searches, the green shaded regions (short dashed) by monojet searches, the red shaded regions
(long dashed) by direct detection, the purple shaded regions (double dash-dotted) by the observed
Higgs signal strength and the bound on invisible Higgs decays. The dark blue regions (short dash-
dotted) are excluded by EWPT and the light blue regions (long dash-dotted) by dilepton searches,
both for loop-induced kinetic mixing.

dominant final state is either qq̄ or W+W�. Both LHC searches and direct detection

place significant constraints on this parameter region.

• For either ms < m� or mZ0 < m�, the relic density can be easily reproduced via

annihilation into two dark terminators. However, if gq and sin ✓ are fixed to relatively

large values, these regions are typically tightly constrained by direct detection and

the Higgs signal strength.

• Moreover, forms < m� the requirement that y� remains perturbative places an upper
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Figure 8. Global scans for di↵erent values of m�. The red shaded region is excluded for all possible
combinations of couplings, while in the white region all constraints can be evaded. In the orange
shaded region it is not possible to exclude large values of gq, corresponding to �Z0/mZ0 > 0.3.

5. We take into account only loop-induced kinetic mixing between the SM hypercharge

gauge boson and the Z 0, which implies that the kinetic mixing parameter is not an

independent parameter of the model.

6. The DM-related phenomenology is completely described by the model. In particular,

we require that the total observed abundance of DM is obtained by thermal freeze-

out within this model, where all available annihilation channels are self-consistently

determined within the adopted choices of interactions.

We denote the model by 2MDM. It is characterised by 6 parameters (3 masses and 3

couplings) as given in table 1, and it can be considered as a joint framework for simplified

DM models with the simultaneous presence of a scalar and a vector s-channel mediator (see

table 2). The 2MDM model is gauge invariant at the Lagrangian level and renormalisable,

and we consider only regions of the parameter space where perturbative unitarity is guar-

anteed. The stability of the DM particle is a consequence of the U(1)0 gauge symmetry.

In principle the model requires additional fields in order to cancel the gauge anomalies.

However, the vectorial coupling of the Z 0 to quarks ensures that the new fermions are not
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