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Higgs, but no New Physics at high energy thus far
(?!)

No hints for any kind of new physics. Strong 
constraints on SUSY, extra dimensions, 
technicolor resonances, etc.

Constraints on new Z’ bosons push new 
gauge groups into multi-TeV territory.

(This meeting, “sequential” Z’ is limited to 
4 TeV or heavier at the LHC) 
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Fig. 2. The invariant mass spectrum of µ+µ− (top) and ee (bottom) events. The
points with error bars represent data. The uncertainties in the data points are sta-
tistical only. The histograms represent the expectations from SM processes: Z/γ ∗ ,
tt and other sources of prompt leptons (tW, diboson production, Z → ττ ), and the
multijet backgrounds. Multijet backgrounds contain at least one jet that has been
misreconstructed as a lepton.

due to misidentified jets is 381 ± 153 (127 ± 51) for mee > 120
(200) GeV.

5.4. Cosmic ray muon backgrounds

The µ+µ− data sample is susceptible to contamination from
traversing cosmic ray muons, which may be misreconstructed as
a pair of oppositely charged, high-momentum muons. Cosmic ray
events are removed from the data sample using selection criteria
mentioned above, which eliminate events with two muons hav-
ing collinear tracks and events with muons that have large impact
parameters relative to the collision vertex. For the dimuon mass re-
gion mµµ > 200 GeV, the residual mean expected background was
estimated using two event samples. Events in one sample were se-
lected without imposing the requirement on the dimuon opening
angle and in the other sample the requirements on muon impact
parameter and on the existence of a good quality primary vertex
were not applied. The efficiencies of the remaining cuts were esti-

Fig. 3. The cumulative distribution of the invariant mass spectrum of µ+µ− (top)
and ee (bottom) events. The points with error bars represent data; the histograms
represent the expectations from SM processes.

mated using these samples and treated as uncorrelated in order to
determine the final total efficiency. This background was found to
be less than 0.2 events.

6. Dilepton invariant mass spectra

Fig. 2 shows a comparison of data and expected backgrounds
in both dimuon (top) and dielectron (bottom) mass spectra. The il-
lustrated “jets” contribution includes events where at least one jet
has been misreconstructed as a lepton. The component from events
where two jets are misreconstructed as electrons was obtained
from data. Contributions from W → eν + jet and γ + jet events
were estimated from MC simulations, as were all other back-
grounds illustrated. The relative fractions of backgrounds derived
from simulation are determined using theoretical cross sections.
Overall, these backgrounds are normalized to the data using the ra-
tio of the number of observed to expected events within a window
of 60–120 GeV, which includes the Z resonance peak. Fig. 3 shows
the corresponding cumulative distributions of the spectra for the
dimuon (top) and dielectron (bottom) samples. The expected yields
in the control region (120–200 GeV) and in the high invariant mass
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Figure 1: Upper limit on σ
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pp →Z ′X→ℓ+ℓ−X
"

with ℓ = e or µ as a function of MZ′ [17], as-
suming equal couplings for electrons and muons.
The lines labelled by Z ′

ψ and Z ′
χ are theoretical

predictions for the U(1)10+x5̄ models in Table 1
with x = −3 and x = +1, respectively, for gz

fixed by an E6 unification condition. The Z ′
SSM

line corresponds to Z ′ couplings equal to those
of the Z boson.

It is common to present results of Z ′ searches as limits

on the cross section versus MZ′ (see for example Fig. 1). An

alternative is to plot exclusion curves for fixed MZ′ values in

the cf
u−cf

d planes, allowing a simple derivation of the mass limit

within any Z ′ model. LHC limits in the cℓ
u − cℓ

d plane (ℓ = e or

µ) for different MZ′ are shown in Fig. 2 (for Tevatron limits,

see [18,6]).

The discovery of a dilepton resonance at the LHC would

determine the Z ′ mass and width. A measurement of the total

cross section would define a band in the cℓ
u − cℓ

d plane. Angular

distributions can be used to measure several combinations

of Z ′ parameters (an example of how angular distributions

improve the Tevatron sensitivity is given in [19]). Even though

the original quark direction in a pp collider is unknown, the
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Clues for new physics
1. Precision cosmology: 6 parameter model (L-CDM) correctly 

describes statistics of 106 CMB patches. 
Existence of dark matter and dark energy.
Strong evidence for inflation.

2. Neutrino masses and mixing: Give us a clue [perhaps] that 
there are new matter fields beyond SM. 
Some of them are not charged under SM.

3. Theoretical puzzles: Strong CP problem, vacuum stability, hints 
on unification, smallness of mh relative to 
highest scales (GUT, MPlanck)

4. “Anomalous results”: muon g-2, “proton radius puzzle”, “B-
physics anomalies”, small scale CDM problems…

  



Coupling vs mass scale
In 2012-2013 LHC experiments discovered a new particle (Higgs boson) and a new 
force (Yukawa force). What do we know about forces in nature ? 
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Let us classify possible connections between Dark sector and SM
H+H (l S2 + A S) Higgs-singlet scalar interactions (scalar portal)
BµnVµn “Kinetic mixing” with additional U(1)’ group
(becomes a specific example of Jµ

i Aµ extension)
LH N neutrino Yukawa coupling, N – RH neutrino  
Jµ

i Aµ requires gauge invariance and anomaly cancellation
It is very likely that the observed neutrino masses indicate that 

Nature may have used the LHN portal… 
Dim>4
Jµ

A  ¶µ a /f      axionic portal

……….
Owing to small couplings, such particles are called “dark sector”

Do not assume new physics is heavy – put 
it back in the effective Lagrangian



“Simplified model” for dark sector
(Okun’, Holdom,…)

§ “Effective” charge of the “dark sector” particle c is Q = e × e
(if momentum scale q > mV ). At q < mV one can say that 
particle c has a non-vanishing EM charge radius, . 

§ Dark photon can “communicate” interaction between SM and 
dark matter. It represents a simple example of BSM physics. 6

�
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Figure 1: The interaction through the exchange by a mixed � � A⇥ propagator between the
SM particles and particles ⌅ charged under new U(1)⇥ group. In the limit of mA� ⇧ 0 the
apparent electromagentioc charge of ⌅ is e⇥.

In the simplest example, a new fermionic field charged under both U(1)’s will gener-
ate an additional contribution to the mixing angle that scales as �⇥ ⇤ g⇥e/(12⇤2) ⇥
log(⇥2

UV /M)2. In principle, the two sectors can be ”several loop removed”, so that one
can entertain a wide range of mixing angles.

2. If both groups are unbroken, mV ⇧ 0, then ⌅ represent the ”millicharged particles”
with electric charge q� = e⇥. For mV ⌥= 0, at |q2| < m2

V , the particles ⌅ can be thought
of as neutral particles with a non-vanishing electric charge radius, r2� ⌃ 6⇥m�2

V . The
diagram, describing basic interaction between the two sectors is shown in Fig. 1.

3. If there are no states charged under U(1)⇥ (or they are very heavy), and mV is taken to
be zero, then the two sectors decouple even at non-zero ⇥. This leads to the suppression
of all interactions for a dark photon inside a medium, if mV becomes smaller than the
characteristic plasma frequency, and all processes with emission or aborption of dark
photons decouple as ⇤ m2

V [8].

4. New vector boson, interacting with the SM via the electromagnetic current, conserves
all discrete symmetries (parity, flavour, CP etc). Also, importaintly, A⇥ does not couple
directly to neutrinos. As a consequence, the interaction strength due to the exchange of
A⇥ can be taken to be stronger than that of weak interactions, (e⇥)2/m2

A� ; (e⇥g⇥)/m2
A� ⌅

GF . This property proves very useful in constructing the light dark matter models with
the use of vector portal.

Although this model was known to theorists and well-studied over the years (e.g. Refs.
[9,10]), a revival of interest to models based on kinetically-mixed A⇥ occurred in last 10 years,
as a response to various astrophysical anomalies, that this model allows to explain in terms
of weakly-interacting dark matter. Subsequent searches of the dark photon triggered new
analyses of the past or existing experiments [11–20], and generated new dedicated experi-
ments in di⇤erent stages of implementation [21–24]. In this chapter, we are going to show
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1.1 Kinetic mixing

Consider a QED-like theory with one (or several) extra vector particle(s), coupled to the
electromagnetic current. A mass term, or in general a mass matrix for the vector states, is
protected against additive renormalization due to the conservation of the electromagnetic
current. If the mass matrix for such vector states has a zero determinant, det(M2

V ) = 0, then
the theory contains one massless vector, to be identified with a photon, and several massive
vector states.

This is the model of ‘paraphotons’, introduced by Okun in early 1980s [6], that can be
reformulated in equivalent language using the kinetic mixing portal. Following Holdom [7],
one writes a QED-like theory with two U(1) groups, supplemented by the cross term in the
kinetic Lagrangian, and a mass term for one of the vector fields.

L = L⌅,A + L⇤,A� � ⇥

2
Fµ⇥F

�
µ⇥ +

1

2
m2

A�(A�
µ)

2. (1.1)

L⌅,A and L⇤,A� are the standard QED-type Lagrangians,

L⌅,A = �1

4
F 2
µ⇥ + ⌅̄[�µ(i⌥µ � eAµ)�m⌅]⌅

L⇤,A� = �1

4
(F �

µ⇥)
2 + ⇤̄[�µ(i⌥µ � g�A�

µ)�m⇤]⇤, (1.2)

with Fµ⇥ and F �
µ⇥ standing for the fields strength tensors. States ⌅ represent the QED

electron fields, and states ⇤ are similar particles, charged under ”dark” U(1)�. In the limit
of ⇥ ⇧ 0, the two sectors become completely decoupled. In eq. (1.1), the mass term for A�

explicitly breaks the second U(1), but is protected from additive renormalization, and hence
is technically natural. Using the equations of motion, ⌥µFµ⇥ = eJEM

⇥ , the interaction term
can be rewritten as

� ⇥

2
Fµ⇥F

�
µ⇥ = A�

µ ⇥ (e⇥)JEM
µ , (1.3)

showing that the new vector particle couples to the electromagnetic current with strength,
reduced by a small factor ⇥. The generalization of (1.1) to the SM is straightforward, by
subsituting the QED U(1) with the hypercharge U(1) of the SM.

There is a multitude of notations and names referring to one and the same model. We
shall call the A� state as ”dark photon”. It can also be called as V (Y ), a vector state coupled
to the hypercharge current. We choose to call the mixing angle ⇥, and throughout this
chapter assume ⇥ ⌅ 1. In contrast, one does not have to assume a smallness of g� coupling,
which can be comparable to the gauge couplings of the SM, g� ⇤ gSM.

Athough the model of this type is exceedingly simple, one can already learn a number of
instructive features.

1. The mixing parameter ⇥ is dimensionless, and therefore can retain information about
the loops of charged particles at some heavy scale M without power-like decoupling.
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3. If there are no states charged under U(1)⇥ (or they are very heavy), and mV is taken to
be zero, then the two sectors decouple even at non-zero ⇥. This leads to the suppression
of all interactions for a dark photon inside a medium, if mV becomes smaller than the
characteristic plasma frequency, and all processes with emission or aborption of dark
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Although this model was known to theorists and well-studied over the years (e.g. Refs.
[9,10]), a revival of interest to models based on kinetically-mixed A⇥ occurred in last 10 years,
as a response to various astrophysical anomalies, that this model allows to explain in terms
of weakly-interacting dark matter. Subsequent searches of the dark photon triggered new
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A – photon, A’ – “dark photon”, 
y - an electron, c - a DM state, 
g’ – a “dark” charge



Some speculative motivations for new 
states/new forces below GeV

1. A 1.5 decade old discrepancy of the muon g-2. 
2. Discrepancy of the muonic hydrogen Lamb shift.
3. Decade old intriguing results in astrophysics. 511 keV line, 

PAMELA (+Fermi, AMS2) positron rise.
4. Too-big-to-fail etc problems of CDM + solution via a DM self-

interaction (re-scattering) via a light mediator. 
5. Other motivations (most recently, a claim of new particles in the 

decay of the 18.15 MeV state in 8Be). 
6. Lowest bin RK*  anomaly? 
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Muon g-2 and search for dark photons

�
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e
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Figure 2: One-loop correction to the muon magnetic moment due to dark photon exchange
diagram.

3.1 A possibility of extra U(1)s in top-down physics, and natural range for
masses and mixing angles

3.2 Putative solution to the muon g � 2 discrepancy

The persistent discrepancy of the measured muon g � 2 and the standard model (SM)
prediction at the level of ⇤3⌅ [44] has generated a lot of experimental and theoretical activity
in search of a possible explanation. The intense scrutiny of the SM contributions to the
g � 2 has not produced any obvious candidate for an extra contribution �ae ⇤ +3 ⇥ 10�9

that would cover a theoretical shortfall and match the observed value. Among the new
physics explanations for this discrepancy are weak scale solutions [45], as well as possible
new contributions from light and very weakly coupled new particles (see, e.g., [13, 46, 47]).
With the LHC continuously squeezing the available parameter space for the weak-scale g�2-
relevant new physics, solutions with light particles appear as an attractive opportunity.

It is easy to see that light vector particles coupled to muons via vector portal provide an
upward correction to the g � 2. In most models the new vector particle does not have an
axial-vector coupling to charged leptons, and the simple one loop diagram, Fig. 2 gives a
positive correction to the magnetic anomaly

aVl =
�

2⇤

�
g⇥

e

⇥2

⇥
⌃ 1

0

dz
2m2

l z(1� z)2

m2
l (1� z)2 +m2

V z
=

�

2⇤

�
g⇥

e

⇥2

⇥

⇤
⇧

⌅
1 for ml ⇧ mV ,

2m2
l /(3m

2
V ) for ml ⌅ mV .

(3.1)
In this expression, g⇥/e is the strength of Vµ coupling to the muon vector current in units
of electric charge. For the kinetically-mixed dark photon A⇥, g⇥/e = ⇥. For the choice of
⇥ ⇤ few⇥10�3 at mV ⇤ mµ, the new contribution is capable to bring theory and experiment
in agreement. Since 2008, a lot of experimental and theoretical work has been done that
scrutinized this possibility. The following picture has emerged:
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FIG. 6. Parameter space for dark photons (A⇥) with mass mA0 > 1 MeV (see Fig. 7 for

mA0 < 1 MeV). Shown are existing 90% confidence level limits from the SLAC and Fermilab

beam dump experiments E137, E141, and E774 [116–119] the electron and muon anomalous mag-

netic moment aµ [120–122], KLOE [123] (see also [124]), WASA-at-COSY [125], the test run results

reported by APEX [126] and MAMI [127], an estimate using a BaBar result [116, 128, 129], and a

constraint from supernova cooling [116, 130, 131]. In the green band, the A⇥ can explain the ob-

served discrepancy between the calculated and measured muon anomalous magnetic moment [120]

at 90% confidence level. On the right, we show in more detail the parameter space for larger values

of �. This parameter space can be probed by several proposed experiments, including APEX [132],

HPS [133], DarkLight [134], VEPP-3 [135, 136], MAMI, and MESA [137]. Existing and future

e+e� colliders such as BABAR, BELLE, KLOE, SuperB, BELLE-2, and KLOE-2 can also probe

large parts of the parameter space for � > 10�4 � 10�3; their reach is not explicitly shown.

string theory constructions can generate much smaller �. While there is no clear minimum

for �, values in the 10�12 � 10�3 range have been predicted in the literature [140–143].

A dark sector consisting of particles that do not couple to any of the known forces and

containing an A⇥ is commonplace in many new physics scenarios. Such hidden sectors can

have a rich structure, consisting of, for example, fermions and many other gauge bosons.

The photon coupling to the A⇥ could provide the only non-gravitational window into their

existence. Hidden sectors are generic, for example, in string theory constructions [144–147].

and recent studies have drawn a very clear picture of the di�erent possibilities obtainable in

type-II compactifications (see dotted contours in Fig. 7). Several portals beyond the kinetic

21

Dark photon with kinetic mixing 
~ 10-3 is the simplest model that 
can account for anomalous  
Daµ~3 10-9, MP, 2008

Search for dark photons (A’à e+e-) 
has become an important part of the 
intensity frontier program, Snowmass 
exercise, Minneapolis, 2013

By 2018, there is a large community in 
place (”Cosmic Vision” summary, 100s 
of authors, 2017), where the search for 
dark photon is one of the priorities. 



Dark sectors may contain different types 
of dark matter

At some early cosmological epoch of hot Universe, with temperature      
T >> DM mass, the abundance of these particles relative to a species of 
SM (e.g. photons) was

Normal: Sizable interaction rates ensure thermal equilibrium, NDM/Ng =1. Stability of 
particles on the scale tUniverse is required. Freeze-out calculation gives the required 
annihilation cross section for DM --> SM of order ~ 1 pbn, which points towards weak 
scale. These are WIMPs. Asymmetric DM is also in this category.

Very small: Very tiny interaction rates (e.g. 10-10 couplings from WIMPs). Never in 
thermal equilibrium. Populated by thermal leakage of SM fields with sub-Hubble rate 
(freeze-in) or by decays of parent WIMPs. [Gravitinos, sterile neutrinos, and other 
“feeble” creatures – call them superweakly interacting MPs] 

Huge: Almost non-interacting light, m< eV, particles with huge occupation numbers 
of lowest momentum states, e.g.  NDM/Ng ~1010. “Super-cool DM”. Must be bosonic. 
Axions, or other very light scalar fields – call them super-cold DM.

Mass ? Case 1 and 2, mDM > keV,       Case 3 – there is no bottom (down to 10-21 eV)
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Examples of DM-SM mediation
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If dark matter annihilation is mediated by weak scale particles, the mass 
of dark matter is confined to ~ 10 –to-10000 GeV (Lee, Weinberg) 
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Search for WIMP-nucleus scattering
(latest LUX, XENON 1T and PANDA-X results)

§ Possibility of light mediators opens up parameter space below MWIMP
< GeV, below a lower end of the so-called Lee-Weinberg window.

What about MeV 
mass range ?

• The minimal dark photon model, with no light particles charged under U(1)⇥ is excluded
(or close to be excluded) by experiments. The most di⌅cult part of the parameter
space, the vicinity of mA� ⇤ 30 MeV, has been finally ruled out as a solution to the
g � 2 puzzle only recently [18,20].

• A slightly extended model of dark photon, can still o⇥er a solution to the g � 2 dis-
crepancy. A⇥ ⌃ ⇥⇥̄ decay, for example, can dilute ”visible” A⇥ ⌃ e�e+ modes. In any
case, it appears that mA� < 200 MeV is required [48].

• Finally, the least constrained model is based on gauged Lµ�L⇥ vector portal [27,28,30],
and the vector mass belowmV ⇤ 400 MeV can still be considered as a potential solution
to the muon g � 2 discrepancy [49,50].

To summarize, the light vector particle remains an attractive solution to the muon g� 2
discrepancy, and more experimental work is required to exclude this possibility in as much
a model-independent way as possible.

3.3 Mediator of interaction with DM (both heavy and light)

Vector portals may have an interesting relation to dark matter. In the last few years, the
direct searches for dark matter have intensified, paralleled by the broad investation of the-
oretical opprtunities for dark matter. Weakly interacting dark matter (WIMP) paradigm
o⇥ers perhaps the largest number of opportunities for the experimental discovery of dark
matter via its non-gravitational interaction. In the standard WIMP paradigm, known from
1970s [51,52], the correct cosmological abundance of dark matter is achieved via its self an-
nihilation at high temperatures, T ⇤ m⇤, where m⇤ is the WIMP mass. Simple calculations
show that the required WIMP abundance is achieved if

�annih(v/c) ⇤ 1 pbn =� �DM ⌥ 0.25, (3.2)

where v/c is the approximate relative velocity at the time of annihilation. The nature of a
force responsible for the self-annihilation of WIMPs to the SM states is important. It sets
the size of the self-annihilation cross section, and ultimately the abundance of WIMP dark
matter. If the interactions are mediated by forces that have the weak strength, and operate
with the exchange of the weak scale particles, then for small and large masses one would
expect the following scaling with the WIMP mass,

�(v/c)  

�
⇤

⇥
G2

Fm
2
⇤ for m⇤ ⌅ mW ,

1/m2
⇤ for m⇤ ⇧ mW .

=� few GeV < m⇤ < few TeV (3.3)

This famously determines the so-called ”Lee-Weinberg window”, or the mass range for the
DM in the assumption of weak-scale mediators. According to this logic, MeV-GeV scale
dark matter is disfavored.
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� ⇤ �⇥

⇤

⇤⇥
e�

e+

Figure 3: Light (m� ⇥ few MeV) scalar dark matter annihilating to electron-positron pairs
due to mixed ⇥ � A� propagator. The annihilation occurs in the p-wave.

The crucial piece of assumption in the argument above is link between the weak scale
and the mass of the mediator particles. As was argued in previous sections, some vector
portal do allow interaction strengths much in excess of GF . This, in turn opens the door for
the construction of rather natural models of light dark matter, which can be made as light
as MeV [53]. It is important to realize that such WIMPs fall under the category of dark
matter that is extremly di⇥cult to discover via direct scattering of galactic DM particles on
atoms [54], and therefore alternative ways of covering this mass range have to be provided.

On the phenomenological side, the light dark matter can be behind an unexpectedly
strong emission of 511 keV photons from the galactic bulge, as observed by the SPI/INTEGRAL
[55]. It is presently unclear whether New Physics needs to be invoked for the explanation of
such emission, and we refer readers to the on-going debate in the literature [56]. Nonetheless,
the dark matter-related origin of 511 keV excess can be entertained, supplying the nonrela-
tivistic or semi-relativistic positrons from the DM annihilation or decay [57]. For example,
scalar dark matter charged under new U(1)� with masses in m� ⇥few MeV range can pass all
the existing constraints [53], and supply the requisit source for positrons. Direct calculations
in the model where mediation of the SM-DM interaction occurs due to the dark photon, Fig.
3, gives the annihilation cross-section in the form

⇧annih(v/c) ⌅
4⌅

3
�D�⇤

2v2
m2

�

(m2
A� � 4m2

�)
2
. (3.4)

Here �D = (g�)2/(4⌅), and m� ⇤ me is assumed. MP: I need to check the numerical
coe�cient. The extra factor of velocity square in this formula is indicative of the p-wave
annihilation, and is what ulmitately allows this model escaping strong constraints on light
dark matter annihilation imposed by the accurate measurements of CMB anisotropies. The
least constrained region of the parameter space corresponds to very light mediators, mA� <
100 MeV, and 2m� < mA� . With this choice of parameters, ⇧annih(v/c) can be significantly
larger than 1 pbn, making MeV-scale dark matter possible.

Another prominent subject where the DM-related explanation have attracted a lot of at-
tention is the observation of the increase with energy in the fraction of high-energy postrons in
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the nonrelativistic or semi-relativistic positrons from the DM annihilation or decay [59]. For
example, scalar dark matter charged under new U(1)0 with masses in m� ⇠few MeV range
can pass all the existing constraints [55], and supply the requisit source for positrons. Direct
calculations in the model where mediation of the SM-DM interaction occurs due to the dark
photon, Fig. 3, gives the annihilation cross-section in the form

�
annih

(v/c) ' 8⇡↵↵D✏2(m2

� + 2m2

e)v
2

3(m2

A0 � 4m2

�)
2

q
1�m2

e/m
2

�. (3.4)

Here ↵D = (g0)2/(4⇡), and m� � me is assumed. The extra factor of the relative velocity
square in this formula is indicative of the p-wave annihilation, and is what ulmitately allows
this model escaping strong constraints on light dark matter annihilation imposed by the
accurate measurements of CMB anisotropies. The least constrained region of the parameter
space corresponds to very light mediators, mA0 < 100 MeV, and 2m� < mA0 . With this
choice of parameters, �

annih

(v/c) can be significantly larger than 1 pbn, making MeV-scale
dark matter possible.

Another prominent subject where the DM-related explanation have attracted a lot of
attention is the observation of the increase with energy in the fraction of high-energy postrons
in the total astrophysical flux. In 2008, the results of PAMELA satellite showed [60,61] that
the fractions of galactic anti-proton flux, np̄/(np + np̄), as a function of energy, behaves
according to the fiducial expectations of the astrophycal modelling of cosmic ray origin and
propagation. In contrast, the corresponding fraction of positrons, nē/(ne + nē), exhibited
a significant upturn above E > 10 GeV, prompting speculations about the necessity of
additional primary sources of energetic positrons. This measurement was independently
confirmed through FERMI-LAT observations [62], and brought to the new level of accuracy
by the AMS-2 experiment [63]. The annihilation of heavy dark matter with m� > MW

could be a theoretically attractive source of such positrons. Yet, the simplest WIMP models
do not fit the positron excess because of the two problem. The required annihilation rate
capable of supplying the positron excess is above the WIMP freeze-out annihilation rate by
⇠ two orders of magnitude. In addition, models where the final state annihilation products
are heavy SM particles (b, t, W, Z, h) will necessarily produce antiprotons, and therefore
are tightly constrained by np̄/(np + np̄).

It was soon realized that these problems can be rather e�ciently circumvented if the
heavy WIMP dark matter is interacting with the SM via relatively light mediators [64, 65],
and the DM!SM annihilation occurs via an intermediate stage of light mediators, Fig. 4.
In particular, for the light vector mediator one finds that

• The WIMP dark matter abundance is regulated via ��̄ ! V V ! SM particles annihi-
lation process. If mV is su�ciently light, then the v ⇠ 0.3c and v ⇠ 10�3c annihilation
regimes (freeze-out vs galactic environment) can be markedly di↵erent. The existence
of dark-force-induced attraction between WIMP and anti-WIMP particles creates a

11



“Simplified models” for light DM
some examples

§ Scalar dark matter talking to the SM via a “dark photon” 
(variants: Lmu-Ltau etc gauge bosons). With 2mDM < mmediator.

§ Fermionic dark matter talking to the SM via a “dark scalar” 
that mixes with the Higgs. With mDM > mmediator.

After EW symmetry breaking S (“dark Higgs”) mixes with 
physical h, and can be light and weakly coupled provided that 
coupling A is small. 

Take away point: these models have both stable (DM) and 
unstable (mediator) light weakly coupled particles. 12

�� =
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How to look for light WIMP DM and light 
mediator particles ? 

1. Produce light dark matter/mediator in a beam dump experiment, and 
detect its subsequent scattering/decay in a large [neutrino] detector

2. Detect missing energy associated with DM produced in collisions of 
ordinary particles

3. Detect scattering of light ambient DM on electrons, and keep 
lowering the thresholds in energy deposition.

All three strategies are being actively worked on, and pursued by several 
ongoing and planned experiments. 
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If dark photon decays invisibly, for example to a pair of DM 
particles, the search for dark photon is the search for “anomalous 
energy loss”, such e+e- à g + A’ à g + cc

§ Complementary results from NA64, BaBar and Kaon decays
§ Covers all of the dark photon parameter space, decaying invisibly, 

consistent with alleviating the muon g-2 discrepancy

Constraints on invisibly decaying “dark photons”

6
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the frequentist profile-likelihood limits [29]. Figure 5
compares our results to other limits on " in channels
where A0 is allowed to decay invisibly, as well as to the
region of parameter space consistent with the (g � 2)µ
anomaly [5]. At each value of mA0 we compute a limit
on " as a square root of the Bayesian limit on "2 from
Fig. 4. Our data rules out the dark-photon coupling as
the explanation for the (g�2)µ anomaly. Our limits place
stringent constraints on dark-sector models over a broad
range of parameter space, and represent a significant im-
provement over previously available results.
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chine conditions provided by our PEP-II colleagues, and
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p + p(n) �⇥ V � �⇥ �̄�

Fixed target probes - Neutrino Beams

30

⇤0, ⇥ �⇥ V � �⇥ ⌅̄⌅�
� + N � � + N

proton 
beam

(near) 
detector

� + e� � + e

We can use the neutrino (near) detector as a dark matter 
detector, looking for recoil, but now from a relativistic 
beam. E.g.

MINOS
120 GeV protons

1021 POT
1km to (~27ton) 

segmented detector

MiniBooNE
8.9 GeV protons

1021 POT
540m to (~650ton) 
mineral oil detector

T2K
30 GeV protons

(! ~5x1021 POT)
280m to on- and off-

axis detectors

Proposed in Batell, MP, Ritz, 2009. Strongest constraints on MeV DM
(UMN alumni)
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The MiniBooNE-DM collaboration searched for vector-boson mediated production of dark matter
using the Fermilab 8 GeV Booster proton beam in a dedicated run with 1.86⇥1020 protons delivered
to a steel beam dump. The MiniBooNE detector, 490 m downstream, is sensitive to dark matter
via elastic scattering with nucleons in the detector mineral oil. Analysis methods developed for
previous MiniBooNE scattering results were employed, and several constraining data sets were
simultaneously analyzed to minimize systematic errors from neutrino flux and interaction rates. No
excess of events over background was observed, leading to an 90% confidence limit on the dark-
matter cross section parameter, Y = ✏2↵0(m�/mv)

4 . 10�8, for ↵0 = 0.5 and for dark-matter
masses of 0.01 < m� < 0.3 GeV in a vector portal model of dark matter. This is the best limit from
a dedicated proton beam dump search in this mass and coupling range and extends below the mass
range of direct dark matter searches. These results demonstrate a novel and powerful approach to
dark matter searches with beam dump experiments.

PACS numbers: 95.35.+d,13.15.+g

Introduction — There is strong evidence for dark mat-
ter (DM) from observations of gravitational phenomena
across a wide range of distance scales [1]. A substantial
program of experiments has evolved over the last sev-
eral decades to search for non-gravitational interactions
of DM, with yet no undisputed evidence in this sector.
Most of these experiments target DM with weak scale
masses and are less sensitive to DM with masses below a
few GeV. To complement these approaches, new search
strategies sensitive to DM with smaller masses should be
considered [2].

Fixed-target experiments using beams of protons or
electrons can expand the sensitivity to sub-GeV DM that
couples to ordinary matter via a light mediator parti-
cle [3–18]. In these experiments, DM particles may be
produced in collisions with nuclei in the fixed target, of-
ten a beam dump, and may be identified through interac-
tions with nuclei in a downstream detector. Results from
past beam dump experiments have been reanalyzed to

Be

Target

Earth

Air

Decay Pipe

Steel

Beam Dump

MiniBooNE Detector

p
⇡0

V

�

�†

�
N

�
50m 4m 487m

FIG. 1. Schematic illustration of this DM search using the
the Fermilab BNB in o↵-target mode together with the Mini-
BooNE detector. The proton beam is steered above the beryl-
lium target in o↵-target mode lowering the neutrino flux.

place limits on the parameters within this class of models.
In this Letter, we report on the first dedicated search of
this type (proposed in [6]), which employs 8 GeV protons
from the Fermilab Booster Neutrino Beam (BNB), re-
configured to reduce neutrino-induced backgrounds, com-
bined with the downstream MiniBooNE (MB) neutrino
detector (Fig. 1).
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Comparing to other experiments
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New project in the US: LDMX
parameter space in these models corresponds to DM-mediator coupling strengths that are
SM-like.

It is worth noting that the dimensionless variable y is no longer a suitable parameter for
presenting results when m� > mA0 , as the DM annihilation proceeds trough ��̄ ! A0A0,
independent of the kinetic mixing strength. However, accelerators can still probe interesting
parameter space through o↵-shell DM production and through direct mediator searches,
where the mediator decays back to Standard Model Final States. The present status and
prospects for visibly-decaying A0 searches are shown in Fig. 22. These searches are set to
continue testing the top-down motivated values of ✏ in the near future.
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DarkLight
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NA64

(g-
2)e

PADME

(g-
2)μ +

2σ

LDMX

1 10 102 103
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10-6

10-5

10-4

mA' [MeV]

ϵ2

Invisibly Decaying Dark Photon A' → χχ

FIG. 18: Current constraints (shaded regions) and sensitivity estimates (dashed lines) on the SM-
mediator coupling ✏ = gSM/e, for various experiments based on the missing mass, missing energy
and missing momentum approaches. The green band show the values required to explain the muon
(g-2)µ anomaly [53]. Right: Corresponding curves on the parameter y, plotted alongside various
thermal relic target. These curves assumes mA0 = 3m� and ↵D = 0.5. For larger mass ratios or
smaller values of ↵D, the experimental curves shift downward, but the thermal relic target remains
invariant. The asymmetric DM and ELDER targets (see text) are also shown as solid orange and
magenta lines, respectively. Courtesy G. Krnjaic.

H. Summary and key points

This chapter has reviewed the science case for an accelerator-based program and outlined
a path forward to reach decisive milestones in the paradigm of thermal light DM. The key
points of the discussion could be summarized as follows:

• The scenario in which DM directly annihilates to the SM defines a series of predictive,
well-motivated and bounded targets. Exploring this possibility is an important
scientific priority.

• A new generation of small-scale collider and fixed-target experiments is needed to
robustly test this scenario. The accelerator-based approach has the attractive
feature of o↵ering considerable model-independence in its sensitivity to the details of
the dark sector, and can uniquely probe all predictive models.
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3

II. VECTOR PORTAL LIGHT DARK MATTER

Hidden sectors with MeV–GeV light DM are a simple,
natural, and widely considered extension of the Standard
Model. Such sectors remain weakly constrained experi-
mentally, though they have been studied in many con-
texts – for example to address anomalies in dark mat-
ter direct and indirect detection [62–66], resolve puz-
zles in simulations of structure formation [67, 68], mod-
ify the number of relativistic species in the early uni-
verse [69, 70], explain the “cosmological coincidence”
between dark and visible energy-densities [17, 18], re-
solve the proton charge radius and other SM anomalies
[71–75], and explore novel hidden-sector phenomenology
[25, 64, 69, 76–97].

The elaborate parameter space for this large class of
theories motivates a simplified-model approach for char-
acterizing experimental bounds and projecting the sensi-
tivities of future searches. To be concrete, we consider a
simple dark sector consisting of a Dirac fermion DM par-
ticle � with unit charge under a spontaneously broken
abelian gauge group U(1)

D

. The most general renormal-
izable Lagrangian for this scenario contains

L
D

� ✏
Y

2
F 0
µ⌫

B
µ⌫

+
m2

A

0

2
A0

µ

A0µ + �̄(i 6D �m
�

)�, (2)

where A0 is the U(1)
D

gauge boson, F 0
µ⌫

= @[µ,A
0
⌫]

and B
µ⌫

= @[µ,B⌫] are the dark and hypercharge field
strength tensors, and m

�,A

0 are the appropriate dark
sector masses. The covariant derivative D

µ

⌘ @
µ

+
ig

D

A0
µ

contains the coupling constant g
D

, and we define
↵
D

⌘ g2
D

/4⇡ in analogy with electromagnetism. The A0-
hypercharge kinetic mixing parameter ✏

Y

is expected to
be small (✏ ⌧ 1) because it most-naturally arises at loop
level if any particles in nature carry charges under both
U(1)

Y

and U(1)
D

.
After electroweak symmetry breaking, the hypercharge

field is B
µ

= cos ✓
W

A
µ

� sin ✓
W

Z
µ

in the mass eigenba-
sis, so the kinetic mixing between dark and visible pho-
tons becomes ✏

2F
0
µ⌫

F
µ⌫

, where ✏ ⌘ ✏
Y

cos ✓
W

and ✓
W

is the weak mixing angle. Diagonalizing the A,A0 field
strengths, thus, gives all charged SM particles U(1)

D

mil-
licharges proportional to ✏e; any photon in a QED Feyn-
man diagram can be replaced with an A0, with its cou-
pling to SM states rescaled by ✏. This simplified model
serves as a useful avatar for a generic dark sector be-
cause its parameter space can easily be reinterpreted to
constrain many other, more elaborate scenarios.

Beyond its role as a convenient parametrization for
more general sectors, this scenario is also a self-contained,
renormalizable theory of dark matter. If the DM is
particle-antiparticle symmetric and m

A

0 > m
�

, the relic
density is set by ��̄ annihilation to SM final states, which
yields the observed abundance for

✏2 ' 1.3 ⇥ 10�8
⇣ m
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⌘4
✓
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FIG. 3: Radiative production of an A0 in a coherent electron-
nucleus collision followed by a prompt decay to dark sector
invisible states A0 ! �̄�. Production of �̄� can also proceed
through an o↵-shell A0 with an extra surpression of ↵D/⇡.

The mass hierarchy m
A

0 > m
�

and resulting dominant
��̄ ! e+e� annihilation channel allow this scenario to
remain compatible with CMB constraints (see below)1.
Larger values of ✏ yield ⌦

�

< ⌦
DM

, so � can still be a
subdominant fraction of the dark sector, but smaller val-
ues overclose the universe if � was ever in thermal equi-
librium with the visible sector, so this places a generic
constraint on the parameter space. Indeed, even if the
initial � population is matter-asymmetric, the annihila-
tion rate must still exceed the thermal-relic value to erase
the matter-symmetric ��̄ population. The lowest black
curve in Fig. 6 is the region for which which a thermal
relic � constitutes all of the dark matter for m

A

0 = 3m
�

and ↵
D

= 1. For lower ↵
D

or a greater m
A

0/m
�

ra-
tio, the relic density curve moves upward on the plot, so
experimentally probing down to this diagonal su�ces to
cover the entire parameter space for which the DM-SM
coupling is appreciable enough to keep the � relic density
below ⌦

DM

. The condition for � to thermalize with the
radiation in the early universe is,

✏2 ⇠ T 2H(T )

↵↵
D

n
e

(T )

����
T=2m�

⇠> 2.1 ⇥ 10�17
⇣ m

�

10 MeV

⌘✓ 0.1

↵
D

◆
, (4)

assuming m
A

0 ⇠ m
�

. The parameter space along the
relic density curve in Fig. 6 (black, solid) trivially satis-
fies this requirement over the full MeV-GeV range, so �
will have a thermal abundance in the early universe, and
the only viable parameter space is above the relic density
curve.

Beam-Dump Constraints
The parameter space for an invisibly decaying A0 in the
MeV-GeV mass range is constrained by various electron
and proton beam dump experiments. The strongest con-
straint over most of this range comes from the LSND

1 If mA0 < m�, the dominant annihilation channel is �̄� ! A0A0,
which is not suppressed by ✏, is more readily constrained by late
time CMB measurements, and easily leads to thermal underpro-
duction in the early universe unless ↵D ⌧ ↵. In this region of
parameter space, A0 decays visibly and doesn’t contribute to the
observables considered in this paper.
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FIG. 1: Sensitivity projection for a Tungsten-based missing
energy-momentum experiment in a JLab-style setup with an
11 GeV electron beam (red curves, color online) for variations
of Scenario B described in Sec. V and illustrated schemati-
cally in Fig. 2b. The upper-most curve labeled I (red, solid)
represents the 90 % confidence exclusion (2.3 event yield with
zero background) of an experiment with target thickness of
10�2X0 and 1015 EOT, the middle curve labeled II (red,
dashed) represents the same exclusion for an upgraded ex-
periment with 1016 EOT and a thicker target of 10�1X0 with
varying PT cuts on the recoiling electron in di↵erent kine-
matic regions (see Sec. V for details), and the lowest curve
labeled III (red, dotted) represents an ultimate target for this
experimental program assuming 3 ⇥ 1016 EOT and imposing
the highest signal-acceptance PT cuts on the recoiling elec-
tron. Here X0 is the radiation length of the target material.
The dotted magenta curve labeled IV is identical to curve
III, only with 1018 EOT, at which one event is expected from
the irreducible neutrino trident background. Also plotted are
the projections for an SPS style setup [20] using our Monte
Carlo for 109 and 1012 EOT. The black curve is the region
for which the � has a thermal-relic annihilation cross-section
for mA0 = 3m� assuming the aggressive value ↵D = 1; for
smaller ↵D and/or larger mA0/m� hierarchy the curve moves
upward. Below this line, � is generically overproduced in
the early universe unless it avoids thermal equilibrium with
the SM. The kinks in the black curves correspond to thresh-
olds where muonic and hadronic annihilation channels become
open; data for hadronic annihilation is taken from [21]. Com-
bined with the projected sensitivity of Belle-II with a mono-
photon trigger [22], the missing energy-momentum approach
can decisively probe a broad class of DM models. With-
out making further assumptions about dark sector masses or
coupling-constants, this parameter space is only constrained
by (g � 2)e [23, 24], and (g � 2)µ [25]. If m0

A � m�, there are
additional constraints from on-shell A0 production in associ-
ation with SM final states from BaBar [22, 24], BES (J/ )
[26], E787 (K+) [27], and E949 (K+) [28].

proposal of [20]) and has sensitivity that extends beyond
any existing or planned experiment by several orders of
magnitude, in a manner largely insensitive to model de-
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a)
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Production in Target

A0

Z

e�

e�

�

�̄A0

FIG. 2: a) Schematic diagram of Scenario A described in
Sec. IV. Here a single electron first passes through an up-
stream tagger to ensure that it carries high momentum. It
then enters the target/calorimeter volume, and radiatively
emits an A0, which carries away most of the beam energy
and leaves behind a feeble electron in the final state. b)
Schematic diagram of Scenario B described in Sec. V. In this
scenario, the target is thin to reduce straggling and charged-
current neutrino reaction backgrounds, the calorimeter is spa-
tially separated from the target itself to allow clean identifi-
cation of single charged particle final states. Additionally,
the energy-momentum measurement of the recoil electron is
used for signal discrimination, to reduce backgrounds associ-
ated with hard bremsstrahlung and virtual photon reactions,
and to measure residual backgrounds in situ with well-defined
data-driven control regions. For both scenarios, the produc-
tion mechanism in the target is depicted in Fig. 3.

tails.

Section II summarize our benchmark model for light
dark matter interacting with the standard model through
its coupling to a new gauge boson (“dark photon”) that
kinetically mixes with the photon, and summarizes ex-
isting constraints. Section III summarizes the essential
kinematic features of dark photon and light DM produc-
tion. Section IV evaluates the ultimate limits of a fixed-
target style missing energy-momentum approach based
on calorimetry alone, and in particular identifies impor-
tant physics and instrumental backgrounds. Section V
describes our proposal for a missing energy-momentum
experiment that can mitigate backgrounds using kine-
matic information and near-target tracking. Section VI
summarizes our findings and highlights important direc-
tions for future work.

From Izaguirre et al 2014, Battaglieri et al 2017

Small coupling
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Future [monster-size] direction
To improve on sensitivity to light dark matter in beam dump/fixed target 
experiments.

SHIP proposal at CERN: over 1021 of 400 GeV protons on target

!"#$%&'()%*+,'&*#-,.%/)0%1-2+.%/345% 8%

The SHiP experiment 
( as implemented in Geant4 ) 

SHiP may become the most important project at CERN after LHC



Search for Heavy Neutral Leptons
§ Production channel is through charm pp à c cbar à NR. (NR are 

often called Heavy Neutral Leptons, or HNL)
§ Detection is through their occasional decay via small mixing 

angle U, with charged states in the final state, e.g. p+µ-, p-µ+, etc.
§ Decays are slow, so that the sensitivity is proportional to 

(Mixing angle)4. Massive improvements over old ressults
possible. Low-scale leptogenesis (ARS) can be probed.

19

!"#$%&'()%*+,'&*#-,.%/)0%1-2+.%/345% /5%

Sensitivity to HNLs for representative scenarios 
(moving down to ultimate see-saw limit)  

U2
e: U2

µ: U2
#~52:1:1 

Inverted hierarchy 
U2

e: U2
µ: U2

#~1:16:3.8 
Normal hierarchy 

U2
e: U2

µ: U2
#~0.061:1:4.3 

Normal hierarchy 

U2
e: U2

µ: U2
#~48:1:1 

Inverted hierarchy 
U2

e: U2
µ: U2

#~1:11:11 
Normal hierarchy 

Scenarios for which 
baryogenesis was 
numerically proven  
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Non-conserved currents will be sensitive to 
high-mass scales through loops

§ It is well known that there is an enhancement of non-conserved 
currents inside loops leading to FCNC. The key – access to 
momenta ~ mW and mt.

§ For a fully conserved current, like couplings of dark photon,
Amplitude  ~  GF m2

meson

For a non-conserved current, 
Amplitude  ~  GF m2

top

6

di dj

X

W
W

+

FIG. 1. E↵ective didjX FCNC vertex for a vector with an
anomalous WW coupling, obtained by integrating out the
W . The first diagram corresponds to the e↵ective vertex in
Equation 12, which is the sum of the XWW Wess-Zumino
term in the SM + X EFT, and the XWW couplings through
SM fermion triangles. The other diagrams, from the coupling
of X to quarks, do not give a 1/mX enhanced amplitude, if
X couples to a conserved (at tree level) current. We have
omitted other, higher-loop-order diagrams. Add self-energy
diagrams ...

is small, the equivalent up-type FCNC vertices, such as
cuX, are suppressed compared to down-type FCNCs.

The selection rules for decays via longitudinal vector
emission are di↵erent to those for transverse emission.
In the latter case, angular momentum conservation sup-
presses (pseudo)scalar! (pseudo)scalar + vector decays,
since these demand that the vector’s spin is perpendicular
to its momentum. This suppresses the rate of such decays
via a vector that couples to a conserved current. (For ex-
ample, there are there are no B+ ! K+� decays, while
the rates for the B+ ! K+A0, where A0 is a kinetically-
mixed dark photon, are proportional to m2

A0 [5].) How-
ever, by Goldstone boson equivalence, meson decays via
a light longitudinal X have the same rates as the corre-
sponding ALP decays, so decays such as B+ ! K+X
are unsuppressed.

1. Experimental constraints

Compared to the e↵ective FCNC vertices discussed
above, other e↵ective flavour-changing operators are
higher-dimensional, and so are suppressed by more pow-
ers of 1/f and/or 1/m2

W . For example, the bs� vertex
is of the form / mb

m2
W
Fµ⌫ b̄L�

µ⌫sL [35] (since the photon

couples to a conserved current), while 4-fermion vertices
are suppressed by at least GF . This suppression of com-
peting SM decay channels allows FCNC decays via XL

to place strong constraints on the coupling of X, for light
enough X. In contrast, processes involving two or more
didjX vertices, such as the X contribution to meson os-
cillations, are suppressed by 1/f2, but compete with SM
processes suppressed by 1/m2

W . Consequently, it is di�-
cult for such processes to probe f above the EW scale.

If X is su�ciently light and weakly coupled that it de-
cays outside the detector, then B ! K⌫⌫̄ and K ! ⇡⌫⌫̄
searches constrain the B ! KX and K ! ⇡X branch-
ing ratios. The K ! ⇡⌫⌫̄ channel is especially con-
straining, with existing experiments having measured a

very small (⇠ 10�10) branching fraction consistent with
the SM prediction [36, 37], which the future NA62 ex-
periment should be able to measure to ⇠ 10% relative
error [38], and identify new-physics-induced underlying
two-body decays if any.
For prompt decays of X into leptons, as can occur for

heavier / stronger coupledX, searches for B ! K(⇤)`+`�

and K ! ⇡`+`� decays place strong constraints. The
LHCb search for B± ! K±µ+µ� decays measures the
branching ratio to be (4.36±0.15±0.18)⇥10�7 [39]. For
kaons, the K0

L ! ⇡0e+e� decay is very well-constrained,
with a branching ratio bound of <⇠ 3⇥ 10�10 [40]. How-
ever, because of the large hadronic branching ratios for
K0

L ! ⇡0⇡0 and K0
L ! ⇡0⇡0⇡0, the Dalitz decay ⇡0 !

e+e�� gives a background that makes K0
L ! ⇡0e+e�

measurements di�cult at mee
<⇠ m⇡0 [40] (the same

applies to K± ! ⇡±e+e� versus K± ! ⇡±⇡0 [41]).
Thus, for mX

<⇠ m⇡0 , the best constraints come from
B ! K(⇤)e+e� decays, where the competing B ! K⇡0

decays are also suppressed. For example, the B !
K⇤e+e� branching ratio is measured to be ' 10�6 for
mee

<⇠ 300MeV [42].
If X dominantly decays into hadrons, then simple

branching ratio comparisons do not give very strong
bounds from B ! KX decays. However, the kinematics
of the final states will have a particular form, which could
be searched for. Details?

In addition to the prompt and invisible decays dis-
cussed above, it is also possible to look for displaced X
decays. Talk about challenges of displaced decays? For
very displaced decays, the best constraints come from
beam dump experiments. Here, the enhanced K ! ⇡XL

decay means that kaon decays, which are usually a sub-
dominant production mechanism in proton beam dump
experiments (for tree-level vector couplings), can be the
dominant process through which Xs are produced. This
allows beam dump experiments to probe smaller cou-
plings.

It should be noted that, unlike constraints involving
visible X decays, missing energy searches are e↵ective
down to arbitrarily small vector masses, and constrain
correspondingly tiny gX for small mX . For X with cou-
plings to first-generation fermions, the strong constraints
coming from stellar energy loss bounds, and from fifth
force / equivalence principle tests at smaller mX , mean
that it is generically only at extremely small mX that
missing energy constraints become the dominant bound.

G. Baryon number coupled vector

To give an example of how these constraints relate to
each other, and to other bounds in the literature, for a
specific model, we will consider a vector coupled to the
SM baryon number current. This model has been in-
vestigated in many papers over the past decades, with
motivations including acting as a stabilisation mecha-
nism for baryon number [9], mediating a new force that
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Constraints on Higgs-like mediators

Possible future improvements at NA62, SHiP, possibly SNB 
experiments, and new proposals such as MATHUSLA, CODEX-B, 
FASER etc. 



22

Direct detection, scattering of DM on 
electrons

• For a given DM mass particle, in the MeV and sub-MeV range, the recoil energy 
of electrons is enhanced compared to nuclear recoil by Mnucl/me

• Sensitivity to energy depositions as low as 10’s of eV – reality now. 

• Near future – O(1eV) sensitivity

• Huge number of suggestions: using superconductors, graphene, Weyl semimetals, 
DNA, to push threshold lower. Belongs to distant future at this point.

Main Science Goal Experiment Target Readout Estimated Timeline

Sub-GeV Dark

Matter (Electron

Interactions)

SENSEI Si charge ready to start project

(2 yr to deploy 100g)

DAMIC-1K Si charge ongoing R&D

2018 ready to start project

(2 yr to deploy 1 kg)

UA0(1)

liquid Xe TPC

Xe charge ready to start project

(2 yr to deploy 10kg)

Scintillator w/

TES readout

GaAs(Si,B) light 2 yr R&D

2020 in sCDMS cryostat

NICE; NaI/CsI

cooled crystals

NaI

CsI

light 3 yr R&D

2020 ready to start project

Ge Detector w/

Avalanche Ioniza-

tion Amplification

Ge charge 3 yr R&D

1 yr 10kg detector

1 yr 100kg detector

PTOLEMY-G3,

2d graphene

graphene charge

directionality

1 yr fab prototype

1 yr data

supercond. Al cube Al heat 10+ yr program

Sub-GeV Dark

Matter (Nucleon

Interactions)

Superfluid helium

with TES readout

He heat, light 1 yr R&D; 2018 ready to

start project; 2022 run

Evaporation &

detection of He-

atoms by field

ionization

superfluid helium,

crystals with long

phonon mean free

path (e.g. Si, Ge)

heat 3 yr R&D; 2020 ready to

start project R&D

color centers crystals (CaF) light R&D e↵ort ongoing

Magnetic bubble

chamber

Single molecule

magnet crystals

Spin-avalanche

(Magnetic flux)

R&D e↵ort ongoing

Searches down to

Neutrino Floor for

O(GeV) Dark

Matter

SuperCDMS-G2+ Ge heat, ionization 3 yr R&D; 1 yr fabrication;

2022 start running

NEWS-G H, He charge 140cm sphere installed at

SNOLAB in 2018

NEWS-dm

emulsions

Si, Br, I, C, O, N,

H, S

charge

directionality

R&D phase complete.

Now technical test

CYGNUS HD-10 SF6, He

flexible

charge

directionality

1 yr R&D; 1 yr 1 m3;

2 yr 10 m3

Scintillating bub-

ble chamber

Xe, Ar

C6F6, H20

light

heat(bubble)

2 yr program; test 10kg Xe

chamber with CENNS

Spin-Dependent

(Proton) Interactions

PICO

bubble chambers

wide range heat(bubble) 40 l chamber now

PICO 500 l next

TABLE I: Proposals and ideas for new experiments, grouped according to their main science target

as identified in Working Group 1: 1) Sub-GeV DM (Electron Interactions), 2) Sub-GeV DM (Nucleon

Interactions), 3) Searches down to the Neutrino Floor for O(GeV) Dark Matter, and 4) Spin-dependent

(Proton) Interactions. Note that several proposals can probe more than one science target. Within each

category, the proposal/idea is ordered roughly according to the timescale needed to start the project. The

target material and main readout channel are also listed.
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New sensitivity to se at low masses 
through dark matter reflected from the Sun

• Initial kinetic energy mdm(vdm)2/2 with vdm~10-3c (that has an endpoint at 
~600 km/sec )can be changed by scattering with electrons, vel ~ (2 Tcore
/me)1/2 ~ up to 0.1 c. In particular Ereflected can become larger than Eionization. 

• New exclusion regions. Reflected DM is simulated. 

• This provides a new benchmark for exotic proposals. Can you beat new 
constraints?  (See An et al, 2017)
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FIG. 2. Exclusion contours for reflected DM from a range of
experiments are shown in comparison to limits from XENON10
and XENON100 on scattering from the galactic DM halo popula-
tion [20, 23]. Filled contours reflect current limits, while dashed
contours denote future projections. The thick gray relic density
contour is for the DM model in Eq. (5). A vertical line at 100 keV
indicates a schematic lower limit from stellar energy loss while the
more model-dependent cosmological Ne↵ constraint is not shown
(see text).

Solar Reflection of Light DM. DM scattering on par-
ticles inside the Sun has been extensively studied as an
ingredient for the indirect signature of DM annihilation
to high energy neutrinos. The evolution of DM that in-
tercepts the Sun depends crucially on its mass. Given a
large enough elastic cross section on nuclei, WIMP dark
matter with mass above a few GeV can be e�ciently cap-
tured and thermalized. However, for light DM, the cap-
ture process is less e�cient, and DM tends to re-scatter
at larger radii and evaporate. The ‘evaporated’ compo-
nent of the DM flux impinging on the Earth may help
improve sensitivity to �n [24], and, as we are going to
show, the e↵ect mediated by �e is even more pronounced
for MeV and sub-MeV mass reflected DM; for a detailed
comparison between DM scattering on electrons vs. nu-
cleons inside the sun see [25].

Depending on the scattering cross section �e, and thus
the mean free path, reflection may occur after just one or
two interactions, or after partial thermalization through
multiple scatters within the Sun. The reflected DM flux
will be determined via a simulation which tracks the kine-
matics after initial entry into the Sun. We will assume
a velocity-independent s-wave cross section, but it is no-
table that the relative importance of the reflected flux
would be enhanced for models with a power-like depen-
dence of the cross section on the relative electron-DM
velocity, �e / (v

rel

)n, such as would occur e.g. for scat-
tering via higher multipoles.

To determine the reflected contribution to the DM flux,
the incoming velocity is assumed to follow a Maxwell-

Boltzmann distribution with an expectation value of
10�3, and an escape velocity cut-o↵ at 2⇥10�3. This ve-
locity is negligible compared to solar electrons, and thus
DM that scatters in the Sun acquires Erecoil

DM

⇠ T . To
gain some intuition, we note first that the probability of
scattering o↵ electrons in the solar core is approximately
�e⇥R

core

⇥ncore

e ⇠ �e/pb, and thus the Sun scatters e�-
ciently if �e � 1 pb. In this optically thick regime, scat-
tering occurs in the convective zone at a characteristic ra-

dius R
scatt

given implicitly by �e

R R�
R

scatt

ne(R)dR ⇠ O(1).
It follows that the electron temperature, and thus the re-
coil energy, will depend on �e which in turn determines
R

scatt

, through the radius-temperature relation [26]. As
the cross section is reduced, R

scatt

also decreases and
Erefl,max

DM

increases as scattering occurs in hotter regions
of the core. Further decreasing the cross section ulti-
mately increases the mean free path ⇠ (�ene)�1 beyond
the solar radius, and the strength of the reflected flux
is suppressed. The scattering probability and the back-
ground DM flux in the halo, defined through the number
density and average velocity as �halo ⌘ n

DM

vhalo
DM

, may
be combined into a simple estimate for the reflected DM
flux incident on the Earth,

�
refl

⇠ �halo

4
⇥
(

4Sg

3

�
R

core

1A.U.

�
2

�en
core

e R
core

, �e ⌧ 1 pb,

Sg

�
R

scatt

1A.U.

�
2

, �e � 1 pb.
(2)

In the estimate (2), the overall coe�cient of 1/4 has a ge-
ometric origin from ⇡R2

�/(4⇡(1A.U.)2). Sg denotes the
gravitational focussing e↵ect that enhances the area at
spatial infinity subtended by the e↵ective solar scatter-
ing disk ⇡R2

scatt

. For example, at R
scatt

⇠ R�, we have
Sg ⇠ 1+ v2

esc

/(vhalo
DM

)2 ⇠ O(10), given the value of the so-
lar escape velocity v

esc

. We note that the overall energy
extracted from the Sun by reflected DM does not exceed
⇠ 10T ⇥ ⇡R2

��
halo, and therefore is not constrained by

solar energetics being many orders of magnitude below
solar luminosity.
Taking a representative choice of m

DM

⇠ 3MeV, one
can estimate the maximum value of the recoil energy dis-
tribution to be ⇠ 0.5T (R

scatt

) at �e � 1pb. For exam-
ple, a single scatter would accelerate a 3 MeV DM parti-
cle up to ⇠ 100 eV energy for �e ⇠ 1 nb (R

scatt

=0.8R�).
The reflected flux (2) in this optically thick regime is
105 cm�2s�1, leading to O(20) ionizations/day in 1kg of
Xe. This constitutes a detectable signal, and motivates
a more detailed analysis.
Our preliminary estimates (2) need to be augmented

to include the possibility of multiple scattering, which
can significantly impact the energy of the reflected par-
ticles. Since this is di�cult to treat analytically, we will
make use of a simulation to determine the energy spec-
trum and intensity of the reflected DM flux. The sim-
ulation scans the initial velocity and impact parameter
to determine the initial trajectory into the Sun. The
step size was chosen as 0.01R�, and the Standard So-
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If dark matter (DM) particles are lighter than a few MeV/c2 and can scatter o↵ electrons, their
interaction within the solar interior results in a considerable hardening of the spectrum of galactic
dark matter received on Earth. For a large range of the mass vs cross section parameter space,
{me,�e}, the ‘reflected’ component of the DM flux is far more energetic than the endpoint of the
ambient galactic DM energy distribution, making it detectable with existing DM detectors sensitive
to an energy deposition of 10� 103 eV. After numerically simulating the small reflected component
of the DM flux, we calculate its subsequent signal due to scattering on detector electrons, deriving
new constraints on �e in the MeV and sub-MeV range using existing data from the XENON10/100,
LUX, PandaX-II, and XENON1T experiments, as well as making projections for future low threshold
direct detection experiments.

Introduction. Astrophysics and cosmology provide
one of the strongest arguments for an extension to the
Standard Model (SM) of particle physics, through the
need for dark matter (DM). The ‘theory-space’ for dark
matter remains vast, motivating a range of experimental
approaches. A well-motivated class of models achieve the
required relic abundance through thermal freeze-out dur-
ing the early radiation-dominated epoch, which points to
particles with weak-scale interactions – weakly interact-
ing massive particles (WIMPs) – with the required an-
nihilation rate h�

ann

vi ⇠ 1 pb (c = 1 from now on). A
range of direct detection experiments, searching for the
elastic scattering of such DM particles in the galactic halo
on nuclei, have now pushed the limit down to the scale
of �n ⇠ 10�46 cm2 for weak-scale masses [1].

Since cold DM in the halo is non-relativisitic, detector
thresholds ensure that the sensitivity weakens dramati-
cally for masses below a few GeV [1–6]. In recent years,
this has motivated e↵orts to extend this reach to lower
mass scales that still allow for viable thermal relic DM
candidates (see e.g. [7, 8]), often with interactions medi-
ated by new light (dark) forces [9]. These e↵orts have in-
cluded searches at colliders, fixed target proton and elec-
tron experiments, and also consideration of direct detec-
tion via electron scattering [10–20]. The latter approach
o↵ers the possibility of extending conventional direct de-
tection down to masses of ⇠ 10MeV [19–21], where the
halo DM kinetic energy is Ehalo

DM

⇠ 1

2

m
DM

v2 ⇠ 5 eV.
Lowering the energy threshold by O(10) down to 1 eV
appears feasible [7], and there are theoretical proposals
for more significant reductions (see e.g. [22]).

In this Letter, we point out that further direct detec-
tion sensitivity to DM in the 10 keV – 10 MeV mass
range is possible through consideration of ‘reflected DM’
initially scattered by more energetic electrons in the Sun
(or the Earth) prior to scattering in the detector. This
double (or multiple) scattering trajectory allows the DM

Ee ⇠ kT

Ehalo
DM

Erefl
DM

DM

Sun

Earth

FIG. 1. A schematic illustration of the reflected dark matter flux
generated through solar scattering. For bound solar electrons with
energy Ee ⇠ kT , the DM recoil energy is bounded by the expression
in Eq. (1) and can be ⇠ keV.

kinetic energy to be lifted to the keV range. Depending
on the value of the reduced DM-e mass, µ

DM,e, a single
scatter may result in the energy of the reflected DM,

Erefl

DM

< Erefl,max

DM

=
4EeµDM,e

me +m
DM

=
4EemDM

me

(me +m
DM

)2
, (1)

being much higher than Ehalo

DM

and indeed compara-
ble to the typical solar electron kinetic energy Ee ⇠
kTe ⇠ O(keV). Thus Erefl

DM

can be above the detec-
tion threshold for a number of existing experiments, in-
cluding XENON10, XENON100, LUX, PandaX-II and
XENON1T.

The basic scenario is summarized in Fig. 1. DM scat-
tering o↵ free electrons in the Sun generates a new (more
energetic) component of the flux impinging on the Earth.
While there is necessarily a geometric suppression fac-
tor, associated with re-scattering in the direction of the
Earth, we find that this is still su�cient to produce new
levels of sensitivity to MeV and sub-MeV dark matter,
where no direct detection constraints previously existed.
The limits and projected sensitivity from electron scat-
tering at a number of experiments are summarized in
Fig. 2.
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Figure 1: Exclusion limits for hidden photon (top) and ALP (bottom) couplings to SM photons.
Existing measurements are indicated with gray/blue/dark green shades and white captions.
Expected limits from future measurements are indicated with light green shades and black
captions. The yellow band in the axion plot marks properties of the QCD axion. Red color
indicates theoretical constrains for hidden photon and axion production and expectations for
dark matter and dark radiation (for hidden photons) produced by hidden photons (figures
adapted from [3]).

2 Patras 2013

Going to smaller mass range opens up a possibility for stable 
dark photons as dark matter. (our group, An et al, 2013, has 
derived correct stellar energy loss constraints)
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2

omitting O(1) factors, one can give a parametric estimate
for the electromagnetic energy release per baryon

Ep.b. ⇤
mV �prodH

�1
T=mV

nb,T=mV

⇤ 0.1�e�MPl

⇤b
⇤ �e� ⇥1036 eV,

(4)
where we took the production rate per volume �prod to
be given by the product of the typical number density of
particles in the primordial plasma and the V decay rate,
⌃�1
V n�,T=mV . The production rate is active within one
Hubble time, H�1

T=mV
, which leads to the appearance of

the Planck mass in (4), along with another very large
factor, the ratio of photon to baryon number densities,
⇤�1
b = 1.6 ⇥ 109. One can see that the combination of
these two factors is capable of overcoming an extreme
smallness of �e� . Given that BBN could be sensitive to
energy release of as little as O(MeV) per baryon, and
the CMB anisotropies allow probing sub-eV scale energy
injection, one arrives to the conclusion that the early Uni-
verse can be an e⇥ective probe of VDP! The cosmological
signatures of the decaying VDP were partially explored
in Refs. [2, 3], but the CMB constraints were never de-
rived for this model.

In this paper, we intend to improve the calculations of
the ”freeze-in” abundances in the Early Universe (also us-
ing recent insights on the in-medium production of dark
vectors [4, 5]). We explore the BBN constraints in more
details, including a speculative possibility that currently
observed over-abundance of lithium can be reduced via
the VDP decays. The next section contains the details
of the ‘freeze-in’ calculation. in Section 3 we consider
the impact on BBN, and then in Section 4 consider the
impact of even later decays on the CMB anisotropies. A
summary of the constraints we obtain in shown in Fig. 1,
and more detailed plots of the parameter space are shown
in Sections 3 and 4. We finish with some concluding re-
marks in Section 5.

2. FREEZE-IN ABUNDANCE OF VDP

The cosmological abundance of long-lived very dark
photons is determined by the freeze-in mechanism. While
in principle there are several production channels, the
simplest and the most dominant one is the inverse decay
process. When quark (or more generally hadronic) con-
tributions can be neglected, the inverse decay proceeds
via coalescence of e± and µ±, ll̄ ⌅ V , shown in figure 2.

The Boltzmann equation for the total number density
of V takes the form

ṅV + 3HnV =
⇧

i=l,l̄,V

⌃ �
d3pi

(2⇧)32Ei

⇥
NlNl̄ (5)

(2⇧)4⇥(4)(pl + pl̄ � pV )
⌅

|Mll̄|2,

where the right hand side assumes the rate is sub-
Hubble so that V never achieves an equilibrium density.
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FIG. 1. An overview of the constraints on the plane of vector
mass versus mixing, showing the regions excluded by due to
their impact on BBN and CMB anisotropies. These excluded
regions are shown in more detail in later sections.

The product of Fermi-Dirac (FD) occupation numbers,
Nl(l̄) = [1 + exp(�El(l̄)/T )]

�1, is usually considered in

the Maxwell-Boltzmann (MB) limit, NlNl̄ ⌅ e(El+El̄)/T .
Although parametrically not justified, numerically the
FD⌅MB substitution is reasonably accurate, because as
it turns out the peak in the production rate per entropy
is at T < mV [2].

The matrix element
⇤

|Mll̄|2 is summed over both
initial and final spin degrees of freedom. It should in-
clude thermal-bath-modified photon propagator, and the
fermion wave functions. Among these modifications the
most important ones are those that lead to the resonant

• Going to smaller couplings: new 
primordial nucleosynthesis and 
CMB constraints from late 
decays of dark photons, (our 
group, Fradette et al, 2014)

• When the mixing angle is 10-16, 
the production cross sections are 
below 10-60 cm2

• However, once produced such 
particles will live for a long 
time, decaying during e.g. CMB 
epoch, falling under generic 
energy release constraints. 
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Cosmological constraints on dark Higgs

aNP
µ = aexperiment

µ � aSM theory
µ (32)

Lmass = Y ⇥ ER(LL⇥
†) + h.c. (33)

(L⇥) = ⇤L⇧
0 � eL⇧

+ (34)

Le� =
1

�
(L⇥)(L⇥) (35)

Lmass = Y ⇥ NR(L⇥) +
MN

2
NN + (h.c.) (36)

1

�
= �(Y )2

MN
(37)

�
0 Y �⇥ 

Y �⇥ MN

⇥
=⌃ m1 ⇧ �(Y �⇥ )2/MN ; m2 ⇧ MN at Y�⇥ ⌅ MN (38)

⇥ ⇤ Y �⇥ 
MN

⇤

⇤
m⇥(observed)

MN
(39)

1

2
⌃Fµ⇥⌅

µ⇥⌃ (40)

1

2
⌃Fµ⇥⌅

µ⇥i�5⌃ (41)

1

2
⌃F̃µ⇥⌅

µ⇥⌃ (42)

LHiggs portal =
1

2
( µS)

2 � 1

2
m2

SS
2 � ASH†H (43)

⇥ =
Av

m2
h

(44)
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Coupling of a new state S to electron here is ~ 10-22 , very similar to 
me/MPl (Sensitive to graviton-strength couplings)
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Conclusions:
Studies of dark sector, not rigidly linked to the weak scale are 
motivated and is becoming ever widening effort. 

… very long list of authors

• Similar effort underway at CERN: Physics Beyond Colliders 
exercise aimed [among other things] to understand CERN 
capabilities to probe light BSM physics. 
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• In light of the anomalies (particularly e-mu non-universality) 
observed in the B-meson decays, it would be great to check lepton 
universality in situations where you expect it to be not broken (to 
have additional tests of electron reconstructions)

• Tests of phi universality in D-decays provide such an opportunity. 
(Phi is known to be universal to 5% accuracy, KLOE)

• From Altmannshofer et al., 1711.07494, to appear in JHEP. If the B-
anomalies persist, it would be useful to perform such measurement

Decay mode BR Semileptonic BR, µ+µ� or e+e� Ndecays at 5 fb�1

D

± ! ⇡

±
� 5.4 · 10�3 1.6 · 10�6 O(104)

D

0 ! ⇡

+
⇡

�
� 2.6 · 10�3 7.6 · 10�7 O(104)

D

±
s ! ⇡

±
� 2.5 · 10�2 1.3 · 10�5 O(104)

D

±
s ! K

±
� 1.8 · 10�4 5.3 · 10�8 O(102)

Table 2: Collection of D±
, D

0
, and Ds meson decay modes with which tests of lepton

universality of the � meson are possible at LHCb. The individual branching ratios
are extracted using PDG tables [44], while the leptonic branching to individual flavors
is obtained by multiplying with BR(� ! `

+
`

�), which we take to be 2.9 · 10�4. The
estimates for the number of expected events with 5 fb�1 is obtained by a simple rescaling
of results from ref. [43].

Here we would like to point out that additional tests can and should be made in other
channels where one would not expect large deviations from lepton universality, namely
in decays to hadronic final states with the lowest � resonance, m� = 1020MeV. The
q

2 value corresponding to � ! `

+
`

� is 1.04GeV2 and is, therefore, very close to the
interesting values for q

2. � mesons are copiously produced in a hadronic environment
and can be clearly seen as a peak in the di-muon invariant mass spectrum [42]. However,
in order to have the maximum resemblance to the semileptonic B decays, one should
explore the decay channels of charmed mesons that lead to charged hadrons and a �,
with � decaying leptonically (e.g. D+ ! ⇡

±
µ

⌥
µ

+ [43]).
In table 2, we summarize the relevant decay modes of charmed mesons that can be

investigated by the LHCb collaboration. Table 2 suggests that the studies of leptonic
decays of � generated by charmed mesons are entirely feasible given the number of
expected events. We take a previous study of D± ! ⇡

±
µ

+
µ

� by LHCb, which recorded
several thousand �-mediated lepton pairs with 1 fb�1 of integrated luminosity, as an
example [43] and make a simple rescaling to higher integrated luminosity to estimate
the number of expected events with 5 fb�1.
Unlike the case of B decays where continuum contributions are comparable to the

resonant one, the hadron + `

+
`

� decay modes of D mesons are dominated by reso-
nances [43]. Therefore, if the suggested test would produce highly discrepant yields for
lepton pairs from � decays, e.g., by ⇠ 30% as is the case for RK and RK⇤ , then this
would likely indicate a potential problem with the LHCb reconstruction of electron pairs.
If on the other hand, the results for the �-mediated `

+
`

� e↵ects come out to be flavor
universal, then it would further strengthen the case for NP in RK and RK⇤ .
As a note of potential curiosity, the comparison of the currently most precise results

for the leptonic widths of � from KLOE [45] and Novosibirsk [46] already produces
a mildly non-universal answer at an approximately 10% level. In particular, taking
the combination of

p
��!ee ⇥ ��!µµ measured by KLOE and combining it with the

18
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Constraints on Lµ-Lt MZ’ - g’ parameter space

Muon pair production process excludes solutions to muon g-2 discrepancy via 
gauged muon number in the whole range of

MZ’ > 400 MeV 

In the “contact” regime of heavy Z’>5 GeV, the best resolution to g-2 overpredicts
muon trident cross section by a factor of ~ 8. 

Altmannshofer, Gori, MP, Yavin, 2014

See the improved analysis by Magill and Plestid, 2016. 

Limits on (g’)2/(mZ’)2 are better than GFermi.

3

solid angle �⇥, ⇣ < t < s, and 4m2 < ⇣ < s. The inte-
gration over phase-space is best done first over the solid
angle, then over t and ⇣ (see also ref. [23]). Keeping only
leading order terms in the muon mass we find the follow-
ing expression for the inclusive SM cross-section,

⌃(SM) ⌥ 1

2

�
C2

V
+ C2

A

⇥ 2G2
F� s

9⇧2

⇧
log

⇤ s

m2

⌅
� 19

6

⌃
. (9)

The destructive interference between the charged and
neutral vector-boson contributions leads to a reduction
of about 40% of the SM cross-section compared to the
pure V-A theory. Our results corrects a missing factor of
2 in the corresponding expression in ref. [16].

We can obtain a similarly concise expression for the Z⇥

contribution in the heavy mass limit, mZ0 ⇧
↵
s [13],

⌃(SM+Z0)

⌃(SM)
⌥

1 +
⇤
1 + 4 sin2 ⇥W + 2v2SM/v2

Z0

⌅2

1 +
�
1 + 4 sin2 ⇥W

⇥2 . (10)

This expression also holds for the di⇥erential cross-
section in this limit, up to muon mass corrections.

In the limit of light Z⇥, mZ0 ⌅
↵
s, we write

⌃(SM+Z0) = ⌃(SM) + ⌃(inter) + ⌃(Z0) , (11)

where the second term stands for the interference be-
tween the SM and the Z⇥ contributions. In the leading
log approximation, this contribution is given by

⌃(inter) ⌥ GF↵
2

g⇥2CV�

3⇧2
log2

⇤ s

m2

⌅
. (12)

The Z⇥ contribution alone, for m ⌅ mZ0 ⌅
↵
s, is

⌃(Z0) ⌥ 1

m2
Z0

g⇥4�

6⇧2
log

⇧
m2

Z0

m2

⌃
, (13)

while for mZ0 ⌅ m ⌅
↵
s it is

⌃(Z0) ⌥ 1

m2

7g⇥4�

72⇧2
log

⇧
m2

m2
Z0

⌃
. (14)

As can be expected, at highmZ0 the Z⇥ contribution is ad-
ditive with respect to the SM one (as shown in Eq. (10))
and decouples as m�2

Z0 . For light Z⇥, on the other hand,
the cross-section is only log sensitive to mZ0 and the cen-
ter of mass energy of the event.

To get the total ⌅µN ⌃ ⌅µNµ+µ� cross-section, the
real-photon contribution can be easily integrated against
the Weizsäcker-Williams probability distribution func-
tion, Eq. (2), in s2/(4E2

⇥) < q2 < �, where E⇥ is the
neutrino energy, and 4m2 < s < �. Using a simple ex-
ponential form factor, we find good agreement between
our results from the EPA and a direct numerical calcu-
lation of the full process following [19]. As a cross check
we also reproduced the trident cross sections reported
in [19, 22], for V-A theory and for the SM, for various
neutrino energies, using both the EPA and the numeri-
cal calculation. For large mZ0 the relative size of the Z⇥

0.01 0.1 1 10 102 103

10�3

0.01

0.1

1

m Z ' �GeV⇥

g '

CCFR

�g�2⇥⇥ ⌃2⇤

Z⇧4⇥⌅LHC

FIG. 2. Parameter space for the Z0 gauge boson. The light-
grey area is excluded at 95% C.L. by the CCFR measurement
of the neutrino trident cross-section. The grey region with
the dotted contour is excluded by measurements of the SM
Z boson decay to four leptons at the LHC [24, 25]. The
purple (dark-grey) region is favored by the discrepancy in the
muon g-2 and corresponds to an additional contribution of
�aµ = (2.9± 1.8)� 10�9 to the theoretical value [26].

contribution is independent on the neutrino energy. For
low mZ0 on the other hand, lower neutrino energies lead
to an enhanced sensitivity to the Z⇥. In determining the
sensitivity to the {g⇥,mZ0} parameter space, we use full
numerical results for the phase-space integration rather
than analytic approximations and keep the full depen-
dence on the muon mass.
Neutrino trident production has been searched for in

several neutrino beam experiments. Both the CHARM-
II collaboration [27] (using a neutrino beam with mean
energy of E⇥ ⇤ 20 GeV and a glass target) and the CCFR
collaboration [28] (using a neutrino beam with mean en-
ergy of E⇥ ⇤ 160 GeV and an iron target) reported detec-
tion of trident events and quoted cross-sections in good
agreement with the SM predictions,

⌃CHARM�II/⌃SM = 1.58± 0.57 , (15)

⌃CCFR/⌃SM = 0.82± 0.28 . (16)

(Corresponding results from NuTeV can also be used al-
beit with some caution due to a rather large di⇥erence
in the background treatment between the initial report
[29] and the publication [30].) These results strongly
constrain the gauged Lµ � L⇤ model, and more gen-
erally any new force that couples to both muons and
muon-neutrinos. Implementing the phase space integra-
tions that correspond to the signal selection criteria of
CCFR and CHARM-II, we arrive to the sensitivity plots
in Figs. 2 and 3. Our results show that the parameter

8

whereKF is a loop function that can be found e.g. in [43].
Out of the three SM neutrinos only the muon-neutrino
and tau-neutrino are a�ected by Z ⇥ loops. Therefore, the
correction to the Z coupling to neutrinos is e�ectively
given by

gV ⇤

gSMV ⇤

=
gA⇤

gSMA⇤

=

����1 +
2

3

(g⇥)2

(4⌅)2
KF (mZ0)

���� . (33)

In order to obtain constraints on the mass and coupling
of the Z ⇥, we combine the experimental results from LEP
and SLC [44] on the Z couplings to all leptons and neu-
trinos, taking into account the error correlations. We
find the 95% C.L. constraints depicted in gray in Fig. 3.
We note also that the constraint on the parameter space
would be stronger, if we had a sizable kinetic mixing [45].

• Z � 4⇥ searches at the LHC. Both ATLAS and
CMS collaborations have reported the measurement of
the branching ratio of Z decaying into four charged lep-
tons [46, 47]3. In particular, the ATLAS analysis [47] has
been performed with the full 7+8 TeV LHC data set and
it gives BR(Z ⌅ 4✏) = (4.2 ± 0.4)10�6, to be compared
to the SM prediction BR(Z ⌅ 4✏) = (4.37 ± 0.03)10�6.
Our model gives a positive NP contribution to the pro-
cess. The most important e�ect comes from the Feynman
diagram shown in Fig. 5, with an intermediate on-shell
Z ⇥ boson dominating the rate formZ0 < mZ (see also [19]
for a recent analysis).

We have recast the ATLAS analysis in [47], gener-
ating events using MadGraph 5 [49], interfaced with
Pythia6.4 [50] for parton showering. Events should have
exactly four isolated leptons with the leading three with
pT > 20, 15, 8 GeV, and if the third lepton is an electron
it must have pT > 10 GeV. Lepton identification e⌅cien-
cies have been taken from [51]. The invariant mass of the
opposite sign same flavor (OSSF) lepton pair closest to
the Z mass should be m1 > 20 GeV. The second OSSF
lepton invariant mass should be m2 > 5 GeV. Finally,
the invariant mass of the four lepton system should be
close to the Z mass: 80GeV < m4↵ < 100GeV.

NP e�ects arise only in the four muon bin. In this bin,
ATLAS observes 77 events, to be compared to the 78
events expected. To set the bound, we assume a Poisson
distribution for the observed events, and we exclude at
the 95% C.L. the benchmarks that predict more than 94
events in the four muon bin. The region on the left of
the dashed black line in Fig. 3 is excluded by the ATLAS
analysis. As we can note from the figure, the region fa-
vored by (g � 2)µ has been almost fully probed by LHC
measurements of Z to four leptons.

3 Note that LEP performed the measurement of the cross section
of the four-fermion final state arising from the process e+e� ⇥
⇥+⇥�ff̄ where ⇥ is a charged or neutral lepton and f any charged
fermion [48]. However, as also shown in [15], the constraints on
the g⇥�mZ0 parameter space coming from this measurement are
slightly less stringent than the LHC constraints discussed in the
following.

q

q

Z

µ

µ

Z �
µ

µ

FIG. 5. The main NP contribution to the Z � 4⇤ process at
the LHC.

�

N N

⇥

⇥

µ�

µ+

Z ⇥

FIG. 6. The leading order contribution of the Z⇥ to neutrino
trident production. This diagram interferes constructively
(destructively) with the corresponding SM diagram involving
a W -boson (Z-boson).

• Neutrino trident production. In the last part
of this section, we present a powerful new constraint on
the Lµ � L⌅ current coming from measurements of neu-
trino trident production, i.e. the production of a muon
anti-muon pair in the scattering of muon neutrinos in
the Coulomb field of a target nucleus. The leading con-
tribution of the Z ⇥ to such a process is shown in Fig. 6.
This diagram interferes with the SM contribution involv-
ing similar diagrams, but with the W and Z bosons in-
stead of the Z ⇥. In the SM, the contribution from the
Z-boson is smaller than the one of the W -boson and
comes with an opposite sign that leads to destructive
interference [52]. The Z ⇥ coupling to both muons and
muon-neutrinos has the same sign and the Z ⇥ contribu-
tion interferes constructively (destructively) with the W -
boson (Z-boson), leading therefore to an enhancement of
the trident production. Working in the approximation
of a heavy Z ⇥, where the leptonic 4-fermion operator is
(g⇥)2 (µ̄��µ) (⇤̄��PL⇤) /m2

Z0
4, the ratio of the total tri-

4 We estimate that the description of the Z⇥ contribution by an
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