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Recap : Part 2
• There are many specific detailed models of dark matter.  They range from 

theories designed to solve some other mystery, to theories for which dark 
matter is the principle raison d’etre.

• Supersymmetry, while often maligned these days, is an interesting theory which 
easily accommodates a WIMP (freeze-out relic) which is typically a neutralino.  Its 
specific properties are highly dependent on the complicated parameter space.

• A rich program of particle physics experiments can access a wide swath of 
supersymmetric parameter space.
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Axion Dark Matter
• The axion is motivated by the strong CP-problem, 

where the QCD θ term is cancelled by introducing 
a scalar field -- the QCD axion.

• The axion’s mass and coupling are determined by 
virtue of its being a pseudo-Goldstone boson and 
are characterized by the energy scale fa > 109 GeV.

• The axion is unstable, but its tiny mass and weak 
couplings conspire to predict that for much of the 
viable parameter space its lifetime is much greater 
than the age of the Universe itself.

• More generally, string theories often contain axion-
like particles which are long-lived and can play the 
role of dark matter but have less tight correlations 
between their masses and couplings.

ma ⇠ f⇡/fa ⇥m⇡

Natural Range from QCD
10-16

Peccei, Quinn ’77

Preskill, Wise, Wilczek ’83
Abbott, Sikivie ’83
Dine, Fischler ’83
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Axion Conversion

• The axion has a model-dependent 
coupling to electromagnetic fields 
that is somewhat smaller than 1 / fa.

• There is a rich and varied program  
of axion searches based on this 
coupling.

• One particular search looks for 
ambient axions converting into EM 
signals in the presence of a strong 
background magnetic field.  

• Other very interesting new ideas 
are to look for time variation in the 
neutron EDM or the induced 
current in an LC circuit.

1306.6088 & 1310.8545
CF3 Report

4 The (incomplete) landscape of candidates 21
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Figure 2. The search reach of the ADMX RF-cavity experiments over the next 3 years. The first decade of
allowed axion mass will be explored at “definitive” sensitivity to QCD axions over the next year. The middle
decade will be explored at over the following two years. These two decades are expected to encompass the
mass of the dark matter axion.

“Shining Light Through Walls” experiments, polarized laser light is directed down the bore of a transverse
dipole magnet. The light is then blocked by an opaque wall. Some of the photons convert into axions,
and these axions easily pass through the wall and reconvert to photons in a second dipole magnet. The
photon-axion-photon conversion rate is very small, since the axion to two-photon coupling is so tiny, and
the entire photon-axion-photon process contains the product of two such tiny couplings. Such experiments
are unlikely to be sensitive to PQ type dark-matter axions and are less sensitive than the SN1987A bound.
These experiments are therefore more fully considered in the Intensity Frontier [149].

More recently, experiments are being proposed and are under construction that increase the conversion rate
by introducing a pair of locked Fabry-Perot optical cavities on either side of the wall. The conversion rate is
thereby enhanced by approximately the product of the cavity finesses, with the sensitivity improving as the
square-root of this rate [150]. A large experiment based on this locked pair of optical cavities is REAPR,
a project proposed for US funding, but not year approved. A second large experiment ALPS II (proposed
for construction in several phases) has started construction at DESY. These experiments have improved
sensitivity, but are unlikely to reach sensitivity to PQ type dark-matter axions.

Community Planning Study: Snowmass 2013

1310.8642
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(Gianpaolo’s Lectures)
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Sterile Neutrino DM
• Dark matter may be connected to one of the 

other incontrovertible signals of physics 
beyond the SM: neutrino masses.

• The simplest way to generate neutrino masses 
in the SM is to add some number of gauge 
singlet fermions to play the role of the right-
handed neutrinos.

• If the additional states are light and not 
strongly mixed with the active neutrinos (as 
required by precision electroweak data), they 
can be stable on the scale of the age of the 
Universe and play the role of dark matter.

• Arriving at the right amount of dark matter 
via oscillations typically requires delicately 
choosing the mass and mixing angle, or 
invoking some other new physics.
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Figure 9. Bounds on the mass M1 and the mixing angle ✓1 of the sterile neutrino dark matter for the models,
discussed in Section I D: DM in the ⌫MSM (Panel a, see text for details); DM produced in the model with
entropy dilution (Panel b); and DM produced in the light singlet Higgs decays (Panel c).

Neutrinos in gauge multiplets – thermal production of DM neutrinos

In this model sterile neutrinos are charged under some beyond the SM gauge group [65]. A natural
candidate are here left-right symmetric theories, in which the sterile neutrinos are sterile only under
the SM S U(2)L gauge group, but are active with respect to an additional S U(2)R, under which the
left-handed SM particles are sterile. The steriles couple in particular to a new gauge boson WR,
which belongs to S U(2)R. One of the sterile neutrinos N1 is light and plays the role of dark
matter, entering in thermal equilibrium before freeze-out. Other sterile neutrinos N2,3 should dilute
its abundance up to the correct amount via out-of-equilibrium decays. This entropy production
happens if there are heavy particles with long lifetimes, which first decouple while still relativistic
and then decay when already non-relativistic [197]. The proper DM abundance is controlled by the
properties of this long-lived particle through the entropy dilution factor S ' 0.76 ḡ1/4

⇤ M2
g⇤ f
p
�MPl

, where
g⇤ is an averaged number of d.o.f. during entropy generation, and M2 is the mass of the sterile
neutrino, responsible for the dilution. The X-ray constraint here bounds the mixing angle ✓1 of the
DM neutrino in the same way as for the ⌫MSM. The mixing between new and SM gauge bosons is
also severely constrained. The structure formation from the Lyman-↵ analysis constraints the DM
neutrino mass:, M1 > 1.6 keV, because its velocity distribution is that of the cooled thermal relic
[65, 160]. At the same time, this implies that the DM in this model is cold (CDM).

All other constraints in this scenario apply to the heavier sterile neutrinos and to the new gauge
sector. The correct abundance of the CDM sterile neutrino requires entropy dilution. To properly
provide the entropy dilution, N2 should decouple while relativistic and has a decay width

� ' 0.50 ⇥ 10�6 g2
N

4
g2
⇤f

g2
⇤

ḡ1/2
⇤

M2
2

MPl

 
1 keV

M1

!2

. (32)

At the same time, the heavy neutrino N2 should decay before BBN, which bounds its lifetime to
be shorter than approximately 0.1÷ 2 s. Then, the proper entropy can be generated only if its mass
is larger than

M2 >
✓ M1

1 keV

◆
(1.7 ÷ 10) GeV. (33)

The entropy is e↵ectively generated by out-of-equilibrium decays if the particle decoupled while
still relativistic. The bound on the decoupling temperature leads to a bound on the new gauge

27

1310.8642

Y-axis: sin2 θ, mixing angle with
active neutrinos.

(Andre/Scott’s Lectures?)
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Sterile Neutrino Decay
• Though rare, sterile neutrinos can decay into ordinary neutrinos and a photon, 

resulting in (mono-energetic) keV energy photons.

• Constraints from the lack of observation of such a signal put limits in the plane 
of the mass versus the mixing angle.

4 The (incomplete) landscape of candidates 37
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Figure 4. Sterile neutrino parameters to the right of the solid red curve are excluded by the X-ray
observations, if the sterile neutrinos make up all of dark matter. If the sterile neutrino abundance is
determined by neutrino oscillations and no other mechanism contributes, then the excluded region is smaller
(shaded area). Lower bounds from structure formation depend on the production mechanism, because they
constrain the primordial velocity distribution whose connection to mass and mixing is model dependent.
Also shown is the range in which the pulsar velocities can be explain by anisotropic emission of sterile
neutrinos from a supernova.

4.7 Superheavy dark matter

In addition to primordial black holes, there are a number of dark matter candidates that have large masses
and, therefore, are expected to have very low number densities. The search strategies for these dark
matter candidates are di!erent from the usual searches in that no laboratory experiment has big enough
acceptance to detect a su"cient number of events, even if these particles are strongly interacting. Detection
is nevertheless possible with the use of ingenious alternative techniques: for example, one can study tracks in
mica (which has small size but !billion years of exposure), or seismic detectors, or ultrahigh-energy cosmic
rays from massive particle decays. Direct detection of supermassive particles is possible with the use of
large-volume detectors, such as ANITA, HAWC, IceCube, Pierre Auger, Super-Kamiokande.

Community Planning Study: Snowmass 2013

1310.8642

Possible X-ray Signal
[Bulbul et al 2014]

(Extracted from 
Abazajian 2014)
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Simplified Models
• Rather than studying complete theories we can also 

consider a simplified model containing the dark 
matter as well as the most important particle 
mediating its interaction with the Standard Model.

• For example, if we are interesting in dark matter 
interacting with quarks, we can sketch a theory 
containing a SU(3)-charged scalar particle which 
mediates the interaction.

• Minimal flavor violation suggests we consider 
mediators with a flavor index corresponding to 
{uR,cR,tR},{dR,sR,bR}, or {Q1,Q2,Q3} and/or 
combinations.

• This theory looks kind of like a little part of a SUSY 
model, but has more freedom in terms of choosing 
couplings, masses, etc.

• There are basically three parameters to this model: 
the mass of the dark matter, the mass of the 
mediator, and the coupling strength with quarks.

q

q~

χ~

M
as

s

Standard
Model

Dark
Matter

Mediator

Lots of Recent Activity:

Chang, Edezhath, Hutchinson, Luty 1307.8120
An, Wang, Zhang1308.0592

Berger, Bai 1308.0612
Di Franzo, Nagao, Rajaraman, TMPT 1308.2679

Papucci, Vichi, Zurek 1402.2285
Garny, Ibarra, Rydbeck, Vogl 1403.4634
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“Squarks”

Automized Squark–Neutralino Production to Next-to-Leading Order

Thomas Binoth⇤,1 Dorival Gonçalves Netto,2 David López-Val,2

Kentarou Mawatari,3, 4 Tilman Plehn,2 and Ioan Wigmore1

1
SUPA, School of Physics & Astronomy, The University of Edinburgh, UK

2
Institut für Theoretische Physik, Universität Heidelberg, Germany

3
Theoretische Natuurkunde and IIHE/ELEM, Vrije Universiteit Brussel, Belgium

4
International Solvay Institutes, Brussels, Belgium

(Dated: April 20, 2018)

The production of one hard jet in association with missing transverse energy is a major LHC
search channel motivated by many scenarios for physics beyond the Standard Model. In scenarios
with a weakly interacting dark matter candidate, like supersymmetry, it arises from the associated
production of a quark partner with the dark matter agent. We present the next-to-leading order
cross section calculation as the first application of the fully automized MadGolem package. We
find moderate corrections to the production rate with a strongly reduced theory uncertainty.

I. INTRODUCTION

Since the LHC started running at a center-of-mass energy of 7 TeV searches for new physics are a major e↵ort,
realized in a rapidly increasing number of publications [1]. Inclusive searches for supersymmetry at the LHC have
started to constrain the allowed parameter space of the minimal supersymmetric Standard Model [2], most notably
in the part of the squark–gluino mass plane which can be described in terms of gravity mediation. Such searches are
based on jet production from squark and gluino decays and two stable lightest supersymmetric particles (LSP). The
latter could be a dark matter agent with a weak-scale mass.

The main production mode for jets and dark matter particles at the LHC would most likely be squark or gluino pair
production, mediated by the strong interaction [3]. The limitation of this channel is that it will be hard to extract any
model parameters beyond the masses of the new particles [4]. The production is governed by the strong interaction
and the (sum of) branching ratio(s) leading to jets plus missing transverse energy can be expected to be close to
unity. Therefore, it is worth studying additional production processes which directly involve the weakly interacting
sector of the new physics model. In supersymmetry, those are the associated production of a gluino [5] or a squark
with a neutralino or chargino [6]

pp ! q̃�̃0

,
q̃�̃± . (1)

The leading order Feynman diagrams for this process we show in Fig. 1. This channel naturally leads to one single
hard decay jet and missing energy. This signature is not unique to supersymmetry or other models with quark partners
and a weakly interacting dark matter agent; it also constitutes the theoretically most reliable signature for large extra
dimensions [7]. In that sense, observing single jet production with missing energy would be one of the most exciting
anomalies to interpret at the LHC.

Aside from the quark-gluon and squark-gluon QCD vertices, the leading-order process is driven by the q-q̃-�̃
interaction. Because the dominant light-flavor quarks only have a tiny Yukawa coupling, this interaction relies on
the two weak gauge charges of the quark-squark pair involved. This way, it carries information on the composition
of the dark matter candidate �̃0

1
and an accurate measurement would also allow improved predictions for the direct

q̃L/R

�̃

q̃L/R

�̃

q̃L/R

Figure 1: Feynman diagrams for the associated production of a squark and a gaugino to leading order.

⇤deceased

ar
X

iv
:1

10
8.

12
50

v1
  [

he
p-

ph
]  

5 
A

ug
 2

01
1

Pair Production

“Monojet”

Ha L
qqÆd

é
R+d
é
R, log @sNLO Hpb LD

S =13 TeV, m=HT

500 1000 1500 2000

500

1000

1500

2000

MdR
é @GeVD

M
c
@G
eV
D

-10

-8

-6

-4

-2

0
Hb L
qqÆd

é
R+d
é
R, k=sNLOêsLO

S =13 TeV, m=HT

500 1000 1500 2000

500

1000

1500

2000

MdR
é @GeVD

M
c
@G
eV
D

1 .20

1 .25

1 .30

1 .35

Ha L
qqÆué R+u

é
R, log @sNLO Hpb LD

S =13 TeV, m=HT

500 1000 1500 2000

500

1000

1500

2000

MuR
é @GeVD

M
c
@G
eV
D

-10

-8

-6

-4

-2

0

Hb L
qqÆué R+u

é
R, k=sNLOêsLO

S =13 TeV, m=HT

500 1000 1500 2000
0

500

1000

1500

2000

Mué @GeVD

M
c
@G
eV
D

1 .15

1 .20

1 .25

1 .30

1 .35

Figure 14: Cross-section and K-factors for non-qcd production of mediator pairs

Figure 15: Exclusion plot for non-QCD production of mediator pairs
Mohan, Sengupta, TMPT,  Yan, Yuan  in progress
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Direct Detection

Figure 8: SI direct detection limits from Xenon 1T (including RGE e↵ects). The thick red
dashed line corresponds to the region of parameter space above which the partial width
for the squarks is smaller than ⇤QCD.

6.0.2 SI Limits from Xenon 1T

We compare the direct detection limits from Xenon 1T [13] when we use the usual method
as compared to using RGE. As far as I understand Xenon ( and LUX and Panda-X)
present their results as limits againts the isoscalar wimp nucleon cross-section. It is
standard practice to assume fn = fp so that Eq. 33 becomes

�
T

SI
=

4

⇡

✓
MmT

M +mT

◆2

|Afp|
2
, (64)

Here A is the mass number of the nucleus. The cross-section per nucleon is then given as.

�p =
4

⇡

✓
Mmp

M +mp

◆2

|fp|
2
. (65)

For the qL model with universal coupling gDM one may assume this isospin symme-
try(neglecting electroweak contributions to the cross-section). However this is not the
case for the uR and dR models.

renormalization group evolution of the couplings from the
LHC to the nuclear energy scale leads to a significant
isospin violation (see Refs. [45–47]).
The cases of neutron- and proton-only coupling fall on

the axes of the more general parameter space spanned by an
and ap. By following the prescription laid out in Ref. [48],
elliptical exclusions in this plane are made according to

X

A

 
ap!!!!!
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24G2
F#
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; "4#

FIG. 3. 90% C.L. exclusions on coupling parameters an and ap
for 50 and 1000 GeV c!2 WIMPs.Ellipse boundaries are colored as
in Fig. 2: this result (thick black), LUXWS2013 (gray), PandaX-II
(purple), and PICO-60 (blue). Geometrically, Eq. (4) describes a
rotated ellipse when the sum is performed over multiple isotopes
with distinct !Ap=!An , as is the case for LXe experiments. PICO-60
considers only 19F (for which hSni " 0) and thus sets limits only on
ap. The innermost region (bounded by LUX and PICO-60)
represents parameter space not in tension with experimental data.
The model dependency of the LHC results is apparent in this plane,
as the CMS excluded region (shown as a green band) is restricted to
the an $ ap line (see the main text for an important caveat). This
line is absent from the lower panel, since, in this treatment, CMS is
insensitive to WIMPs at the TeV mass scale. MSSM7 favored
regions from the GAMBIT scan are also shown, with a red contour
at the 2! level for visibility. The degeneracies assumed in the
MSSM7Lagrangian lead to the tight correlation betweenan andap.
This scan includes a range of possible WIMP masses (unlike the
mass-specific experimental exclusions) and thus appears identically
in each panel, noting the change in the axis scale. Additionally, the
scans include models with subdominant relic densities, for which
experimental limits are rescaled accordingly.

FIG. 2. 90% C.L. upper limits on the WIMP-neutron (top) and
WIMP-proton (bottom) cross section. Results from this analysis
are shown in thick black (“LUX WS2013+WS2014–16”), with
the range of expected sensitivity indicated by the green (1!) and
yellow (2!) bands. Solid gray curves show the previously
published LUX WS2013 limits [13]. Constraints from other
LXe TPC experiments are also shown, including XENON100
[28] and PandaX-II [29]. In the top panel, model-dependent
(axial-vector mediator with indicated couplings) LHC search
results are represented by dashed lines, with CMS [30] in light
blue and ATLAS [31] in dark blue. As calculated by a new profile
likelihood scan of the MSSM7 [32], favored parameter space is
shown as dark (1!) and light (2!) peach regions; an earlier
calculation using the MSSM-15 [33] is shown in gray, with
analogous shading of confidence levels. In the bottom panel, the
DAMA allowed region (as interpreted in Ref. [34]) is shown in
pink (the analogous neutron-only region is above the bounds of
the plot). Such an interpretation is in severe tension with this
result, as well as the PICO-2L [35] and PICO-60 [36] constraints.
Selected limits from indirect searches at neutrino observatories
(Super-Kamiokande [37] and IceCube [38]) are plotted as dashed
lines.

PRL 118, 251302 (2017) P HY S I CA L R EV I EW LE T T ER S
week ending
23 JUNE 2017

251302-5

Figure 9: SD direct detection limits from PICO 60.

6.0.3 SD Limits from Pico-60

See figure 9. Also see Appendix of ref. [14] for a discussion on how to evaluate the
cross-section and nuclear matrix elements. The SD proton cross-section is:

�
SD

p
=

3

16⇡

✓
m�mp

m� +mp

◆2

|cu�u+ cd�d+ cs�s|
2 (66)

7 LHC cross-sections and constraints @NLO

References

[1] J. Hisano, K. Ishiwata, and N. Nagata, “Gluon contribution to the dark matter
direct detection,” Phys. Rev. D82 (2010) 115007, arXiv:1007.2601 [hep-ph].

• At tree level, the fact that Majorana particles have vanishing vector current implies 
that the scattering with nuclei is spin-dependent..

• But at one loop, the scattering is spin-independent, and these are the dominant 
constraint- the smaller rate is compensated by the stronger experimental bounds.

SD (Pico)

SI (Xenon)

Mohan, Sengupta, TMPT,  Yan, Yuan  in progress
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Vector Simplified Model

M
as

s

Standard
Model

Dark
Matter

Mediator

• One simple picture introduces a vector 
particle as a dark force carrier which couples 
to both (parts of) the SM and the dark matter.

• Chiral structure (left- versus right-handed) 
charges for each SM fermion can be very 
important.

• There could be kinetic mixing with U(1)Y.

• There are theoretical considerations (such as a 
dark Higgs sector, more particles to cancel 
gauge anomalies, etc), which are important but 
may or may not be very important for some 
searches.

Many Parameters: + ....{MDM, g,MZ0 , zq, zu, zd, z`, ze, zH , ⌘}

NB: Simplified by assuming
Some couplings are equal, 

or zero.  
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Vector vs Axial Vector

RAINER RÖHRIG - DM 2018 - SANTANDER

/ 28GROUNDING ASSUMPTIONS OF SIMPLIFIED MODELS 5
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Mono-jet Searches
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Axial Vector
Mapped into the plane of 

Direct Detection

13



Mediator Searches

Mediator	Search:	V/A,	Spin-1

04/04/2017 Yangyang Cheng	|	DM@LHC2017 6

gDMgq

gq gq

Mono-jet	search	for	DM	

Dijet	search	for	mediator

DM	searches	for	a	Spin-1	V/AV	mediator	

àresonance	searches	for	a	leptophobic Z’

Mediator	width:	

Result	sensitive	to	the	interplay	of	gSM, gDM
• gSM /	gDM too	small:	mono-jet	preferred	

to	resonance	search

• gSM *	gDM too	large:	peak	too	wide	for	

resonance	search	

+	if	MDM >	Mmed /	2:	

no	branching	ratio	to	DM	à just	Z’	search
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Dark Matter Coupled to Gluons
• An interesting variation is possible when both 

the dark matter and the colored mediator 
are scalars.

• In that case, a quartic interaction can connect 
the two.

• This interaction does not require the scalar 
to be Z2-stabilized, and (given an appropriate 
choice of EW charges) it can decay into a 
number of quarks, looking (jn some cases) 
more like an R-parity violating squark.

• The color and flavor representations (r, Nf) 
of the mediator are free to choose.

• For perturbative λ, a thermal relic actually 
favors mφ < mχ so annihilation into φφ* is 
open.

�d |�|2|�|2

�4/3 can couple to uiuj provided that the color indices are contracted anti-symmetrically.

MFV is implemented by choosing � to have its own SU(3)uR flavor index, and a flavor

singlet is constructed by contracting the flavor indices anti-symmetrically, ✏ijk�iujuk. This

type of scalar “diquark” bears some resemblance to the squarks of an R-parity-violating

supersymmetric theory. However, their weak charges and the flavor structure of their

couplings are distinct from the supersymmetric case.

Consistently with MFV, the large top Yukawa coupling allows for deviations of coupling

of �3 from �1,2. If one neglects small corrections proportional to the up and charm-quark

masses, the resulting terms in the Lagrangian are,

y1 (�1cR � �2uR) tR + y2 �3uRcR + h.c (2.5)

where uR, cR, and tR are Weyl spinors corresponding to the (right-handed parts of the)

quark mass eigenstates, y1 and y2 are complex dimensionless parameters, and color indices

are implicit (contracted anti symmetrically). The same corrections from the top Yukawa

can result in large splitting between the masses of �1 and �2 (which are themselves expected

to be degenerate in the limit where the up- and charm-quark masses are neglected) and

the mass of �3.

In summary, when � is a color triplet which couples to a pair of up-type quarks, MFV

suggests it is a flavor triplet under SU(3)uR . The theory is described by two dimensionless
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To good approximation, the coupling to gluons can be represented by its leading term

in the expansion of the momentum transfer divided by the mediator mass. In this limit,

the e↵ective coupling can be represented by the operator C5,

�d↵sTr

48⇡

X

i

1

m
2
�i

|�|2Ga
µ⌫G

aµ⌫
, (4.1)

whose coe�cient is determined by �d, Tr, and the masses of the mediators. It is convenient

to introduce the masses added in parallel,

1

m
2 ⌘

X

i

1

m
2
�i

, (4.2)
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Mediator Searches
• The physics of the mediators is model-

dependent, depending on the color and 
EW representation.

• As a starting point, we considered 
mediators of charge 4/3 coupling to 2 uR 
quarks.

• In this case, a MFV theory can be obtained 
by coupling anti-symmetrically in flavor 
indices:

• There are interesting searches for pairs of 
dijet resonances and also potential impacts 
on top quark physics.

• All of these constraints are rather weak.

y✏ijk�iūju
c
k + h.c.

�4/3 can couple to uiuj provided that the color indices are contracted anti-symmetrically.

MFV is implemented by choosing � to have its own SU(3)uR flavor index, and a flavor

singlet is constructed by contracting the flavor indices anti-symmetrically, ✏ijk�iujuk. This

type of scalar “diquark” bears some resemblance to the squarks of an R-parity-violating
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couplings are distinct from the supersymmetric case.

Consistently with MFV, the large top Yukawa coupling allows for deviations of coupling
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where uR, cR, and tR are Weyl spinors corresponding to the (right-handed parts of the)

quark mass eigenstates, y1 and y2 are complex dimensionless parameters, and color indices

are implicit (contracted anti symmetrically). The same corrections from the top Yukawa

can result in large splitting between the masses of �1 and �2 (which are themselves expected

to be degenerate in the limit where the up- and charm-quark masses are neglected) and

the mass of �3.
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Decays into unflavored jets are 
bounded by mφ > 350 GeV.
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Figure 4: Excluded region of the plane of m�1,2 and y1 from searches for anomalously

large production of tt+one jet (solid blue region) and tt+two jets (purple shaded region).

6 Conclusions

A model in which the dark matter interacts primarily with the Standard Model via the

gluons (and not appreciably with the quarks) is an interesting corner of dark matter theory

space, one worthy of both theoretical and experimental exploration. We construct an

appealing renormalizable simplified model in which the dark matter is a scalar particle,

whose coupling to gluons is induced through a quartic interaction connecting it to exotic

colored scalars. A large number of choices for color and flavor representations of the scalars

exist, though all share some common features. In particular, the strongest constraints

(for m� & 10 GeV) typically come from direct searches for dark matter scattering with

nuclei, with missing energy signals at the LHC strongly suppressed. The colored scalars

themselves typically decay into a number of quarks, motivating searches at the LHC for

multi-jet signals of resonantly produced pairs of particles with QCD-sized production cross

sections.

It is perhaps surprising that some models of dark matter may manifest themselves at

a hadron collider most readily through a signature without any missing transverse momen-

tum.
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DM Searches
• Direct detection generally provides a 

strong bound unless the dark matter 
mass is particularly small.

• At a hadron collider, the mono-jet 
signature occurs at one loop.

• As a result, prospects at the LHC are 
not particularly hopeful, though for large 
enough r and λ, it is possible to see 
something with a very large data set.

• A 100 TeV pp collider would do 
better…

Figure 3: Current (solid line) and projected (dashed line) bounds on
P

�dTr
p
Nf/m

2
�

based on searches for dark matter-Xenon scattering by LUX. The region above the solid

line is excluded.

which in the limit where all mediators have equal masses is 1/m2 ! Nf/m
2
�. Combined

with the gluonic matrix elements, the result is a spin-independent cross section �SI,

5.2⇥ 10�44cm2 (�dTr)
2
⇣

µ� m�

10 GeV2

⌘✓200 GeV

m

◆4

, (4.3)

where µ� is the reduced mass of the nucleon - dark matter system. Through the renormal-

ization group the gluon operator will mix with the scalar quark bilinear, and is expected

to lead to modest changes to this expectation which grow as the log of m� [38].

Currently, the most stringent bound on �SI for a wide range of dark matter mass is

obtained from the null observation after 85 days of live running by the LUX experiment

with a liquid Xenon target [39]. In Figure 3, we show the bounds on �dTr/m
2 as a function

of dark matter mass derived from those bounds, and also compare with projected bounds

based on 300 days of live running. For �dTr
p
Nf ⇠ 1, mediator masses of order 200 GeV

remain consistent with observations.

5 Collider Constraints

With an e↵ective coupling to gluons and additional heavy colored states, this simplified

model leads to rich phenomenology at hadron colliders such as the LHC. Since the mediat-

ing scalars do not themselves decay into the dark matter, the associated phenomenology is

– 7 –
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Figure 1: Representative diagrams for the subprocesses contributing to pp ! j��
⇤ at a hadron collider.

reason, we employ the results obtained using the
in-house code in the first method listed above in
the remainder of this work.

In Figure 2, we show the di↵erential cross section with
respect to the jet transverse momentum, pjT . At the par-
ton level at leading order, this quantity is the same as
�ET . We examine the relative importance of the subpro-
cesses for a sample parameter point with �d = 1, a single
species of mediator with r = 3, and a small dark matter
mass1 m� = 1 GeV. We examine two choices2 ofm� = 10
and 100 GeV. We use the CTEQ6L1 parton distribution
functions (PDFs) [32] and set the renormalization and
factorization scales to µ = Q = HT . We observe that
due a large gluon flux the gg initial state dominates for
smaller values of pjT . Note that for a given final state,
the gq flux dominates the gg flux at su�ciently large pT

scales. We also observe that at a higher m� value the gq

1 We choose a small dark matter mass m� = 1 GeV as an illus-
trative choice. Results are typically insensitive to this particular
choice for masses much less than the cut on the mono-jet pT .

2 Technically, m� = 10 GeV is excluded by cosmological consider-
ations and the running of ↵S [31]. Nonetheless, it illustrates the
behavior for very low m� and is useful as a benchmark.

channel takes over the gg channel at relatively smaller
p
j
T scale. On the other hand, the qq̄ contribution re-

mains small throughout due to the s-channel propagator
suppression.

B. Comparison with EFT

In the limit m� ! 1, the full result is expected to
flow to the one derived from the EFT, Eq. (2). In Fig-
ures 3a and 3b, we show the ratio of the full result to
the EFT approximation for the sample parameter point
defined above, as a function of m�, for

p
s = 8 TeV andp

s = 13 TeV, respectively. As expected, at small energy
scales the EFT approximation over-estimates the cross
section by a factor which scales as m

�4
� . It is interest-

ing to note that the cross section calculated with loops
becomes equal to that calculated in the EFT when the
mediator mass is close to half the value of cut on jet
transverse momentum (m� ⇠ p

j
T /2). At scales compa-

rable with the p
j
T cut, EFT under estimates the cross

section by up to a factor of two. With a large cut on
transverse missing energy, the contributions from the res-
onant part of the pT distribution in the case of a light
scalar are removed and only the large pT region survives.

6

m�
100.GeV 200.GeV 300.GeV
400.GeV 600.GeV 800.GeV

r=8
r=15

0 500 1000 1500 2000 2500 30000

2

4

6

8

10

12

14

L (fb-1)

D
is
co
ve
ry
Si
gn
ifi
ca
nc
e

2�

5� (Discovery)

(a)
p
s = 13 TeV (b)

p
s = 100 TeV

Figure 6: Significance (S/
p
S +B) of the mono-jet signal at the 13 TeV LHC and 100 TeV FCC as a function of

integrated luminosity, for mediators with r = 3 (red), r = 8 (dark blue), and r = 15 (cyan), with a cut pjT � 200
GeV and masses as indicated on each figure.

and the experimental results are summarized in the first
and second row of Table I. The pseudo-rapidity of the
leading jet is further required to satisfy |⌘j | < 2.4 in the
experimental analysis of CMS and |⌘j | < 2.0 for ATLAS.

We apply the experimental selection to our full calcula-
tion of the mono-jet cross section, continuing to examine
the case of �d = 1 and light dark matter, m� = 1 GeV.

We choose three representative p
j
T cuts from the CMS

analysis, and show the resulting cross section after cuts
in Figure 4, for two choices of mediator representation,
r = 3 and r = 15. Also shown are the corresponding lim-
its on the cross section for the respective choice of pjT cut.
Comparing the two, we find that the color triplet media-
tor is completely unconstrained by the current mono-jet
bounds, whereas the r = 15 representation is subject to
very mild bounds of order m� & 158 GeV, obtained from

the ATLAS run-I data with a p
j
T � 350 GeV.

B. Constraints from 13 TeV

In Figures 5a and 5b, we show the mono-jet cross sec-
tion at LHC run-II as a function of m�, for �d = 1, and
m� = 1 GeV with r = 3 and r = 15, respectively, for a

few representative choices of the pjT cuts from the ATLAS
run-II analysis [33]. The limits obtained on the value of
m� from the run-II analysis with 3.2 fb�1 of data are
weaker than the corresponding run-I results.

It is worth mentioning that at one-loop the GSDM
model also produces a model-independent dijet signal
from gg ! gg, which may also provide competitive
bounds on m�. We leave its exploration for future work.

C. Future Prospects

We examine the prospects for future colliders to probe
the parameter space of GSDM through searches for the
mono-jet process. To assess the reach of these colliders
to discover GSDM for di↵erent values of m�, we compute
the primary (irreducible) SM background to the mono-
jet process from Z + j production, where the Z boson
decays into neutrinos. We compute this background at
leading order for the 13 TeV LHC and for the proposed
100 TeV FCC using Madgraph, subject to the cuts on
the mono-jet: |⌘j | < 2.4, and a modest cut of pjT > 200
GeV. We assume that, as was true for the LHC run I
analysis, the real background from Z + j dominates over
the fake contribution from mis-measured QCD jets. In
Figures 6a and 6b we present the significance, defined
as S/

p
S +B ' S/

p
B as a function of the integrated

luminosity at each accelerator.
We find that with 3 ab�1 of luminosity, the 13 TeV

LHC can discover (at 5�) evidence for a color octet me-
diator whose mass is slightly above 200 GeV. A 15 of
color reaches 5� discovery for masses around 500 GeV.
Obviously, a much larger range of parameter space can
be explored for higher dimensional representations, even
with lower luminosities. At the FCC, the reach for a color
triplet scalar in the mono-jet channel reaches the level of
discovery for masses up to m� ⇠ 200 GeV. A much larger
range of parameter space can be explored for higher di-
mensional representations: for r = 15, masses up to 1.7
TeV can be probed with 3 ab�1.

V. SUMMARY

A scalar gauge singlet dark matter particle allows for
the possibility of a renormalizable connection to the SM
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Recap : Part 2
• There are many specific detailed models of dark matter.  They range from 

theories designed to solve some other mystery, to theories for which dark 
matter is the principle raison d’etre.

• Supersymmetry, while often maligned these days, is an interesting theory which 
easily accommodates a WIMP (freeze-out relic) which is typically a neutralino.  Its 
specific properties are highly dependent on the complicated parameter space.

• A rich program of particle physics experiments can access a wide swath of 
supersymmetric parameter space.

• Axions and sterile neutrinos are well-motivated in extensions of the Standard 
Model to explain the strong CP problem or neutrino masses.

• More specialized observations aim to detect them as well.

• Simplified Models have been adopted as a bridge between searches for dark 
matter and theoretical constructions.  They don’t contain the full distracting 
details of a complete theory, but hopefully summarize the broad impacts of 
searches on many of them.
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Composite Dark Matter



Composite Dark Matter
• Dark matter must be weakly interacting with the 

Standard Model.

• But it could be part of a dark strongly interacting 
system which plays an important role in terms of 
dark matter in the Galaxy.

• The dark matter could have a light force carrier, 
leading to “dark atoms” or even “dark molecules”.

• It could confine into “dark hadrons”.

• There could be a whole range of possible stable 
states, “dark nuclei”.

• These are areas of active research, still not entirely 
mapped out.  The references give you some place to 
start to learn about these ideas, but they are far 
from complete (sorry about that!).

+

-

Kaplan, Krnjaic, Rehermann, Wells arXiv:0909.0753

Carlson, Machacek, Hall  Astro. J. 398 43 (1992)

Grabowska, Melia, Rajendran arXiv:1807.03788



A Dark SU(N)
• The simplest module we can consider is a pure 

gauge theory consisting of a hidden sector SU(N).

• To begin with, we imagine that any matter charged 
under the hidden gauge group and the SM is 
extremely heavy, and thus irrelevant for the low 
energy physics.

• This is a variation on models where the dark 
matter is e.g. a dark pion-like object.

• The theory is defined by the number of colors N 
and confinement scale Λ, which characterizes the 
mass of the lowest glueball state, and the splitting 
between the various glueballs.

• From here on, dark/hidden should be understood 
whenever I use terms like “gluons” or “glueballs”.

M
as

s ⇠ 7⇤

Boddy, Feng, Kaplinghat, TMPT arXiv:1402.3629



Glueball Interactions
• One interesting feature of this type of theory is the 

fact that the glueballs interact strongly with one 
another.

• Because of the strong dynamics, nothing can be 
computed very reliably in perturbation theory.

• Lattice may help: pure glue is much easier…

• We can cartoon the self-interactions of the glueballs 
by a geometric cross section of strongly coupled 
objects of size ~ 1 / Λ.

• Since the single parameter Λ controls both the mass 
and the cross section (for small N), arranging for an 
interesting value of σ/m essentially fixes                 
Λ ~ 500 MeV. Amusingly close to ΛQCD…

� (gb gb ! gb gb) ⇠ 4⇡

⇤2N2

⇠ ⇤�1{



Glueball Relic Density
• We can estimate the relic density of the glueballs by 

tracking the relic density of the gluons to the 
temperature at which the theory confines.

• At this temperature, something around Λ, the energy 
in the dark gluons will get converted into glueballs.

• We can estimate the relic density of glueballs by 
matching across the phase transition.

• If there are no relevant connectors between the 
visible and hidden sectors, the temperature in the 
hidden sector Th and the visible temperature T could 
generically be different.

• We parameterize this possibility with the ratio of 
temperatures ξ = Th / Τ.

• There are interesting corrections to the usual 
thermal distribution: cannibalization!

Y ⌘ ngb

s

=
ge↵ [⇣(3)/⇡2]T 3

h

g⇤S [2⇡2/45]T 3

=
ge↵45⇣(3)

g⇤S2⇡4
⇥ ⇠3f

⌦gb ⇠ Y s0⇤

⇢c0

For SU(N), 
geff = 2 x (N2-1)

Carlson, Machacek, Hall  1991
Hochberg, Kuflik, Volansky, Wacker 2014

E.g. Erickcek, Ralegankar, Shelton 2008.04311



Glueball Parameter Space

• For a given N, there are two parameters, the confinement scale and the ratio of 
hidden to visible temperatures at the time of confinement, ξΛ.  Provided one 
allows for a somewhat colder hidden sector, one can achieve interesting self-
interaction rates at the observed relic density!
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Glueball-Only Dark Matter

FIG. 3: Glueball dark matter in the case of a non-supersymmetric pure gauge SU(N) hidden sector. The
self-interaction cross section and relic density are given in the (⇠⇤,⇤) plane, where ⇤ is the confinement
scale in the hidden sector, and ⇠⇤ ⌘ T

h
/T is the ratio of hidden to visible sector temperatures at the time

that T
h = ⇤. The self-interaction cross section is in the range h�T i/mX = 0.1 � 1 cm2

/g in the shaded
region. The glueball relic density is ⌦gb = ⌦DM ' 0.23 on the diagonal contours for the number of colors N
indicated.

IV. GLUEBALLINO SELF-INTERACTIONS

The simplest extension to the pure gauge hidden sector discussed in Sec. III is to add a massive
(mass mX � ⇤) gauge adjoint Majorana fermion to the theory, resulting in a spectrum with
two types of composites: the bosonic glueballs of mass ⇠ ⇤ and the fermionic states with masses
⇠ mX [78–81]. Each sector contains excited states whose mass splittings are again characterized
by ⇤. In the absence of further ingredients, the massive fermionic states are stable because of
Lorentz invariance, and this construction allows one to realize a situation where the dark matter
is (mostly) composed of the heavy composite fermions that self-interact via exchange of the much
lighter glueballs, naturally realizing two widely separated energy scales. This dark sector is identical
to a softly broken N = 1 supersymmetric gauge theory and can be considered the supersymmetric
version of the model of Sec. III. In that language, the composite fermions are glueballino states.

The self-interactions of glueballinos are dominated by the exchange of glueballs. At low energies,
when the kinetic energy available is . ⇤, the scattering will be elastic. If there is su�cient kinetic
energy,

1

2
mXv

2
� ⇤ , (5)

inelastic scattering into excited states and glueball emission becomes possible, leading to novel
e↵ects, such as additional rapid halo cooling. The inelastic e↵ects are not modeled in the ⇤SIDM
simulations and so are not well understood. For the remainder of this work, we focus on the elastic
scattering regime and comment later in this section on systems where this approximation breaks
down.

NDA suggests that the coupling between glueballs and glueballinos is ↵ ⇠ 1. Even for elastic

7

1402.3629

Interesting 
Self-Interactions
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Relic Density



SU(N) + Adjoint
• A very simple extension is to add an 

adjoint (Majorana) fermion to the dark 
sector.

• If one likes, this could be considered a 
supersymmetrized version of the pure 
gauge model, with the adjoint playing 
the role of the gluino.

• The spectrum consists of glueballs as 
before, and (for m >> Λ) a family of 
fermionic glueballinos at mass ~ m.

• These glueballinos are strongly 
interacting with the glueballs and are 
sort of analogues of heavy-light mesons 
in this theory.

M
as

s

meg

2meg

glueballinos

gluinoballs

glueballs

⇤



Self Interactions
• The glueballinos are strongly 

interacting with the glueballs, which 
mediate scattering.

• When m >> Λ, one generally expects 
large cross sections with the 
possibility of Sommerfeld-like 
enhancements.

• One can model the glueball exchange 
as a Yukawa potential characterized by 
mass ~Λ and strong coupling.

• The transfer cross section is a 
function of the masses of the glueballs 
and glueballinos, which must be 
averaged over the velocity distribution 
of the dark matter for each system of 
interest. Tulin et al 2013 

�T ⌘
Z

d⌦(1� cos ✓)
d�

d⌦

...



Glueballino Scattering
• One obtains scattering cross sections 

in the ballpark of the interesting 
region for gluino masses on the order 
of  TeV and Λ ~ MeV.

• Since each type of astrophysical 
object is characterized by a different 
DM velocity, the cross sections are 
different for each one.

• If the typical kinetic energy is large 
enough, inelastic channels will open 
up, and our transfer cross section may 
not characterize the scattering very 
well.

• Clusters are very likely to have 
inelastic processes playing some role.
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FIG. 4: The ratio of the thermally-averaged transfer cross section to dark matter mass h�T i/mX in the
(mX ,⇤) plane for ↵ = 1 and three di↵erent astrophysical systems: dwarf galaxies (Vmax = 40 km/s, solid),
LSBs (Vmax = 100 km/s, dashed), and clusters (Vmax = 1000 km/s, dotted). For each system, three values
of the cross section are shown: 0.1 cm2

/g (top), 1 cm2
/g (middle), and 10 cm2

/g (bottom). The region
above the straight magenta lines show where inelastic processes may modify the picture based on elastic
scattering for each type of system.

thus, systems with larger characteristic velocities have smaller cross sections, all else being equal.
The LSB line at 0.1 cm2

/g, for instance, lies below that for dwarfs, because a larger interaction
range (smaller ⇤) is needed to counter its larger velocity to give the same �T as the dwarfs.
Toward the lower values of mX , the scattering exhibits resonant behavior due to the formation of
quasi-bound states [82], analogous to Sommerfeld enhancements in annihilations.

The region below the straight magenta lines in Fig. 4 is where the dark matter typically has
(1/2)mXv

2
> ⇤, and modifications from inelastic scattering processes can be important. We urge

the reader to keep in mind that while in this region the classical elastic scattering cross section
(for our assumed Yukawa potential) falls below about 3⇡/⇤2, we expect other energy-exchange
mechanisms to become important in dark matter halos. Note that for clusters (v ⇠ 3 ⇥ 10�3),
this is a substantial region of the interesting parameter space: (mX/TeV) & (⇤/10 MeV). This
suggests that the elastic glueballino scattering curves plotted for clusters in Fig. 4 and other figures
are far from the whole story. We expect new astrophysical phenomenology, especially in clusters
of galaxies, and this deserves separate consideration.

V. GLUEBALLINO RELIC DENSITY

One goal of supersymmetrizing the pure gauge hidden sectors considered in Sec. III is to revive
the possibility of dark matter with naturally the right relic density, as in the case of WIMPs,
but now for self-interacting dark matter. In this section, we first review the machinery required to
calculate a glueballino relic density from the freezeout of thermal relic gluinos. We then discuss the
possibility of realizing the correct thermal relic density through the WIMPless miracle in AMSB
models [12].

9

Ekin =
1

2
mv2 & ⇤

Object Typical v

Clusters 700-1000 km/s

LSB 50-130 km/s

Dwarf 20-50 km/s

Boddy, Feng, Kaplinghat, TMPT arXiv:1402.3629



WIMPless Miracle
• In the regime m >> Λ, the dark gluinos will 

freeze out when their gauge couplings are 
still perturbative, and this stage looks like a 
rather standard WIMP.

• Without connectors to the SM, they only 
couple to the dark gluons, and once again 
there is generally a separate temperature 
that characterizes the hidden sector.

• The context of a SUSY breaking model 
such as AMSB, this allows us to inherit the 
nice feature of the `WIMPless’ miracle.

• We know that weak couplings and masses 
produce the correct relic density, and AMSB 
fixes the ratio such that it works out for 
the hidden sector too.
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Light Mediators
• Recently there has been a lot of 

attention given to parameter space 
where the mediating particles have 
low masses and weak couplings.

• This is a natural parameter space 
that complements the high mass 
searches at colliders.

• For dark matter with mass below 
around 10 GeV, strong constraints 
favor cases in which annihilation is 
into mediators.

• If we would like to realize the 
abundance of dark matter through 
the freeze-out mechanism, we need 
light mediators for dark matter 
masses below the GeV scale.
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FIG. 3. Existing constraints (shaded gray) and projected sensitivities (color) of various accelerator experiments to light dark
matter in the y � R plane are shown for fixed dark matter masses of 10 MeV (left panel) and 100 MeV (right panel). See
Sec. 4 for a comprehensive summary. In each case, we consider two representative values of the hidden sector gauge coupling,
↵D = 0.1, 0.5, as shown by dotted and solid lines, respectively. For concreteness, we focus on a model of dark matter consisting
of a nearly-degenerate pseudo-Dirac pair; the results for Majorana or scalar dark matter are qualitatively very similar (see
the right panel of Fig. 4). Along the black lines, the abundance of � agrees with the observed dark matter energy density.
For R . 2, the shaded green region corresponds to dark photon-to-dark matter mass ratios for which secluded annihilations
dominate over direct annihilations to Standard Model particles. In this case, there is no sharp cosmological target in parameter
space.
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FIG. 4. As in Fig. 3, we show existing constraints (shaded gray) and projected sensitivities (color) of various accelerator
experiments to light dark matter in the y � R plane, but for a fixed dark matter mass of 10 MeV and for models of pseudo-
Dirac (left panel) and scalar dark matter (right panel). The left panel is repeated from Fig. 3 to aid visual comparison between
the two cases.

for each of these various mass regimes, for a fixed DM mass the sensitivity of NA64 and LDMX in the y � R plane
scales as

yreach(NA64/LDMX) /

8
><

>:

R
�4

, (mA0 . 2m�)

↵D R
�2

, (mA0 & 2m�)

constant, (mA0 � Ecm) .

(22)

For NA64 and LDMX, the typical center of mass energy in the electron-nucleus collisions is roughly 5 GeV and 2 GeV,

Berlin, DeNiverville, Ritz, Schuster, Toro 
arXiv:2003.0337913
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FIG. 5. As in Fig. 3, existing constraints (shaded gray) and projected sensitivities (color) of various accelerator experiments
to light dark matter in the y � R plane are presented, but for a fixed dark matter mass of 10 MeV and only showing signals
that depend exclusively on leptonic (left panel) or hadronic (right panel) couplings. Note that the same model is constrained in
each case and that these figures simply indicate the sensitivity of these experiments. Fully consistent models with predominant
leptonic or hadronic couplings require further model-building and may be subject to a number of other stringent constraints
(see the text for further details). For example, leptophobic models coupled through the anomalous baryon current are subject
to strong constraints from meson decays [89–91].

respectively. The R and ↵D scaling of the di↵erent mass regions of Eq. (22) can be seen directly in the behavior of
the NA64 and LDMX contours of Figs. 3 and 4. In particular, taking Ecm ⇠ 5 GeV and m� = 10 MeV implies that
NA64’s sensitivity in y should asymptote to a constant value for mA0/m� & 500.

The projected sensitivity of the BDX experiment is shown as shaded purple in Figs. 3 and 4. The ↵D and R scaling
in the y �R plane can be understood in a manner very similar to the discussion regarding NA64 and LDMX above.
However, the signal yield needs to be supplemented with the scattering rate for �e ! �e in the downstream detector.
The total cross section for the scattering process scales as �(�e ! �e) / ↵D ✏

2(2meEth+m
2

A0)�1(2meEbeam+m
2

A0)�1.
Eth ⇠ 500 MeV is the minimum threshold energy of the detected scattered electron, so that meEth ⇠ (10 MeV)2.
Similar to Eq. (22), we therefore have

yreach(BDX) /

8
>>><

>>>:

R
�4

, (mA0 . 2m�,
p
meEth)

R
�3

, (
p
meEth . mA0 . 2m�)

↵
1/2
D R

�2
, (mA0 & 2m�,

p
meEth)

constant, (mA0 � Ecm) .

(23)

For the proton beam fixed-target experiments, CCM, SBND, and NO⌫A, the sensitivity can be understood in a
similar manner to BDX, as the production rate needs to be convoluted with the scattering cross section on either
electrons (SBND, NO⌫A) or nuclei (CCM); thus Nsignal / y

2. The dominant production modes for 2m� < m⇡/⌘ are
via pseudoscalar meson decay, and so Nsignal ⇠ ✏

2
↵D for mA0 < 2m�, Nsignal ⇠ ✏

2 for mA0 > 2m� provided that the
dark photon is produced on-shell, or Nsignal ⇠ ↵D✏

2
/m

4

A0 if mA0 > m⇡/⌘ and the dark photon is o↵-shell. The scaling
of the scattering cross section is as above for BDX (or replacing me with mN for nucleon scattering). For SBND and
NO⌫A, the best reach at low mass comes from electron scattering, although the contours on the right of Fig. 5 rely
on nucleon scattering. We find that the reach in y is as follows:

yreach(SBND/NO⌫A/CCM) /

8
>>><

>>>:
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p
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constant, (mA0 � m⇡/⌘) .

(24)

The primary exception to this scaling is near the mA0 ⇠ m⇢/! resonance region, where production via proton
bremsstrahlung is resonantly enhanced through mixing with vector mesons. This resonant peak is apparent in Figs. 3



Light Mediators
• Light Mediators can also help with 

some of the puzzling measurements 
that we wonder could be 
indications of new physics.

• (g-2)μ

• Long-standing discrepancy 
between theory and data.

• ATOMKI 17 MeV nuclear 
transition anomaly.

• Points to a ~17 MeV boson 
coupled to both quarks 
(nuclei) and e+e-

• π0 e+e- measured by KTev

• Longstanding 2-3σ discrepancy 
pointing to axial couplings to 
quarks and electrons.

2

vector meson dominance, and a non-local constituent
quark model. All results agree with each other within
the quoted uncertainties.
The excess of Bmeas over BSM suggests that non-SM

processes may be contributing to this rare decay. If the U
boson couples to quarks as well as electrons, the lowest-
order contribution to !0 ! e+e! would come from the
tree-level process !0 ! U! ! e+e!. The smallness of
this contribution would be explained by very small values
of the coupling constants, which are, in fact, natural in
the light dark matter model [1, 9].
The U boson coupling to quarks and electrons can be

written in terms of vector and axial-vector components,

L " Uµ

!

ū"µ (guV + "5g
u
A)u+ d̄"µ

"

gdV + "5g
d
A

#

d

+ē"µ (geV + "5g
e
A) e} (1)

where u and d are the up and down quark fields, and e
is the electron field. It is not necessary to have family-
universal couplings, and in fact we will assume that cou-
plings to the second and third generations are suppressed.
To respect the unitary bound in the ultra-violet, the U
should correspond to a local U(1)U symmetry, which is
spontaneously broken. One might worry that the pres-
ence of axial vector couplings implies that the Yukawa
interactions between u, d, and e and the Higgs respon-
sible for generating fermion masses are not symmetric
under U(1)U . However, given the tiny u, d, and e masses
compared to the electroweak scale, it is easy to accom-
modate them from e!ective higher dimensional operators
induced by high mass states.
At tree level, the contribution to !0 ! e+e! is medi-

ated by an o!-shell U boson, as depicted in Fig. 1. The
U boson contribution to the matrix element is given by

MU =
(gdA # guA)g

e
Af"

m2
U

[ū"µ"5v]pµ (2)

where me, and mU are the electron, and U -boson masses,
f" is the pion decay constant, and pµ is the !0 four-
momentum, p2 = m2

". (See the Appendix for details).
To obtain the full amplitude for !0 ! e+e!, the U

boson matrix element is combined with the Standard
Model amplitude for !0 ! e+e! [8] and summed over
the outgoing electron and positron spins. The partial
width !0 ! e+e! is computed from the expression for
the two-body decay,

" =
|#p|

8!m2
"

|MSM +MU |2 (3)

where |#p| is the three-momentum of one of the outgoing
particles, and is equal to approximatelym"/2, neglecting
the electron mass.

III. BOUNDS ON U -QUARK COUPLINGS

We interpret the positive di!erence Bmeas # BSM =
(1.3± 0.4)$ 10!8 as the contribution of MU in Eq. (3).

U!

!0

!

ū, d̄

u, d

e"

e+

gu
A
! gd

A
ge

A

FIG. 1: Feynman diagram for !0
! e+e!.

Taking the known pion and electron masses, f"0 = 130±
5 MeV and $"0 = (84± 6)$ 10!18 s [10], we find

(guA # gdA)g
e
A

m2
U

= (4.0± 1.8)$ 10!10 MeV!2. (4)

In order to make contact with other constraints on this
model, we assume, as an illustration, that the electron
coupling and the di!erence in quark couplings are equal,
i.e., guA # gdA = geA % gA. This choice is arbitrary, but
one might naturally expect such a relation to hold within
an order of magnitude; a more precise relation requires
a specific model for the fermion charges under U(1)U ,
which is beyond the scope of this Letter. With this as-
sumption,

gA = 2.0+0.4
!0.5 $ 10!4 $

$ mU

10 MeV

%

(5)

where the asymmetric error bars come from taking the
square root of Eq. (4). Fig. 2 shows this constraint as
a thick line labeled “!0”. If a given model specifies a
di!erent relation between guA # gdA and geA, then this line
will move vertically in the plot.
Fayet has derived other bounds on the coupling of

U bosons to quarks and leptons from a variety of pro-
cesses [9], and some of these are shown in Fig. 2. The
dashed line labeled “(g#2)e” indicates his constraints on
the axial coupling of U to electrons derived from mea-
surements of the anomalous magnetic moment of the
electron; the region above this line is excluded. Con-
straints from kaon decays, as well as (g # 2)µ [9], can
be evaded if we assume that couplings to second and
third generation fermions are suppressed. Neutrino-
electron scattering can provide a relatively severe con-
straint [9], but may be evaded if the coupling to electrons
is largely right-handed. Finally, the three solid lines la-
beled “1 MeV,” etc., show constraints on the total U # e
coupling ftot =

&

(fe
V )

2 + (fe
A)

2 from the dark matter
relic density [9], assuming C# = 1, for three hypotheti-
cal values of the % mass. The regions above these lines
correspond to smaller values of C#.
The curves in Fig. 2 show that our values for the

couplings of the U -boson to light quarks and leptons
are interesting in the context of the light dark matter
model, falling in the same order-of-magnitude as other
constraints. Since MU depends on a set of coupling
constants di!erent from the other constraints, the rare
decay !0 ! e+e! provides a di!erent view of the phe-
nomenology of the light U boson.

Kahn, Schmitt, TMPT  
arXiv:0712.007 & PRD
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Sommerfeld
• Light mediators open up the possibility to 

invoke a Sommerfeld-like enhancement at 
small dark matter velocities to enhance 
annihilation.

• Summing up the effect of the mediator on 
the scattering can lead to a large 
enhancement factor compared to the 
leading order annihilation rate.

• The impact is enhanced for small velocities, 
and also for mediator masses that are much 
smaller than the mass of the dark matter.

• For ~100 GeV dark matter, this naturally 
pushes the mediator masses down to 
somewhere at or below the GeV scale.

γ
d

...

Cirelli, Kadastik, Raidal, Strumia 0809.2409
Arkani-Hamed, Finkbeiner, Slatyer, Weiner 0810.0713

...
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determines the length scale the potential is varying over relative to the wavelength; so long as it is small, the WKB

approximation is good, and we have a waveform growing as k!1/2
e! ei

R

x dx!keff(x
!). Note that for 1 ! x ! 1/!!, the

WKB approximation is manifestly good. Let us now take the arbitrarily low velocity limit, where !v " 0. Then in

the neighborhood of x # 1/!! we have k2
e! # !!e!"!x, and

!

!

!

!

k"
e!

k2
e!

!

!

!

!

# $
!!e

1

2
"!x #

!!

ke!
(A40)

so the WKB approximation breaks down when ke! # !!, where the WKB amplitude is # !!1/2
! . The potential then

varies more sharply than the wavelength, and we have a reflection/transmission problem, with an O(1) fraction of the

amplitude escaping to infinity. The enhancement is then

S #
1

!!
#

"M

m!
(A41)

We did this analysis for !v " 0, but clearly it will hold for larger !v, till !v # !!, at which point it matches smoothly

to the 1
"v

enhancement we get for the Coulomb problem. The crossover with !v # !! is equivalent to Mv # m!, when

the deBroglie wavelength of the particle is comparable to the range of the interaction. This is intuitive–as the particle

velocity drops and the deBroglie wavelength becomes larger than the range of the attractive force, the enhancement

saturates. Of course if !! is close to the values that make the Yukawa potential have zero-energy bound states, then

the enhancement is much larger; we can get an additional enhancement # !!/!2v up to the point where it gets cut o!

by finite width e!ects.

In this simple theory it is of course also straightforward to solve for the Sommerfeld enhancement numerically. We

show the enhancement as a function of !! and !v in Figs. 6 and 7.
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FIG. 6: Contour plot of S as a function of !! and !v. The lower right triangle corresponds to the zero-mass limit, whereas the

upper left triangle is the resonance region.

4. Two-particle annihilation

Let us finally consider our real case of interest, involving two-particle annihilation. To keep things simple, let us

imagine that the two particles are not identical, for instance they could be Majorana fermions with opposite spins; we

✏v ⌘
v

↵
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m

↵M



Annihilation into Mediators
• An interesting direction to explore is to have the 

dark matter annihilate into the mediators 
themselves.  The rate for this to happen is fixed 
by the coupling of dark matter to the mediator, g.

• The mediator can have a MUCH smaller coupling 
to the SM particles, ε.  It has kpc distances to 
travel before it needs to decay into what we 
observe!

• This is a generic way of getting an indirect signal 
while suppressing direct detection and collider 
constraints.

• It has seen some application in terms of the GeV 
excess of gamma rays from the direction of the 
Galactic center, in order to reconcile the strong 
annihilation signal with the lack of evidence for 
dark matter scattering with heavy nuclei. �direct / ✏2g2
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Figure 2: (a) Annihilation, (b) Direct Detection, (c) Collider. dm complimentarity for on-shell mediators;

compare to Fig. 1. (a) The annihilation rate is independent of the mediator coupling to the Standard

Model. (b) Direct detection remains 2-to-2, here N is a target nucleon. (c) Colliders can search for the

presence of the mediator independently of its dm coupling.

1.3 Annihilation to On-shell Mediators

In this paper we focus on a different region in the space of simplified models where mediators are
light enough that they can be produced on-shell in dark matter annihilation, henceforth referred to
as the on-shell mediator scenario. This annihilation mode is largely independent of the mediator’s
coupling to the sm so long the latter is nonzero. Lower limits on the sm coupling—that is, upper
limits on the mediator lifetimes—are negligible since the mediator may propagate astrophysical
distances before decaying to the bb̄ pairs that subsequently yield the �-ray excess. The sm coupling
can be parametrically small which suppresses the off-shell s-channel annihilation mode as well as
the direct detection and collider signals. This is shown in Fig. 2.

Because on-shell annihilation into mediators requires at least two final states4, the resulting
annihilation produces at least four b quarks, as shown in Fig. 2a. This, in turn, requires a heavier
dark matter mass in order to eject ⇡ 40 gev b quarks from each annihilation to fit the �-ray excess.
This avoids the conventional wisdom that this excess requires 10 – 40 gev dark matter. In the
limit on-shell annihilation dominates, the total excess �-ray flux is fit by a single parameter, the
mediator coupling to dark matter. Once fit, this parameter determines whether the dm may be
a thermal relic. We remark that the spectrum is slightly boosted by the on-shell mediator; we
address this below and explore possibilities where the mediator mass can be used as a handle to
change the spectral features.

The on-shell mediator limit thus separates the physics of mediators sm and dm couplings. The
former can be made parametrically small to hide dm from direct detection and collider experiments,
while the latter can be used to independently fit indirect detection signals such as the galactic center
�-ray excess. Observe that these simplified models modify the standard picture of complementary
dm searches for contact interactions shown schematically in Fig. 2. Annihilation now occurs
through multiple mediator particles and is independent of the mediator coupling to the sm. Direct
detection proceeds as usual through single mediator exchange between dm and sm. Collider
bounds, on the other hand, need not depend on the dm coupling at all and can focus on detecting
the mediator rather than the dark matter missing energy.

In this paper we explore the phenomenology of on-shell mediator simplified models for the
galactic center. This paper is organized as follows. In the following two sections we present the

4
One may also consider semi-annihilation processes �1�2 ! �3(mediator) [117]. See [118] for a prototype model

for the galactic center �-ray excess.
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distances before decaying to the bb̄ pairs that subsequently yield the �-ray excess. The sm coupling
can be parametrically small which suppresses the off-shell s-channel annihilation mode as well as
the direct detection and collider signals. This is shown in Fig. 2.

Because on-shell annihilation into mediators requires at least two final states4, the resulting
annihilation produces at least four b quarks, as shown in Fig. 2a. This, in turn, requires a heavier
dark matter mass in order to eject ⇡ 40 gev b quarks from each annihilation to fit the �-ray excess.
This avoids the conventional wisdom that this excess requires 10 – 40 gev dark matter. In the
limit on-shell annihilation dominates, the total excess �-ray flux is fit by a single parameter, the
mediator coupling to dark matter. Once fit, this parameter determines whether the dm may be
a thermal relic. We remark that the spectrum is slightly boosted by the on-shell mediator; we
address this below and explore possibilities where the mediator mass can be used as a handle to
change the spectral features.

The on-shell mediator limit thus separates the physics of mediators sm and dm couplings. The
former can be made parametrically small to hide dm from direct detection and collider experiments,
while the latter can be used to independently fit indirect detection signals such as the galactic center
�-ray excess. Observe that these simplified models modify the standard picture of complementary
dm searches for contact interactions shown schematically in Fig. 2. Annihilation now occurs
through multiple mediator particles and is independent of the mediator coupling to the sm. Direct
detection proceeds as usual through single mediator exchange between dm and sm. Collider
bounds, on the other hand, need not depend on the dm coupling at all and can focus on detecting
the mediator rather than the dark matter missing energy.
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Light Mediators : Building a Theory
• There are important theoretical 

constraints on theories with light 
particles:

• Experimental constraints on searches 
for them, or their indirect 
contributions to other observables.

• Such constraints are most easily 
avoided if the mediator carries no 
SM charge.

• SM Gauge symmetries

• Mediator gauge symmetries and 
breaking (for vector mediators)

• We need to be able to write down 
SM Yukawa interactions

• Anomalies, including with the SM 
gauge interactions.
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FIG. 5. Constraints on couplings with non-renormalizable Yukawa couplings, in the family non-universal case.

Second- and third-generation fermions f with electric charge Qf have vector couplings c
f

V
= ✏Qf and

vanishing axial couplings. As discussed in Sec. IV, the strongest experimental constraints can be evaded
by setting c

q

V
= 0 for first-generation quarks, which in this model e↵ectively fixes qu and qd in terms of ✏,

another fine-tuning. Neutrino couplings do not get generated from mass mixing with the Z because the SM
Higgs is uncharged. In Fig. 5, we plot the allowed parameter space for ce

A
in this model for ce

V
= 10�3. This

model comes closest to realizing the generic IR parameter space described in Sec. II E below mA0 = 20 MeV
where BaBar loses sensitivity, albeit at the cost of several fine-tunings. Nonetheless, we see that the region
compatible with both the ⇡

0
! e

+
e
� and (g � 2)µ anomalies (which is also consistent with (g � 2)e) is now

strongly excluded by the anomalon bounds, highlighting the tension between UV and IR considerations.
Indeed, for this choice of ce

V
, the entire parameter space in c

e

A
is ruled out by a combination of IR limits

(BaBar) and UV limits (anomalons).

VI. CONCLUSIONS

Dark force carriers at the MeV scale are a fascinating possibility for physics beyond the Standard Model.
They allow for a richer dark matter sector, which includes relevant interactions that o↵er new opportunities
in model-building and for which there may even be experimental hints. A large body of work has focused
on the case of vector interactions with the SM fermions, but it is worthwhile to understand the space of
axially-coupled particles as well. The chiral nature of the SM implies that realizing large axial couplings is
non-trivial, with the shape of the IR physics impacted by UV physics living at the TeV scale or above.

We have examined light force carriers with axial-vector interactions from both ends of the energy spectrum:
from the low energy experimental perspective, where a rich set of constraints from many searches provide
complementary information, and also from the point of view of TeV models, to understand how the need
for gauge invariance under the full SU(3)c ⇥ SU(2)L ⇥U(1)Y ⇥U(1)

D
impacts the phenomena that can be

realized at MeV scales. An immediate question is how to reconcile the SM Yukawa interactions with the

Kahn, Krnjaic, Mishra-Sharma, TMPT
arXiv:1609.09072

E.g. Light Axial Vector Particle



Anomaly Free vs Anomaly Safe

• The anomaly cancellation implies a 
minimum size for the effective X coupling 
to two SM currents.

• The longitudinal modes have the usual    
E/m enhancement, and so high energy SM 
processes can be an effective probe.

• Processes mediated by these interactions 
can be used to place relevant bounds on 
the parameter space.
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FIG. 1. Left panel: Constraints on a vector X coupling to baryon number, assuming a kinetic mixing with the SM photon
✏ ⇠ egX/(4⇡)2, and no additional invisible X decay channels. Colored regions with solid borders indicate constraints from
visible decays, dashed borders correspond to missing energy searches, dot-dashed borders denote displaced limits, and dotted
borders denote projections based on current expected sensitivities. The gray regions indicate constraints from the previous
literature. The new constraints come from searches for K ! ⇡X (green) [50, 53, 54], B ! KX (blue)[45–47, 49], Z ! X�
(red)[30–34], and very displaced decays at the CHARM proton beam dump experiment [58]. For the latter, the enhanced
K ! ⇡X decays result in larger X production than computed in naive analyses [59, 60]. The ‘anomalon’ line shows the
approximate region in which anomaly-cancelling fermions would be light enough to have been detected [27]. The other gray
constraints are (left to right) from � and ⌘ decays [64], and ⌥ decays [10]. Improved ‘tree-level’ limits are expected from
photoproduction of X at the GlueX experiment [75]. Right panel: As above, but with the assumption that X dominantly
decays invisibly.

B. FCNCs

As reviewed in section II F, flavor-changing transitions
between down-type quarks can proceed via a W -boson /
up-type-quark loop. If X couples to a quark current that
is broken at tree level, then the e↵ective didjX vertex ob-
tains a value ⇠

1

16⇡2 g
2
gX⇥ (CKM elements). Compared

to the currents broken by the chiral anomaly considered
in section II F, the lack of additional loop suppression
means that even stronger constraints can be obtained
from flavor-changing meson decays. This is in precise
analogy to meson decays via an axion-like particle with
couplings to quarks [83], compared to one with a WW̃

coupling [43].
Within the SM + X EFT, flavor-changing penguin di-

agrams involving the X coupling to quarks are divergent.
Consequently, unless the sum of these divergences can-
cels, there must be flavor-changing didjX counterterms
in the EFT. Thus, unlike in section II F, we cannot as-
sume that the UV theory contributes no unsuppressed
didjX FCNCs. However, we can estimate the contri-
butions from ‘simple’ UV completions by evaluating the
logarithmically divergent didjX amplitudes within the
EFT, and assuming that these are resolved by UV states,
giving an overall log(M/mEW) amplitude (where M is
the UV scale).

This prescription is complicated by the fact that
the divergent parts of EFT amplitudes are not gauge-
independent; however, their m

2

t
/m

2

W
-enhanced parts

are.9 These give an e↵ective didjX coupling of

g
A

Xdidj
'

1

16⇡2
g
2
gXCtdidj

Vtdi
V

⇤
tdj

+ . . . , (26)

Ctdidj
=

1

2

m
2

t

m
2

W

(cL
di

+ c
L

dj
� 2cR

t
) log

M
2

m
2
t

+ . . .

(where we have neglected the down-type quark masses).
In the case of universal vectorial couplings, this vanishes,
as expected from a coupling to a conserved current. Be-
low, we will see how an e↵ective coupling of this kind
arises in a two Higgs doublet model (2HDM) UV comple-
tion, where the UV states are the heavy charged Higgses.
It is of course possible that other UV completions may
lead to further cancellations; unlike for the anomalous
XWW coupling, evaluating FCNC amplitudes properly
requires knowing the full theory.
Interestingly, the FCNC vertex can be enhanced by

the top quark mass (as opposed to suppressed by a light
quark mass) even in the case where X does not couple to
the top quark at all. For example, left-handed couplings
to down-type quarks can also give a m

2

t
/m

2

W
enhanced

vertex, due to the self-energy diagrams.

9
This is only within the family of R⇠ gauges; the situation is

more complicated in unitary gauge. In fact even within the SM,

o↵-shell didjZ amplitudes are divergent in unitary gauge, with

divergences only cancelling when combined with W+W�
box

diagrams, or when the Z is put on-shell [84].
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between down-type quarks can proceed via a W -boson /
up-type-quark loop. If X couples to a quark current that
is broken at tree level, then the e↵ective didjX vertex ob-
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to the currents broken by the chiral anomaly considered
in section II F, the lack of additional loop suppression
means that even stronger constraints can be obtained
from flavor-changing meson decays. This is in precise
analogy to meson decays via an axion-like particle with
couplings to quarks [83], compared to one with a WW̃

coupling [43].
Within the SM + X EFT, flavor-changing penguin di-

agrams involving the X coupling to quarks are divergent.
Consequently, unless the sum of these divergences can-
cels, there must be flavor-changing didjX counterterms
in the EFT. Thus, unlike in section II F, we cannot as-
sume that the UV theory contributes no unsuppressed
didjX FCNCs. However, we can estimate the contri-
butions from ‘simple’ UV completions by evaluating the
logarithmically divergent didjX amplitudes within the
EFT, and assuming that these are resolved by UV states,
giving an overall log(M/mEW) amplitude (where M is
the UV scale).

This prescription is complicated by the fact that
the divergent parts of EFT amplitudes are not gauge-
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(where we have neglected the down-type quark masses).
In the case of universal vectorial couplings, this vanishes,
as expected from a coupling to a conserved current. Be-
low, we will see how an e↵ective coupling of this kind
arises in a two Higgs doublet model (2HDM) UV comple-
tion, where the UV states are the heavy charged Higgses.
It is of course possible that other UV completions may
lead to further cancellations; unlike for the anomalous
XWW coupling, evaluating FCNC amplitudes properly
requires knowing the full theory.
Interestingly, the FCNC vertex can be enhanced by

the top quark mass (as opposed to suppressed by a light
quark mass) even in the case where X does not couple to
the top quark at all. For example, left-handed couplings
to down-type quarks can also give a m

2

t
/m

2

W
enhanced

vertex, due to the self-energy diagrams.

9
This is only within the family of R⇠ gauges; the situation is

more complicated in unitary gauge. In fact even within the SM,

o↵-shell didjZ amplitudes are divergent in unitary gauge, with

divergences only cancelling when combined with W+W�
box

diagrams, or when the Z is put on-shell [84].
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a SM-preserving theory, up to (mEW/mf )2 corrections.
Conversely, if the dominant contribution to the masses is
from a EW-breaking VEV, then the situation will be ap-
proximately that of the previous paragraph, and similar
experimental constraints will apply.

A caveat to bear in mind is that such constraints rely
on the existence of new, SM-chiral fermions, which have
e↵ects (such as electroweak precision observables) unsup-
pressed by the small coupling gX . Within the low-energy
theory, the e↵ects of the SM-breaking WZ terms are all
suppressed by gX , and if this is small enough, may not be
problematic. Consequently, it is possible that there exist
more exotic U(1)X -preserving UV completions, without
anomaly-cancelling fermions, that are experimentally vi-
able.

For the rest of this paper, we will focus on UV com-
pletions which result in a SM-preserving e↵ective theory.
These are easily realised; it is always possible to intro-
duce a new set of fermions with vectorial couplings to the
SM gauge bosons, but chiral couplings to X, along with
a U(1)X -breaking VEV, to cancel the anomalies [26].
As noted above, the lack of new EWSB fixes the coef-
ficient of the WZ terms in the low-energy theory. While
the value of the coe�cient depends on the regularisation
scheme chosen, the physical results are of course scheme-
independent (see Appendix B). Since the EFT breaks
U(1)X , these results include energy-enhanced emission
of the longitudinal X component, as we show below.

For UV completions with heavy anomaly-cancelling
fermions, a slight complication is that the new ‘UV’ de-
grees of freedom do not necessarily have to be heavier
than all of the SM states. For example, in the case of a
vector coupled to the SM baryon number current, if we
assume that anomalies are cancelled by SM-vector-like
fermions, then collider constraints require that they have
masses >

⇠ 90GeV [27]. If they are only slightly heav-
ier than this bound, then for external momenta around
the scale of the SM EW boson masses, the mass of the
fermions in the loop will have an e↵ect on anomalous XL

amplitudes. In the following, we will assume that new
states contributing to the anomaly are heavy enough that
such momentum dependence can ignored, except where
otherwise stated. This assumption will not be consis-
tent for small enough mX/gX , since within the SM +
X EFT, the growth of amplitudes with energy (as de-
rived below) requires that there are new states at a scale
<
⇠

4⇡mX

gX
/

⇣
3g

2

16⇡2

⌘
[28]. However, such large gX will gen-

erally be constrained more directly.

C. Triangle diagram amplitudes

To illustrate how the results outlined above arise, we
will compute anomalous triangle amplitudes within the
low-energy theory, and then show how this relates to the
calculation in a UV-complete theory. Using the regular-
isation scheme from Appendix B that is symmetric be-

tween external legs, the longitudinal XBB triangle am-
plitude is, summing over the SM fermions in the loop,

�(p+ q)µM
µ⌫⇢

SM
=

AXBB

12⇡2
gXg

02
✏
⌫⇢��

p�q� , (3)

M
µ⌫⇢

SM
⌘

X

f

Xµ f

B⌫

p !

B⇢
q !

.

As reviewed in Appendix B, since the SM fermions have
vectorial couplings to X, this amplitude does not depend
on the masses of the SM fermions. This means that the
momentum dependence of the longitudinal X amplitude
has the simple ✏

⌫⇢��
p�q� form, rather than involving ex-

tra terms depending on the external momenta compared
to the mass of the fermions in the loop.
The regularisation scheme being symmetric between

external legs means that we also have longitudinal B am-
plitudes, p⌫M

µ⌫⇢

SM
= AXBB

12⇡2 gXg
02
✏
µ⇢��

q�p� etc (ignoring
the SM fermion masses). To get rid of these, and restore
the SM gauge symmetry within the SM + X EFT, we
need an explicit Wess-Zumino term,

L �
AXBB

12⇡2
gXg

02
✏
µ⌫⇢�

XµB⌫@⇢B� , (4)

that gives a contribution to the amplitude of

�(p+ q)µM
µ⌫⇢

WZ
=

AXBB

6⇡2
gXg

02
✏
⌫⇢��

p�q� (5)

p⌫M
µ⌫⇢

WZ
= �

AXBB

12⇡2
gXg

02
✏
µ⇢��

q�p� (6)

q⇢M
µ⌫⇢

WZ
= �

AXBB

12⇡2
gXg

02
✏
µ⌫��

q�p� . (7)

Adding together the contributions from the WZ term and
from the SM fermion triangle diagrams, we obtain a total
amplitude M ⌘ MSM +MWZ of

�(p+ q)µM
µ⌫⇢ =

AXBB

4⇡2
gXg

02
✏
⌫⇢��

p�q�

p⌫M
µ⌫⇢ = q⇢M

µ⌫⇢ = 0 , (8)

M
µ⌫⇢

⌘

X

f

Xµ f

B⌫

p !

B⇢
q !

+ X

B

B

with the SM gauge symmetry now preserved.
The motivation for adopting a symmetric regularisa-

tion scheme is that it makes clear how this amplitude,
calculated within the SM + X EFT, relates to the calcu-
lation within a UV theory. The simplest UV completion,
as discussed above, cancels the anomalies by introduc-
ing extra fermions which couple vectorially to the SM
gauge bosons, but axially to X. These obtain heavy
masses from a U(1)X -breaking, but SM-singlet, VEV.
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Dark Photon
• An attractive idea which has received a lot of attention is to postulate that the 

new light force carrier is a “dark photon”.

• The idea is that there is a new vector boson with a small mass (and thus a 
whole dark Higgs sector) under which dark matter is charged, but the SM is 
not:

• The kinetic mixing with hyper charge changes the mass basis of the states 
such that the usual massless photon remains unchanged.  However, the dark 
photon picks up a small coupling to the SM particles proportional to their 
electric charge times the kinetic mixing parameter ε:

• There is also some mixing with the Z, but for dark photon masses much less 
than the Z boson mass, this is extremely tiny and can usually be neglected.

L = �1

4
V µ⌫Vµ⌫ +

1

2
M2

V V
µVµ + i� ( 6@ � ig 6V )�+ ✏V µ⌫Bµ⌫

ge↵ ⇠
⇢

g �
eQ ✏  SM



Experimental Searches

(Jonathan’s Lecture)



Recap : Part 3
• A complex dark sector expands the complexity of the physics of dark matter.  

Given the complexity of the visible sector, it seems natural to imagine that the 
dark sector could encompass similarly rich physics.

• Dark matter could be a composite, built out of more fundamental ingredients, 
and held together either by weak (~ atomic) or strong (~ hadronic) self-
interactions.

• A light mediator allows for several different phenomena, and has become a 
standard element of the dark matter model-building tool-kit.

• They could make contact with several interesting low energy anomalies 
currently observed experimentally.

• They open up new processes for dark matter to participate in.

• They can be searched for at lower energy but higher luminosity facilities.

• While we still exploring the space of possible theories of dark matter, there is a 
rich experimental program that will explore interesting regions of parameter 
space.  There is still much more to come!



.…  ……


