
Lecture 3!
!  WIMPs as dark matter!

!  WIMPs with a new mediating force!

!  Dark photon as a mediator of a dark force!

!  Chasing anomalies with light new particles: galactic positrons, muon 
g-2, charge radius problem, etc!

!  Strategies to search for dark photons, with light dark matter and 
without. A few results.!
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1. What is inside this green box? I.e. what forces mediate WIMP-SM 
interaction?!

2. Do sizable annihilation cross section always imply sizable scattering 
rate and collider DM production? !

H - mediated
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Progress in direct detection of WIMPs!
7

Due to the anticipated A2-dependence of the cross sec-
tion, dark matter particles are supposed to dominantly scat-
ter off the heavy tungsten. The energy transferred in the scat-
tering process is a function of the reduced mass of target
nucleus and dark matter particle. Thus, for a given mass of
the dark matter particle the fraction of the expected energy
spectrum above threshold depends on the mass of the target
nucleus.

As a result, for dark matter particles with masses above
5 GeV/c2 recoils off tungsten are expected to be far more nu-
merous compared to oxygen and calcium. For lighter masses
a substantial part of the tungsten recoils have energies be-
low threshold leading to a strong decrease of the number of
counts. This results in a mass range completely dominated
by scatterings off oxygen, because the drop for oxygen and
calcium is shifted towards lower masses (see figure 7).

In the limit of very low masses, the reduced mass con-
verges to the mass of the dark matter particles, causing less
pronounced differences in the shape of the recoil spectra on
the different target nuclei. This effect is further augmented
by the influence of the baseline noise. Since the A2-scaling
of the cross sections still persists, scatterings off tungsten
account for a slightly larger proportion of the total expected
signal again.

9 Result, Discussion and Outlook

For each dark matter particle mass we use the Yellin op-
timum interval method [16, 17] to calculate an upper limit
with 90 % confidence level on the elastic spin-independent
interaction cross-section of dark matter particles with nucle-
ons. While this one-dimensional method does not rely on
any assumption on the background, it exploits differences
between the measured (see figure 6) and the expected en-
ergy spectrum (see section 8).

The resulting exclusion limit of this blind analysis is
drawn in solid red in figure 8. For higher masses this module
does not have a competitive sensitivity, due to the large num-
ber of background events. In particular, the leakage from the
55Fe-source (see figure 6) results in an almost flat limit for
masses of 5–30 GeV/c2. However, for dark matter particles
lighter than 1.7 GeV/c2 we explore new regions of parameter
space.

The improvement compared to the 2014 result [6] (red
dashed line) is a consequence of the almost constant back-
ground level down to the threshold which was reduced from
603 eV to 307 eV. The lower the mass of the dark matter par-
ticle the more relevant these improvements become. With
this analysis we explore masses down to 0.5 GeV/c2, a nov-
elty in the field of direct dark matter searches.

The transition point of the dominant scattering target nu-
cleus manifests itself as kink in the corresponding exclusion

Fig. 8 Parameter space for elastic spin-independent dark matter-
nucleon scattering. The result from this blind analysis is drawn in solid
red together with the expected sensitivity (1� confidence level (C.L.))
from the data-driven background-only model (light red band). The re-
maining red lines correspond to previous CRESST-II limits [6,18]. The
favored parameter space reported by CRESST-II phase 1 [8], CDMS-
Si [19] and CoGeNT [20] are drawn as shaded regions. For com-
parison, exclusion limits (90 % C.L.) of the liquid noble gas experi-
ments [21–23] are depicted in blue, from germanium and silicon based
experiments in green and black [24–28]. In the gray area coherent neu-
trino nucleus scattering, dominantly from solar neutrinos, will be an
irreducible background for a CaWO4-based dark matter search experi-
ment [29].

curve. Due to the lower threshold Lise starts to be domi-
nated by scatterings off tungsten already at �3 GeV/c2 (see
figure 7) compared to �4.5 GeV/c2 for the 2014 result [6].

Due to the rather large number of leakage events into the
acceptance region the result is already not limited by expo-
sure any more. Consequently, only small statistical fluctua-
tions are expected. This is confirmed by calculating limits
for 10,000 Monte Carlo sets sampled from the data-driven
background model discussed in section 4. The resulting 1 �
contour is shaded in light red in figure 8.

In CRESST-III we will substantially size down the ab-
sorber crystals in order to achieve lower energy thresholds.
Furthermore, we expect two beneficial effects on the light
signals: Firstly more light reaches the light detector and sec-
ondly the light detector can also be scaled down which leads
to an enhanced energy resolution. Both improvements will
increase the background discrimination power. All modules
will feature an upgraded holding scheme and will mainly
be equipped with absorber crystals produced in-house due
to their significantly lower level of intrinsic radioactive con-
taminations. Combining these measures with the enhanced
discrimination power, a drastically reduced background leak-
age is expected.

In this letter we prove that a low energy threshold is
the key requirement to achieve sensitivity to dark matter
particles of O(1 GeV/c2) and below. We expect significant
progress exploring the low mass regime with the upcoming
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Summary of  main features of WIMPs!
!  Regulates its abundance via self-annihilation with σ v ~ 10-36 cm2!

!  The mass of WIMPs is in a several GeV – several TeV window (Lee-
Weinberg) if the interaction is mediated by weak-scale forces.!

!  Direct detection experiments surpass sensitivity of 10-45 cm2 without 
seeing a signal – worrying sign for many models, including models 
with Z boson mediators. Probes the tree-level Higgs exchange!

!  Sensitivity of direct detection will be ultimately limited by elastic 
recoil of solar and atmospheric neutrinos!

!  Low mass WIMPs do not carry much energy, and are less constrained!
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What changes if we add a mediator?!
Coupling to SM is no longer

dictated by size of amnilahou on
.
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What changes if we add a mediator?!
We can lower the mass scale

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

!  “Effective” charge of the “dark sector” particle χ is Q = e × ε 
(if momentum scale q > mV ). At q < mV one can say that 
particle χ 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.! 	�
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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

3

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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A – photon, A’ – “dark photon”, 
ψ - an electron, χ - a DM state, 
g’ – a “dark” charge 

.
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Consequences of light mediator!
Coulomb ( aka Sommerfeld)enhancement
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Consequences of light mediator!

 
 
 
 
 
 
 
 
 
!  Galactic positron excess can be modelled via the annihilation of DM 

into light mediators.   
!  Need the enhancement of cross section at low galactic  velocities 
!  Increasingly under pressure from the absence of the excesss in γ!



Astrophysical motivations for very MeV-scale 
DM: 511 keV line ! 11

FIG. 7 Map of Galactic 26Al γ-ray emission after 9-year
observations with COMPTEL/CGRO (from Plüschke et al.,
2001).

to Galactic 26Al, as suggested at a time when the mor-
phology of 26Al emission was unknown (Prantzos, 1991
and Sec. IV.A.2). It is consistent with the (statistically
significant) similarity to the Galactic free-free emission
map, which reflects electron radiation from HII regions
ionized from the same massive stars that eventually re-
lease 26Al(Knödlseder, 1999).

The total flux of 26Al γ-rays depends slightly on the
measuring instrument. In terms of statistical precision,
the SMM result of 4.0±0.4 10−4 ph cm−2s−1rad−1 has
been considered the canonical value. Imaging instru-
ments, however, have consistently reported lower flux
values of 2.6±0.8 10−4 ph cm−2s−1rad−1 (COMPTEL)
and 3.1±0.4 10−4 ph cm−2s−1rad−1 (SPI), respectively.
The latest SPI value is compatible with the full range
of measured values by other instruments (within statis-
tical uncertainties), and we adopt it here. The detected
flux translates into a decay rate of 26Al which depends
slightly on the adopted 3D distribution of 26Al in the
Galaxy (Diehl et al., 2006). The most recent analysis of

SPI data results in a rate of Ṅ26= 4.3 1042 s−1 or 2.7
M⊙/Myr (Wang et al., 2009). Assuming a steady state,
i.e. equality between production and decay rates, this is
also the present production rate of 26Al in the Galaxy;
recent models of massive star nucleosynthesis can read-
ily explain such a production rate (Diehl et al., 2006 and
Sec. IV.A.2).

Being predominantly a β+-emitter (with a branching
ratio of fe+,26=82%, see Table VII) 26Al is itself a source
of positrons. The corresponding Galactic e+ production
rate is Ṅe+,26= fe+,26Ṅ26 ∼ 3.5 1042 s−1 . This consti-
tutes a significant contribution to the total Galactic e+

production rate (Sec. II.A.3 and Table I): 17% of the
total e+ annihilation rate and almost half of the (thick)
disk in the double bulge+thick disk model, or 10% of
the total and 70% of the thin disk in the Halo+thin disk
model. We shall see in Sec. IV that positrons from other
β+-decaying nuclei can readily explain the remaining disk
emissivity, while the bulge emissivity remains hard to ex-
plain.

D. Summary of observational constraints

The results of the analysis of Galactic γ-ray emissions
in the MeV range can be summarized as follows:

1) Intensity: The total rate of positron annihilation
observed in γ-rays is at least Le+=2 1043 s−1, depending
on the adopted source configuration. Most of it comes
from the bulge (unless there is important emission from
an extended, low surface brightness, disk).

2) Morphology: The bulge/disk ratio of e+ annihilation
rates is B/D ∼1.4; however, substantially different ratios
cannot be excluded if there is important emission of low
surface brightness (currently undetectable by SPI) either
from the disk or the spheroid. About half of the disk
emission can be explained by the observed radioactivity
of 26Al (provided its positrons annihilate in the disk).
There are hints for an asymmetric disk emission with
flux ratio F (l <0o)/F (l >0o)∼1.8, which has yet to be
confirmed.

3) Spectroscopy: The ratio of the 511 keV line to the
E<511 keV continuum suggests a positronium fraction
of 97±2 % and constrain the physical conditions in the
annihilation region. The observed continuum at ∼MeV
energies can be mostly explained with standard inverse
Compton emission from cosmic ray electrons. A con-
tribution from unresolved compact sources is possible,
while a (small) contribution from high-energy (>MeV)
positrons annihilating in flight cannot be excluded.

These are the key observational constraints that should
be satisfied by the source(s) and annihilation site(s) of
Galactic positrons. We shall reassess them in the light of
theoretical analysis in the end of Sec. IV and V.

III. THE GALAXY

The expected spatial distribution and intensity of the
positron annihilation emission obviously depends on the
corresponding distribution of the potential e+ sources, as
well as on the properties of the ISM in which positrons
first slow down and then annihilate. One may distin-
guish two types of e+ sources, depending on whether
their lifetimes (τS) are shorter or longer than the lifetime
of positrons in the ISM (τe+). Calculation of the total e+

production rate requires in the former case (τS < τe+) an
estimate of (i) the Galactic birthrate RS of the sources
and (ii) the individual e+ yields ne+ (i.e. the average
amount of positrons released by each source). In the lat-
ter case (τS > τe+), the total number of such sources
in the Galaxy NS is required, as well as the individual
e+ production rate ṅe+ of each source. In the former
class belong supernovae or novae and the corresponding
positron production rate is Ṅe+ = RSne+ ; in the lat-
ter class belong e.g. low mass XRBs or millisecond pul-
sars, and the corresponding positron production rate is
Ṅe+ = NSṅe+ .

The galactic distribution of any kind of stellar source of
positrons is somewhat related to the distribution of stars

���
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FIG. 4 511 keV line map derived from 5 years of INTE-
GRAL/SPI data (from Weidenspointner et al., 2008a).

based on approximately one year of SPI data (Fig. 3).
The two maps are compatible with each other (within
their uncertainties), suggesting that the positronium
fraction does not vary over the sky. The images illustrate
the remarkable predominance of the spheroidal compo-
nent. In contrast to OSSE data, which suggested a rela-
tively strong disk component, the Galactic disk seemed to
be completely absent in the first year SPI images. Model
fitting indicated only a marginal signal from the Galac-
tic disk, corresponding to a bulge-to-disk flux ratio > 1
(Knödlseder et al., 2005). This strong predominance of
the Galactic bulge, unseen in any other wavelength, stim-
ulated ”unconventional” models involving dark matter
(Sec. IV.C). However, Prantzos (2006) pointed out that
the data could not exclude the presence of disk emission
of a larger latitudinal extent (resulting from positrons
propagating far away from their sources), which could be
rather luminous and still undetectable by SPI, because
of its low surface brightness.

After accumulating 5 years of INTEGRAL/SPI data
the 511 keV line emission all-sky image revealed also
fainter emission extending along the Galactic plane
(Fig. 4). With a much improved exposure with respect
to the first year (in particular along the Galactic plane),
511 keV emission from the Galactic disk is now clearly
detected (Weidenspointner et al., 2008a). However, the
detailed quantitative characterization of components of
511 keV emission requires parameterizing these in the
form of (necessarily idealized) spatial emission models
fitted to the data. No unique description emerges at
present, since both the spheroid and the disk may have
faint extensions contributing substantially to their total
γ-ray emissivities. It turns out that the bulge emission
is best described by combining a narrow and a broad
Gaussian, with widths (FWHM, projected onto the sky)
of 3o and 11o, respectively. Another, more extended com-
ponent is needed to fit the data, a rather thick disk of
vertical extent 7o (FWHM projected on the sky). The
model implies a total e+ annihilation rate of 2 1043 e+

s−1 and a spheroid/disk ratio of 1.4 (Table I). It should
be noted, however, that alternative models, involving ex-
tended components of low surface brightness (thus far
undetected by SPI) are also possible. One such alterna-

TABLE I Two model fits of the Galactic 511 keV emission
(from Weidenspointner et al., 2008b): fluxes, photon emissiv-
ities and e+ annihilation rates (computed for a positronium
fraction of fps=0.967, see Sec. II.B.4). Notice that ”thin”
and ”thick” disks have not the same meaning as in Sec. III.

F511 L511 Ṅe+

(10−4 cm−2 s−1) (1042 s−1) (1042 s−1 )

Bulge + thick disk

Narrow bulge 2.7+0.9
−0.4 2.3+0.8

−0.7 4.1+1.5
−1.2

Broad bulge 4.8+0.7
−0.4 4.1+0.6

−0.4 7.4+1.0
−0.8

Thick disk 9.4+1.8
−1.4 4.5+0.8

−0.7 8.1+1.5
−1.4

Total 17.1 10.9 19.6
Bulge/Disk 0.8 1.4 1.4

Halo + thin disk

Halo 21.4+1.1
−1.2 17.4+0.9

−1.1 31.3+2.2
−2.6

Disk 7.3+2.6
−1.9 2.9+0.6

−0.6 5.2+1.1
−1.1

Total 28.7 20.3 36.5
Halo/Disk 2.9 6 6

tive (Weidenspointner et al., 2008b) involves a centrally
condensed but very extended halo and a thinner disk
(projected vertical extent of 4o), with a spheroid/disk
ratio of 6 (Table I).

With more SPI data, it was possible to proceed to
more detailed constraints on the morphology of the disk
emission. The flux in the disk component remains con-
centrated to longitudes |l| < 50◦; no significant 511 keV
line emission has been detected from beyond this interval
so far. The accumulated SPI data yield a flux from nega-
tive longitudes of the Galactic disk that is twice as large
as the flux from an equivalent region at positive longi-
tudes. The significance of this asymmetry is still rather
low, about ∼ 4σ. Indications for such an asymmetry
were already noticed in the OSSE data (M. Leising, pri-
vate communication). It should be noted, however, that
a different analysis of the same SPI data finds no evi-
dence for a disk asymmetry (Bouchet et al., 2008, 2010),
although it cannot exclude it, either. Clearly, clarifying
the asymmetric or symmetric nature of the disk profile
should be a major aim of the 511 keV studies in the years
to come4.

4. Spectroscopy with INTEGRAL/SPI

Before INTEGRAL, the spectral shape of the positron
annihilation emission was only poorly constrained by ob-
servations. All high-resolution observations suggested a
modest line broadening of FWHM∼ 2 keV (Harris et al.,
1998; Leventhal et al., 1993; Mahoney et al., 1994;
Smith et al., 1993). The excellent spectral resolution of

4 INTEGRAL will continue operations until 2012, at least.

There is a lot more positrons coming from the Galactic Center and the 
bulge that expected. The emission seems to be diffuse.  

1.  Positrons transported into GC by B-fields?  

2.  Positrons are created by episodic violent events near central BH? 

3.  Positrons being produced by DM? Either annihilation or decay? 
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Search for dark photons, Snowmass study, 2013  
 
 

10�3 10�2 10�1 110�11
10�10
10�9
10�8
10�7
10�6
10�5
10�4
10�3
10�2

mA' �GeV⇥

⇥

A' ⇧ Standard Model

U70

E137

E141

E774

CHARM

a⇤, 5⌅

a⇤,⌃2⌅ favored

ae

BaBar

KLOEWASA

SN

LSND

APEX⇤MAMI
Test Runs

Orsay

10�3 10�2 10�1 1

10�5

10�4

10�3

10�2

mA' �GeV⇥
⇥

A' ⇧ Standard Model

APEX⇤MAMI
Test Runs

U70

E141

E774

a⇤, 5⌅

a⇤,⌃2⌅ favored

ae

BaBar

KLOEWASA

Orsay HPS

APEX
DarkLight

VEPP�3

MESA

MAMI

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
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Dark photon models with mass under 1 GeV, and mixing angles ~ 10-3 
represent a “window of opportunity” for the high-intensity experiments, 
not least because of the tantalizing positive ~ (α/π)ε2 correction to the 
muon g - 2. 

“bumps in mll”  

stress
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Theoretical status of muon g-2, SM 
 

The history of theoretical calculations goes very far in the past. Back 
to Schwinger’s result, aµ

1-loop QED = α / (2 π) 
Currently, the QED, Strong and Weak contributions are under 
control                  aµ

SM  theory = 116591828±49×10-11 

          aµ
experiment = 116592089(63)×10-11  

 

                                          aµ
Deficit = (26.1±8)×10-10  

 
    Even larger than EW contribution !    

!             

             

 

The first error, labelled ‘exp’, stems from the statistical and systematic errors of the experimen-

tal data, as used in our combination procedure. The second, additional error, labelled ‘rad’,

is due to uncertainties in the application of radiative corrections to the data. For a detailed

discussion of its estimate see [2]. Note that the value given in (7) slightly differs from the one

quoted in Table 5, for which the 2π data were used from 0.32 GeV to facilitate the comparison

with [6]. For our new prediction (7), the 2π data are used from 0.305 GeV and only below this

chiral perturbation theory is applied.

With the same data compilation we can also determine the higher order VP contributions,

see [2] for details concerning the corresponding dispersion integrals. Our new value is only

slightly changed from our previous prediction and reads

ahad, HOVP
µ = (−9.84 ± 0.06exp ± 0.04rad) · 10−10 . (8)

Equations (7) and (8) are used for our updated prediction of g − 2. These results, together

with (14), are the main results of this paper.

3 Standard Model Prediction of g − 2

For the Standard Model prediction of (g −2)µ, contributions from all sectors have to be added:

aSM
µ = aQED

µ + aEW
µ + ahad

µ . (9)

In contrast to the hadronic sector, both QED and electro-weak (EW) contributions can be cal-

culated reliably using perturbation theory. After many years’ work the QED contributions are

known to full four-loop accuracy, and estimates for the five-loop contributions are ongoing (see

e.g. the recent works [39, 40, 41]). Below we will use the value aQED
µ = 116584718.08(15) · 10−11

[42, 43], where the error is dominated by the estimate of the unknown five-loop contributions

(for a detailed discussion and more references see e.g. the recent review [44]). The EW correc-

tions are known to two-loop accuracy [45, 46, 47, 48, 49] and amount to aEW
µ = (154±2) ·10−11,

where the error estimate is due to the remaining hadronic uncertainties, the unknown Higgs

mass and undetermined higher-order contributions. Clearly, compared with the uncertainties of

the VP contributions discussed above, both the QED and EW corrections are very well under

control. In the hadronic sector, as well as the (LO and HO) VP corrections, we also have to

take into account the light-by-light scattering contributions. They enter at the same order α3

as the HO VP corrections, but can not be determined from data via dispersive methods. All

model-based estimates include the pseudoscalar contributions, i.e. exchanges of π0, η and η′,

which are leading in the large Nc limit. In addition, axial vector exchanges, charged π and

K loops, and (dressed) quark loop diagrams are taken into account, and short-distance con-

straints from pQCD have been applied to enforce a consistent matching at higher virtualities.

Although there are important differences in the treatment of the different contributions, the

recent results ahad, l−by−l
µ = (10.5 ± 2.6) · 10−10 [50] and ahad, l−by−l

µ = (11.6 ± 4.0) · 10−10 [51, 44]

turn out to be compatible (see also [52] for a recent short review). Note that the recent results

from [50] and [51] agree fairly well w.r.t. the leading contributions, and that both have can-

cellations in the subleading parts, thus strengthening our confidence in the reliability of these
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Latest results: A1, Babar, NA48  
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Figure 6. The NA48/2 preliminary upper limits at 90% CL on
the mixing parameter ε2 versus the DPmassmA′ , compared to the
other published exclusion limits from meson decay, beam dump
and e+e− collider experiments [14]. Also shown are the band
where the consistency of theoretical and experimental values of
muon g − 2 improves to ±2σ or less, and the region excluded by
the electron g − 2 measurement [3, 15].

both the kinematic suppression of the π0 → γA′ decay and
the decreasing acceptance.

The assumption of prompt DP decay that is funda-
mental to this analysis is justified a posteriori by the ob-
tained results: all upper limits on ε2m2A′ are above 6 ×
10−5 (MeV/c2)2, corresponding to maximum DP mean
paths in the NA48/2 reference frame below 10 cm (see
Section 1). The corresponding loss of efficiency of the
trigger and event selection (both relying on 3-track vertex
reconstruction) is negligible, as the typical resolution on
the vertex longitudinal coordinate in the forward NA48/2
geometry is ≈ 1 m.

6 Summary and outlook

The NA48/2 experiment at CERN was exposed to about
2 × 1011 K± decays in flight in 2003–2004. The large in-
tegrated kaon flux makes it a precision kaon by also π0
physics facility, and the studies of the π0 decay physics
with the NA48/2 data have started. Preliminary results on
dark photon search in π0 decays are reported: no signal is
observed, and the obtained upper limits on the mixing pa-
rameter ε2 improve over the world data in the mass range
10–60 MeV/c2. In particular, the limits at 90% CL are

ε2 < 10−6 for 12 MeV/c2 < mA′ < 55 MeV/c2, and the
strongest limits reach ε2 = 6 × 10−7 at mA′ ≈ 20 MeV/c2.
Combined with the other available data, this result rules
out the DP as an explanation for the muon (g−2) anomaly,
assuming DP couples to quarks and decays predominantly
into SM fermions.

The performed search for the prompt A′ → e+e− de-
cay is limited by the irreducible π0D background: the ob-
tained upper limits on ε2 in the mass range 10–60 MeV/c2
are about three orders of magnitude higher than the sin-
gle event sensitivity. The sensitivity to ε2 achievable with
the employed method scales as the inverse square root of
the integrated beam flux, and therefore this technique is
unlikely to advance much below ε2 = 10−7 in the near
future, either by improving on the NA48/2 analysis or by
exploiting larger future π0 samples (e.g. the one expected
to be collected by the NA62 experiment at CERN [16]).
On the other hand, a search for a long-lived (i.e. low mA′

and low ε2) DP produced in the π0 decay from high mo-
mentum kaon decay in flight using the displaced vertex
method would be limited by the π0D background to a lesser
extent, and its sensitivity is worth investigating.
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Latest results by NA48 exclude the remainder of parameter space 
relevant for g-2 discrepancy. !

Only more contrived options for muon g-2 explanation remain,       
e.g. Lµ – Lτ , or dark photons decaying to light dark matter. 

Signature: “bump” at invariant mass of e+e- pairs = mA’!

Babar: e+e- " γ V " γ l+l-!

A1(+ APEX):  Z e- " Z e- V 
" Z e- e+e-!

NA48: π0 " γ V " γ e+e-!+ =
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Muon pair-production by neutrinos 

•  NuTeV  results: 

Trident production was seeing with O(20) events, and is fully consistent 
with the SM destructive W-Z interference.  
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We present a measurement of neutrino tridents, muon pairs induced by neutrino scattering in the
Coulomb field of a target nucleus, in the Columbia-Chicago-Fermilab-Rochester neutrino experiment at
the Fermilab Tevatron. The observed number of tridents after geometric and kinematic corrections,
37.0+ 12.4, supports the standard-model prediction of 45.3+ 2.3 events. This is the first demonstration
of the 8 -Z destructive interference from neutrino tridents, and rules out, at 99% C.L., the V—2 predic-
tion without the interference.

PACS numbers: 13.10.+q, 12.15.3i, 14.80.Er, 25.30.Pt

A neutrino trident is the scattering of a neutrino in the
Coulomb field of a target nucleus (N),

v„(v„)+N~ v„(v„)+p+p +N.
Momentum is balanced by the coherent exchange of a
virtual photon between one of the emergent muons and
the nucleus. The signature is a dimuon event with zero
visible hadron energy. In the standard model this reac-
tion can proceed via two channels (Fig. 1): charged (W)
and neutral (Z) boson exchange. A measurement of this
process determines the interference between 8' and Z
channels providing a crucial test of the gauge structure
of the standard model. We report the first measurement

FIG. 1. Feynman diagram showing the neutrino trident pro-
duction in v„-8 scattering via the 8'and the Z channels.

of this destructive interference in v tridents,
Many theoretical papers discuss v-trident produc-

tion. ' As an almost purely leptonic process, its cross
section can be precisely calculated using the known elec-
tromagnetic form factor of the iron nucleus. Most early
theoretical papers deal only with the V—A theory (W
exchange alone) ignoring the W-Z interference. Howev-
er, in the standard model the neutral-current channel
(Z mode) interferes destructively with the charged-
current channel (W —). Assuming the standard vector
and axial-vector couplings, the interference causes an ap-
proximate 40% suppression of the trident production as
compared to the prediction using 8'exchange only. '

In spite of the elegance of the theoretical prediction,
the experimental study of v tridents has been difficult for
two reasons: (a) the extremely small cross section, about
2.3 && 10 (4.6 x 10 ) of the inclusive v„N(v„N)--
charged-current process at (E,) =160 GeV; and (b) the
relatively low energy of the secondary muon associated
with the trident. These difficulties are overcome in a
high-statistics high-energy neutrino experiment. Early
experimental investigations of v tridents (for a review,
see Ref. 10) failed to conclusively demonstrate their ex-
istence. ' ' ' More recently, the CCFR experiment '

and, notably, the CHARM II experiment' have report-
ed clear evidence for v tridents. Although these data are
consistent with the standard-model prediction, there has
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to Czyz et al. and Brown et al. These agreed within
3%, and were also in agreement with the approximate
calculation (using a virtual-photon approximation) in
Refs. 1 and 9. The iron-nucleus electromagnetic form
factor was taken from the electron scattering data. '

The contribution to the trident signal from incoherent
scattering from target nucleons (as opposed to scattering
off target nuclei) was also included, where the nucleon
form factor was taken from Olsson et al. Target nu-
cleons contribute approximately —,

' of the tridents pro-
duced by target nuclei. It should be noted that the tri-
dent calculation is rather precise; the form-factor mea-
surements do not constitute the largest source of error.
The largest source of theoretical uncertainty is the es-
timation of the Pauli suppression which aA'ects only the
neutrino-nucleon trident production (16% of the total tri-
dent production cross section). The combined systematic
error on the theoretical prediction of v tridents is es-
timated to be 5%. For 8' exchange alone, or for the
V—2 theory, the predicted number of trident events is

N(trident, V—A) =78.1+ 3.9. (3)

Our data, with 37.0+ 12.4 events, clearly support the
destructive-interference hypothesis, and rule out the lack
of interference at & 99% C.L.
The trident cross section can be calculated from the

measured absolute v-% charged-current cross section
of'

o,~(CC) =(0.680~0.015)E,&&10 cm /GeV,

and the observed rate of tridents with respect to
all charged-current interactions [rate = (1.33 ~ 0.43)
x 10 ']. The cross section is

cma(v trident) =(4.7+ 1.6)E,x10 Fe nucleus
at (E,) =160GeV. (5)

%e gratefully acknowledge the support of the Fermi
National Accelerator Laboratory staff' and help from our
home institutions. This research was funded by the Na-
tional Science Foundation and the Department of
Energy.

' Address after August 1991: Harvard University, Cam-
bridge, MA 02138." Present address: Widener University, Chester, PA 19013.' Present address: Argonne National Laboratory, Argonne,
IL 60439.

The prediction of the standard model including both W
and Z exchange is

N(trident, standard model) =45.3 ~ 2.3.

Present address: University of Wisconsin, Madison, WI
53706.' Present address: LBL, Berkeley, CA 94720.
'M. A. Kozhushner and E. P. Shabalin, Zh. Eksp. Teor. Fiz.

41, 949 (1961) [Sov. Phys. JETP 14, 676 (1962)].
zW. Czyz et al. , Nuovo Cimento 34, 404 (1964).
3M. S. Marinov et al. , Yad. Fiz. 3, 598 (1966) [Sov. J. Nucl.

Phys. 3, 437 (1966)].
4K. Fujikawa, Ann. Phys. (N.Y.) 68, 102 (1971).
5R. W. Brown and J. Smith, Phys. Rev. D 3, 207 (1971).
6J. Lovseth and M. Radomski, Phys. Rev. D 3, 2686 (1971).
7R. W. Brown et al. , Phys. Rev. D 6, 3273 (1972).
sK. Fujikawa, Phys. Rev. D 8, 1623 (1973).
9R. Belusevic and J. Smith, Phys. Rev. D 37, 2419 (1988).
'oS. R. Mishra, in Proceedings of the Thirteenth Internation

al Conference on Neutrino Physics and Astrophysics, Boston,
Massachusetts, edited by J. Schneps et al. (World Scientific,
Singapore, 1988), p. 259.
''A. E. Asratyan et al. , Yad. Fiz. 25, 1051 (1977) [Sov. J.

Nucl. Phys. 25, 558 (1977)].
'2F. W. Busser et al. , in Proceedings of the Conference Neu

trino '8l, Hawaii, 198l, edited by V. Peterson (HEP Group,
Dept. of Physics, University of Hawaii, 1981), p. 328.
'3F. Bergsma et al. , Phys. Lett. 122B, 185 (1983).
'4B. A. Schumm et al. , in Proceedings of the Twenty Third-

Recontre de Moriond on Electroweak Interaction and United
TheoriesLes A, rc, Savoi, France, March 1988 (Editions Fron-
tiers, Gif-sur-Yvette, France, 1988), pp. 413-420.
'5G. Geiregat et al. , Phys. Lett B 245, 271 (1990).
'6R. C. Allen et al. , Phys. Rev. Lett. 64, 1330 (1990).
' The relevant energy is the nonmuonic energy associated

with the event at the vertex region. For details of the calibra-
tion see W. K. Sakumoto et al. , Nucl. Instrum. Methods Phys.
Res. , Sect. A 294, 179 (1990); B. A. Schumm, Ph. D. thesis,
University of Chicago, 1989 (unpublished); P. Z. Quintas, Ph.
D. thesis, Nevis Laboratories, Columbia University, 1991 (un-
published); also S. R. Mishra et al. , Phys. Rev. Lett. 63, 132
(1989);S. R. Mishra et al. , Phys. Lett. B 252, 170 (1990).
' We have published results on the charm-induced opposite

sign dimuons with E») 9-GeV cut [C. Foudas et al. , Phys.
Rev. Lett. 64, 1207 (1990)], and with E„2)5-GeV cut [M.
Shaevitz, in Proceedings of Neutrino '90, CERN, Geneva,
June 1990 (to be published)].
'9P. Marage et al. , Z. Phys. C 43, 523 (1989).
The contribution to our entire dimuon sample from dif-

fractively produced vector mesons, other than J/y, and their
subsequent decay into muon pairs is negligible ((0.2 event);
for the neutrino production of J/y we used a calculation by V.
Barger et al. , Phys. Lett. 92B, 179 (1982). The estimated J/y
contribution to dirnuons with Eh,. d ~ l GeV was less than 3
events, centered about the mass 3.1 GeV.
'R. Hofstadter and H. R. Collard, in Landolt-Bornstein:

Numerica/ Data and Functional Relationship in Science and
Technology (Springer-Verlag, Berlin, 1967), Vol. 1, Pt. 2, p.
26.
22M. G. Olsson et al. , Phys. Rev. D 17, 2938 (1978).
In the neutrino-nucleon trident production calculation, we

included the Pauli suppression operative at small momentum
transfers.

3120

VOLUME 66, NuMBER 24 PHYSICAL REVIEW LETTERS 17 JUXE 1991

to Czyz et al. and Brown et al. These agreed within
3%, and were also in agreement with the approximate
calculation (using a virtual-photon approximation) in
Refs. 1 and 9. The iron-nucleus electromagnetic form
factor was taken from the electron scattering data. '

The contribution to the trident signal from incoherent
scattering from target nucleons (as opposed to scattering
off target nuclei) was also included, where the nucleon
form factor was taken from Olsson et al. Target nu-
cleons contribute approximately —,

' of the tridents pro-
duced by target nuclei. It should be noted that the tri-
dent calculation is rather precise; the form-factor mea-
surements do not constitute the largest source of error.
The largest source of theoretical uncertainty is the es-
timation of the Pauli suppression which aA'ects only the
neutrino-nucleon trident production (16% of the total tri-
dent production cross section). The combined systematic
error on the theoretical prediction of v tridents is es-
timated to be 5%. For 8' exchange alone, or for the
V—2 theory, the predicted number of trident events is

N(trident, V—A) =78.1+ 3.9. (3)

Our data, with 37.0+ 12.4 events, clearly support the
destructive-interference hypothesis, and rule out the lack
of interference at & 99% C.L.
The trident cross section can be calculated from the

measured absolute v-% charged-current cross section
of'

o,~(CC) =(0.680~0.015)E,&&10 cm /GeV,

and the observed rate of tridents with respect to
all charged-current interactions [rate = (1.33 ~ 0.43)
x 10 ']. The cross section is

cma(v trident) =(4.7+ 1.6)E,x10 Fe nucleus
at (E,) =160GeV. (5)
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FIG. 16. Comparison of the final result (MC) to the
low-EHAD two-muon data for (a,b) EHAD, (c,d) Mµ+µ− , (e,f)
∆φ. The left side is ν mode; the right side is ν̄ mode.
The Mµ+µ− and ∆φ distributions are for EHAD < 3 GeV.
The points represent the data while the histogram shows the
Monte Carlo.

The consideration of all sources of low-EHAD two-
muon events allows us to measure diffractive charm pro-
duction. The D±

S and D∗±
S sources have been combined

in proportion to the theoretical predictions and a single
fit parameter used. This yields cross-sections of

σ
!
νµFe → µ−(DS + D∗

S)Fe
"

= (3.3 ± 1.1) fb/nucleon,

evaluated at Eν = 130 GeV using the modified
VMD and PCAC predictions to extrapolate in en-
ergy under the assumptions σ

!
νµFe → µ−D∗+

S Fe
"

=

σ
!
ν̄µFe → µ+D∗−

S Fe
"

and σ
!
νµFe → µ−D+

S Fe
"

=

σ
!
ν̄µFe → µ+D−

S Fe
"
. A second fit performed with

the neutrino trident parameter fixed to the Stan-
dard Model prediction yielded the consistent results
σ (νµFe → µ−(DS + D∗

S)Fe) = (3.0 ± 0.8) fb/nucleon
at Eν = 130 GeV. The quoted errors are completely dom-
inated by statistics. This result assumes an isotropic
D∗

S decay. Studies showed effects of a possible D∗
S po-

larization to be small. The largest change, correspond-
ing to nearly complete longitudinal polarization, lowered
σ(DS + D∗

S) by 0.4 fb/nucleon.
Previously, the Big Bubble Chamber Neutrino Collab-

oration combined various data samples to measure the
diffractive rate of charmed strange mesons ( D±

S + D∗±
S )

per charged-current νI (I is an isoscalar target) interac-
tion [1]. They measured a rate of (2.8 ± 1.1) × 10−3.
The observation of D∗±

S production by CHORUS [2] is in
agreement with this rate. Using the results of our second
fit, we find a rate of (3.2 ± 0.6) × 10−3, which is

FIG. 17. The two muon invariant mass (Mµµ) for the J/ψ
Monte Carlo. The curve shows a Gaussian fit.

consistent with previous results.
Table V lists the number of events contribution of each

source in the low-EHAD two muon data sample as deter-
mined by this analysis.

B. Neutral-Current Analysis

Neutral-current J/ψ production produces a clear sig-
nature in the two muon invariant mass, particularly if
EHAD ≤ 3 GeV is imposed to select diffractively pro-
duced events. There is no evidence for a J/ψ signal in
Fig. 13; however, the relatively poor resolution of the
NuTeV detector may be obscuring a contribution from
this source. To assess this possibility, a diffractive J/ψ
sample was simulated via Monte Carlo to obtain the Mµµ

distribution shown in Fig. 17. A Gaussian fit to this dis-
tribution yields a resolution σ0 = 0.40 GeV/c2.

A maximum likelihood fit was then performed to de-
termine the amount of J/ψ present in the data. The fit
function was taken to be

N(Mµµ) = Mα
µµe(β+γMµµ) + A × e− 1

2 (
Mµµ−M0

σ0
)2 , (5.1)

where Mµµ is the two muon invariant mass. M0 and σ0

are the mass and width of the J/ψ as measured by the
Monte Carlo. The first term represents a smooth param-
eterization of the background description where α and
γ determine the shape and β the normalization. The
second term is a Gaussian description of the J/ψ con-
tribution with mean mass M0 and width σ0 set to the
Monte Carlo prediction. The parameter A measures the
amount of J/ψ in the data.

The results of the fit are shown in Table VI. A 90%
confidence level (CL) on the J/ψ contribution is set by
fixing the J/ψ amplitude to various increasing levels
and fitting for the background. The likelihood function
(L(A)) was plotted as a function of A and the 90% CL

limit set by
# ACL

A0
L(A) dA/

# ∞
A0

L(A) dA = 0.90. The
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dent cross-section to the SM prediction is given by

�

�SM
⇤

1 +
�
1 + 4s2

W + 2v2/v2
⇥

⇥2

1 + (1 + 4s2
W )

2 . (34)

Neutrino trident production has been observed by
three experiments: the first positive results came from
the CHARM-II collaboration [53]; the next measurement
was by the CCFR collaboration [54], further confirmed by
the NuTeV collaboration [55]. Combining the measured
cross sections with the corresponding SM predictions we
find

�CHARM�II/�SM = 1.58 ± 0.57 , (35)

�CCFR/�SM = 0.82 ± 0.28 , (36)

�NuTeV/�SM = 0.67 ± 0.27 . (37)

A weighted average gives

�exp/�SM = 0.83 ± 0.18 , (38)

which leaves only little room for positive NP contribu-
tions. Combining Eq. (38) with (34) we find

v⇥ � 750 GeV . (39)

This bound completely excludes an explanation of the
(g � 2)µ anomaly for the mZ0 � 10 GeV region we con-
sider in this paper. The constraint coming from Eq. (38)
as well as the individual constraints from Eqs. (35)
and (36) are shown by the red lines in Fig. 3 in the mZ0

- g⇤ plane.

• Final remarks. Fig. 3 is a summary of all the lep-
tonic constraints on Lµ � L� discussed in this section.
Remarkably, a major part of the parameter space rel-
evant for the B ⇥ K⇥µ+µ� anomaly, and all of the
parameter space relevant for the muon g � 2 anomaly,
is probed by the observation of neutrino trident produc-
tion. The enormous potential of this process in providing
full coverage of the parameter space strongly motivates
future experiments looking to measure this process more
precisely.

Finally, using the lower bound on the VEV from the
neutrino tridents, we can predict a minimum e⇥ect in
Bs mixing, if the Z ⇤ is to explain the B ⇥ K⇥µ+µ�

anomaly. We find that the mass di⇥erence in the Bs

system, �Ms is a⇥ected by at least 3%, and the e⇥ect
grows quadratically with v�. While a 3% e⇥ect in �Ms

is well within the uncertainty of the SM prediction, for
generic values of the Yukawa couplings one should expect
an e⇥ect of the same order also in the theoretically clean
Bs mixing phase, which should be detectable with an
LHCb upgrade [56]. The expected e⇥ects in Bs mixing
are indicated in the white region of Fig. 3 by the dotted
contours.

e�ective 4-fermion operator is accurate as long as mZ0 � 10 GeV.
A detailed analysis of neutrino trident production in the presence
of a lighter Z� will be presented elsewhere [22].

V. OUTLOOK AND CONCLUSIONS

This work was devoted to a comprehensive study of
a model with a Z ⇤ vector-boson that couples to lep-
tons through the Lµ �L� portal, and to quarks through
general e⇥ective couplings. Our goal was to determine
whether such a model yields a plausible explanation for
the recent discrepancy shown by the LHCb collabora-
tion in angular distributions of the B ⇥ K⇥µ+µ� de-
cay products. We conclude that such an explanation is
viable, and it is such that future measurements in the
high-energy and high-intensity frontiers may reveal fur-
ther deviations from the SM tied to the manifestations
of this new vector-boson. Unlike models based on a Z ⇤

that couples with full strength to all leptons and quarks,
the model we consider in this paper is well-hidden. In
contradistinction to most of the Z ⇤ proposals made in
connection with the LHCb discrepancy, which envision a
Z ⇤ above � 3 TeV, the mass of the vector-boson consid-
ered in this work can be very low, possibly well below the
electroweak scale! While a variety of UV-completions are
possible for the coupling of Z ⇤ to quarks, we have chosen
one with vector-like quarks in the multi-TeV mass scale.
While this model can hardly be imagined to be the fi-
nal word, it does o⇥er a general and consistent frame-
work within which it is possible to discuss the di⇥erent
low-energy constraints and structures likely to emerge in
more refined constructions.

Among the leptonic observables, we have identified two
particular processes which result in powerful constraints
on the parameter space of the model: the Z decay to four
muons and the neutrino trident production. In particu-
lar, we find that the tentative explanation of the (g�2)µ

discrepancy in this model is fully ruled out by the latter
process, at least for multi-GeV and heavier Z ⇤. While
in this work we have applied it to the Lµ � L� portal,
it is absolutely clear that neutrino trident production is
immediately relevant to other models that appeal to Z ⇤

coupled to leptons via any current that contains Lµ (such
as e.g. total lepton number). Generalizing this constraint
to other models and extending it to a wider range of the
Z ⇤ mass is the subject of our upcoming work [22].
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where KF 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 ⇥

gSM
V ⇥

=
gA⇥

gSM
A⇥

=

����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 for mZ0 < 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: 80 GeV < m4⌅ < 100 GeV.

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

In the heavy Z’ limit the effect 
simply renormalizes SM answer:

   ≈ 4 

 

 

~8-fold enhancement of cross section 
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�

Full result on 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.  

Can it be improved in the future at LBNE   (O(50) events /yr ) ??? 

Altmannshofer, Gori, MP, Yavin, PRL, 2014 

Also, watch out for the future missing momentum searches, e.g. NA64 
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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 + 2v2

SM/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 high mZ0 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⇥
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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
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CMB and BBN constraints 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

•  Thermal production of “very dark 
photons” at T ~ 0.4 m_V 

•  If couplings are very small, decays 
happen much later,  

 

•  Disrupt BBN outcome or CMB angular 
anisotropies 

•  Energy release per baryon can be 
significant, 

Strong constraints on mixing angle as amall 
as 10-17. 
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We explore the cosmological consequence of 1-100 MeV scale massive dark photons with an
e�ective electromagnetic coupling as small as 10�38. We calculate the freeze-in abundance of these
particles in the early Universe and explore the consequences of late decays during the BBN and
CMB epoques. We derive the limits on the parameter space of the model, and make a forecast for
the sensitivity of the upcoming high-precision CMB experiments.

1. INTRODUCTION

Neutral hidden sectors, weakly coupled to the Stan-
dard Model (SM), are an intriguing possibility for new
physics. They are motivated on various fronts, e.g. in
the form of right-handed neutrinos allowing for neutrino
oscillations, or by the need for non-baryonic dark mat-
ter. While the simplest hidden sectors in each case may
consist of a single state, various extensions have been
explored in recent years, motivated by specific experi-
mental anomalies. In particular, these extensions allow
for models of dark matter with enhanced or suppressed
interaction rates or sub-weak scale masses.

From a general perspective, we would expect leading
couplings to a neutral hidden sector to arise through rel-
evant and marginal interactions. There are only three
such ‘portals’ in the SM: the relevant interaction of the
Higgs with a scalar operator OSH†H; the right-handed
neutrino coupling LHNR; and kinetic mixing of a new
U(1) vector Vµ with hypercharge Bµ�V

µ� . Of these, the
latter vector portal is of particular interest as it leads to
bilinear mixing with the photon and thus is experimen-
tally testable, and at the same time allows for a vector
which is naturally light. This portal has been actively
studied in recent years, particularly in the ‘dark force’
regime in which the vector is a loop factor lighter than
the weak scale, mV ⇤ MeV–GeV.

The model for this hidden sector is particularly sim-
ple. Besides the usual kinetic and mass terms for V , the
coupling to the SM is given by

LV = �⇤

2
Fµ�V

µ� = e⇤VµJµ
em. (1)

Thus, all phenomenological consequences in this model,
including the production and decay of new vectors, is reg-
ulated by just two parameters, ⇤ and mV , which makes
this model a very simple benchmark for all searches of
light and very weakly interacting particles. There are,
however, options with regard to the origin of the mass of
V : a new Higgs mechanism can be responsible for it, or
mV can be a fundamental parameter - so-called ”Stuck-
elberg mass”. In this paper, we will concentrate on this
latter option for simplicity.

The decay channels of V are all very well known: even
in the mass range where hadronic decays, and hence the

non-perturbative QCD, are important, one can use the
direct experimental information on virtual time-like pho-
ton physics to determine �V and all branching ratios. In
the wide mass range from ⇤ 1 to 220 MeV, the vectors
decay only tio electron-positron pairs and their lifetime
is given by

⌃V ⇧ 3

�e�mV
= 0.6 mln yr ⇥ 10 MeV

mV
⇥ 10�35

�e�
(2)

where we have introduced the e⇥ective electromagnetic
coupling between electrons and dark vectors V , �e� =
�⇤2.

The normalization of di⇥erent quantities in Eq. (2)
identifies our region of interest (ROI) in the {⇤, mV } pa-
rameter space for this paper: we will explore the cosmo-
logical consequences of these hidden U(1) vectors with
masses in the MeV-GeV range, and lifetimes long enough
for the decay products to directly influence the physical
processes in the universe at the post-BBN times, and
during the CMB decoupling. Such states have paramet-
rically small coupling to the electromagnetic current, and
extremely small prodcution cross sections in e+e� ⌅ V ⇥,

�e� ⇤ 10�38 � 10�24, (3)

⇧prod ⇤ ⌅��e�

E2
c.m.

⇤ 10�66 � 10�52 cm2,

where we took Ec.m. ⇤ 200 MeV. Such small couplings
render these states completely undetectable in the ter-
restrial particle physics experiments, and because of that
we refer to such vector particles as ‘very dark photons’
(VDP). Due to the relation to lifetime, Eq. (2), the lower
range for �e� is relevant for the CMB physics, and the
upper range is important for the BBN.

The production cross section looks prohibitively small,
but in the early Universe at T ⇤ mV every particle in
the primordial plasma has the right energy to emit V .
The cummulative e⇥ect of the production in the early
Universe at these temperatures with subsequent decay at
t ⇤ ⌃V may release a detectable amount of electromag-
netic energy. Without going through a detailed calcula-
tion, and omitting O(1) factors, one can give a paremet-
ric estimate for the electromagnetic energy release per

2

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 appearence
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 inosotropies 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.

FIG. 1. [TO BE ADDED] An overview of the constraints
on the plane of vector mass versus mixing, showing the re-
gions excluded by due to their impact on BBN and CMB
anisotropies. These excluded regions are shown in more de-
tail in later sections.

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 coalessence of e± and µ±, ll̄ ⌥ V , shown in Fig. 2.
MP: we need to add one figure with the electron-positron
going into a wavy line, then cross, then dashed line. We

might have it in previous papers. The Boltzmann equa-
tion 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.
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 .
Athough 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
production of the dark photon states. The resonant pro-
duction occurs at much earlier times [2], at temperatures
T 2

r ⌅ 3m2
V /(2⌅�) � (8mV )2. It turns out that the res-

onant production is parametrically suppressed relative
to the bulk production, and the details of correspond-
ing calculation are included in Appendix A. The bulk of
the production corresponds to temperatures of mV and
below where T -dependence of

⌅ |Mll̄|2 can be safely ne-
glected. In our model it is given by

⇧
|Mll̄|2 = 16⌅�e�m2

V

⇥
1 + 2

m2
l

m2
V

⇤
. (6)

The same matrix element determines the decay width,

�V ⇥ll̄ =
�e�

3
mV

⇥
1 + 2

m2
l

m2
V

⇤ 
1 � 4

m2
l

m2
V

. (7)

The right hand side of (5), that can be understood as the
number of V particles emitted per unit volume per unit
time, in the MB approximation can be reduced to

1

(2⌅)3
1

4

⌥

Eq. 9

dEldEl̄e
�El+E

l̄
T

⇧
|Mll̄|2 (8)

where the integration region is given by

����
m2

V

2
� m2

l � ElEl̄

���� ⇤
�

E2
l � m2

l

�
E2

l̄
� m2

l . (9)

In the approximation when only electrons are allowed to
coalesce and their mass can be neglected, ml ⌃ mV <
2mµ, (9) reduces to ElEl̄ ⌅ m2

V /4 and the integration
leads to a modified Bessel function,

sẎV = ṅV + 3HnV =
3

2⌅2
�V ⇥ll̄m

2
V TK1(mV /T ) (10)

§
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Probing dark photon over range of masses 

•  Misaligned photon dark matter, sub-eV range, from Chaudhuri et al, 
2014.   
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On-going and future projects 
Fixed Target/beam dump experiments sensitive to!

!  Dark Photons:   HPS, DarkLight, APEX, Mainz, SHiP…!

!  Light dark matter production + scattering:  MiniBoNE, BDX, SHiP…!

!  Right-handed neutrinos: SHiP!

!  Missing energy via DM production: NA62 (K"πνν mode), positron 
beam dumps, NA64…!

!  Extra Z’ in neutrino scattering: DUNE near detector (?)!

!

!
!
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Light DM – direct production/detection  

���

If WIMP dark matter is coupled to light mediators, the WIMP mass 
scale can be much lighter than nominal Lee-Weinberg bound, 

   

 

Direct Detection

• Nuclear recoil too weak -  

• Can we find a relativistic source of Dark Matter?
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[Holdom]
[Pospelov, Ritz, Voloshin],
[Hooper, Zurek]
[Arkani-Hamed, Finkbeiner, Slatyer, Weiner]
...

V γ, Z

χ

χ†
SM

• Dark photon can address g-2 anomaly [Fayet, Pospelov]

• Scalar DM annihilation is p-wave, CMB ok

• Dark photon mediates interaction between DM and SM

• 4 new parameters: m�, mV ,⇥,�0

1. Vector portal DM (“dark force”)

(V = A0, ⇤ = ⇥, �0 = �D)

Dµ = �µ � igDVµ

L ⇥ |Dµ⇥|2 � m2
⇥|⇥|2 � 1

4
(Vµ�)

2 + +
1

2
m2

V (Vµ)2 � �

2
Vµ�F

µ� + . . .

[deNiverville, Pospelov, Ritz]

V

µ

12

(see talk by D. Morrissey)
DM mediation 

511 keV 
motivated 
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Light WIMPs due to light mediators 
direct production/detection 

Light dark matter is not ruled out if one adds a light mediator. !

WIMP paradigm:    !

Electroweak mediators lead to the so-called Lee-Weinberg window, !

!

!

If instead the annihilation occurs via a force carrier with light mass, DM 
can be as light as ~ MeV (and not ruled out by the CMB if it is a scalar). !

!

!

• 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 below mV ⇥ 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
F m2

⇥ 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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• 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 below mV ⇥ 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
F m2

⇥ 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

10
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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 
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Comparison of Neutrino and light DM  

Neutrinos: 

Production:  

Strong scale σ ~ 100 mbn 

Detection:   

Weak scale σ ~ GF
2Ecm

2 

Light WIMPs: 

Production:  

σ ~ σstrong × ε2 

Detection:   

Larger than weak scale! 

Signals   ~ σproduction × σdetection  can be of comparable strength 

The reason for “stronger-than-weak” force for light dark matter comes 
from the Lee-Weinberg argument. (The weak-scale force will be 
insufficient in depleting WIMP DM abundance to observable levels if 
mDM< few GeV. Therefore, stronger-than-weak force and therefore 
relatively light mediator is needed for sub-GeV WIMP dark matter).  
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  Compilation of current constraints on dark 
   photons decaying to light DM 

The sensitivity of electron beam dump experiments to light DM is 
investigated in Izaguirre et al, 2013; Batell, Essig, Surujon, 2014.  
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Current constraints on vector portal DM
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MiniBooNE search for light DM 

�	�

 

MiniBoone has completed a long run in the beam dump mode, as 
suggested in 

By-passing Be target is crucial for reducing the neutrino background 
(R. van de Water  et al. …) . Currently, suppression of ν flux ~50.  

Timing is used (10 MeV dark matter propagates slower than neutrinos) 
to further reduce backgrounds. First results – this year (2016) 

 

MiniBooNE
90% C.L.

MiniBooNE sensitivity to vector portal DM

23

[arXiv:1211.2258]
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Future big project: SHiP project at CERN 

�
�

!"#$%&'()%*+,'&*#-,.%/)0%1-2+.%/345% 6%

The SHiP experiment 
( as implemented in Geant4 ) 

See e.g. A. Golutvin presentation, CERN SHiP symposium, 2015!
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More anomalies driving new experiments?!
!  LSND etc hint on light sterile neutrino!

!  Proton charge radius problem?!

!  Recently reported anomalous signal in 8Be(18.15) decay.!

!  BBN abundance of 7Li is off by a factor of 3 from observations!

!  A hint on DM self-interaction mediated by light particle exchange?!
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More discrepancies discovered using muons ! 

���

Results on muonic hydrogen
ν(2SF=1

1/2 → 2PF=2
3/2 ) = 49881.88(76)GHz R. Pohl et al., Nature 466, 213 (2010)

49881.35(64)GHz preliminary

ν(2SF=0
1/2 → 2PF=1

3/2 ) = 54611.16(1.04)GHz preliminary

Proton charge radius: rp = 0.84089 (26)exp (29)th = 0.84089 (39) fm (prel.)

µp theory: A. Antogini et al., arXiv :1208.2637 (atom-ph)

0.8 0.82 0.84 0.86 0.88 0.9

µp 2010
H spectr.

dispersion
e-p scatt.

Mainz 2010

µp 2012
CODATA 2010

proton rms charge radius rp  (fm)
Randolf Pohl ECT* Trento, 28.10.2012 p. 15If new physics is responsible for that, it cannot be weak scale, only very light, as rp will 

require ~ 104 GF effects…  
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Muon-specific vector forces  
 
  
 
 
The problem with this is that it is not SM gauge invariant – 

sensitivity at high energy ~ (ΛUV/mV)2. Decay of W is one issue, 
but there will be lots of trouble with EWP observables, off-shell 
W-exchange etc. (~ O(1 GeV) mass shifts)  

Putting it in the SM representation is the only model solution.  
 
 
Implication: a new parity NC-like parity-violating force for muons, 

that is stronger than weak.   
 
 

 
!
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is to investigate the status of the vector force in light of
the g�2 results for the electron and muon, and derive ad-
ditional constraints from the hyperfine structure of muo-
nium. As we will show, the presence of a parity-violating
coupling to the muon is a very likely consequence of such
models, and in light of that we calculate the two-loop
constraint on the parity violating muon-nucleon forces
imposed by ultra-precise tests of parity in electron sec-
tor. We believe that our analysis is timely, given the new
pieces of experimental information that will soon emerge
from the measurement of the Lamb shift in muonic deu-
terium, and from new e⇥orts at making the hydrogen
measurements more precise.

Our approach to the new force is purely phenomeno-
logical, but at the same time it is important to realize
that the embedding of such new force into the structure
of the Standard Model is very di⇤cult, and so far no fully
consistent models of such new interaction were proposed.
(The closest attempt, the gauged µR model of Ref. [14]
su⇥ers from a gauge anomaly and thus must be regarded
as an e⇥ective model up to some ultraviolet scale, close
to the weak scale.) Therefore, even a phenomenologi-
cally successful model that would explain the rp discrep-
ancy and pass through all additional constraints should
be viewed at this point as an exercise, which can be taken
more seriously only if a credible Standard Model embed-
ding is found, or if the new force hypothesis finds further
experimental support.

This paper is organized as follows. In the next section
we introduce a model for an intermediate-range force,
and determine the parameter range suggested by the rp

anomaly. In Sec. 3 we calculate the one loop contribution
to the muonium hyperfine structure. Section 4 contains
the calculation of the two-loop transfer of the parity vi-
olation in the muon sector to electrons. Section 6 com-
bines all the constraints on the model, and we reach our
conclusions in Sec. 7.

2. INTERMEDIATE-RANGE FORCE

We will choose an entirely phenomenological approach
and allow for one new particle to mediate the new force
between muons and protons. Motivated by the model of
the “dark photon” [16], we assume that the new particle
mostly interacts with the electromagnetic current and,
in addition, has “extra” vector and axial vector coupling
to muons. The interaction Lagrangian for this choice is
given by

Lint = �V�

�
⇤Jem

� � ⇧̄µ(gV ⇥� + gA⇥�⇥5)⇧µ

⇥

= �V�

�
e⇤⇧̄p⇥�⇧p � e⇤⇧̄e⇥�⇧e (1)

�⇧̄µ((e⇤ + gV )⇥� + gA⇥�⇥5)⇧µ + ...
⇥
,

where the last two lines describe interaction of V� state
with the “main players” of relevance: electron, muon and
proton. We use positive e = (4⌅�)1/2, i.e. the charge of
the positron. The constant ⇤ is the mixing angle between

the photon and Vµ. It is a safe assumption that this mix-
ing must be small. gV and gA are the new phenomenolog-
ical muon-specific couplings that are introduced in this
paper “by hand”.

The interaction via a conserved current, ⇤Jem
� allows

for a UV completion via kinetic mixing, and is totally
innocuous. The muon-specific couplings gV and gA are
much more problematic from the point of UV comple-
tion. Notice that in parallel to the kinetic mixing type
coupling V�⇤Jem

� , there exists another “safe” coupling
via the baryonic current, V�(⇧̄p⇥�p + ⇧̄n⇥�n). The rea-
son we suppress it in this paper is because of the ex-
tra phenomenological problems it creates, chiefly among
which is the additional O(10-100 fm) range force for the
neutrons - a possibility that is very constrained by the
neutron scattering experiments. It may look strange that
the new force introduced in (1) includes parity violation
for muons. In fact, as we will see shortly, the gA coupling
is necessary to cancel the excessive one-loop contribution
to the muon g � 2 generated by the gV .

Having formulated our starting point with the La-
grangian in Eq. (1), it is easy to present a combination of
couplings that “corrects” for the current rp discrepancy.
It is easy to see that the choice of the same sign ⇤ and
gV /e will create an additional attractive contrbution be-
tween protons and muons. It will be interpreted as the
di⇥erence between charge radii observed in the regular
and muonic hydrogen:

�r2
⇤⇤
µH

� �r2
⇤⇤
H

= �6⇤(⇤ + gV /e)

m2
V

+
6⇤2

m2
V

= �6⇤(gV /e)

m2
V

(2)

⇧ �0.06 fm2 ⇥ (20 MeV)2

m2
V

⇥ ⇤

(3 ⇥ 10�6)1/2
⇥ gV /e

0.06

Here we explicitly assume that the momentum transfer
in the µH system, �mµ, is smaller than the mass of the
mediator, mV . In the second line we have normalized
the coupling in such a way as to factor out the size of
the suggested correction for rp, which corresponds to a

relative shift of the squared radius of 0.06 fm2. At the
same time, we have normalized mV and ⇤ on their values
that correspond to the borderline of the constraint that
comes from combining the electron g � 2 measurement
with QED theory and the independent atomic physics
determination of �.

Equation (2) makes clear the fact that given the strong
constraints on ⇤ and mV , only relatively large values for
the muon-specific coupling gV are capable of correcting
the rp anomaly. At the same time, it is clear that the
muon g � 2 value will be in conflict with gV ⇤ 0.06 un-
less there is a significant degree of cancellation between
g2

V - and g2
A-proportional contributions. Fortunately, such

contributions are of the opposite sign and the possibility
of cancellation does exist. Moreover, since in the limit of
mV ⌅ mµ the contribution of the axial-vector coupling
to anomalous magnetic moment aµ is parametrically en-
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p

µ+

µ�

V
�

�

V µ+

µ�

p

e e

gA

gA

FIG. 4. Typical representatives of muon pair production by
electron-proton collision due to a new force. The parity vio-
lation will come about due to the presence of the gA coupling
in the interference with the pure QED diagrams.

neutrinos are uncharged under the new force, due to the
fact that their interactions are well-known and do not
have any room for O(GF ) new physics e⇤ects, let alone
stronger-than-GF e⇤ects as suggested by the rp discrep-
ancy. We also do not assume any direct coupling of V
to W -bosons other than via the kinetic mixing ⇥. It is
then clear that the SM charged current processes accom-
panied by the emission of the light vector boson V from
the muon line will be drastically di⇤erent from a similar
process with an emission of a photon. In particular, the
interaction of the longitudinal part of the V boson will
be enhanced with energy due to the absence of the con-
servation of the corresponding current. As pointed out in
Refs. [30, 32, 33], direct production of V from muons in
K ⇧ µ⇤V decays can be enhanced by a factor of m2

µ/m2
V

for the V + A current, and even more for the V �A cur-
rent. In the latter case it is advantageous to study very
high-energy processes (see e.g. Ref. [31]), where the en-
hancement can scale as (Energy)2/m2

V .

One of the best known charged current processes is
the leptonic decay of W boson. When gV ⌃= gA (in other
words, when the coupling of V boson to the left-handed
muon is not zero) the decay W ⇧ µ⇤V will be enhanced
by m2

W /m2
V , with the onset of an e⇤ectively strong cou-

pling when (gV � gA)mW /mV >⇤ 1. Since this parame-
ter is indeed larger than one for the interesting part of
parameter space, one should expect a very strong con-
straint on the model. Carrying out explicit calculation
in the limit of gV ⌅ gA, as implied by (g � 2)µ, and to
leading order in mV /mW and mµ/mW , we arrive at

� (W ⇧ µ⇤V ) =
g2

V

512
⌥

2⌅3

GF m5
W

m2
V

(20)

= 1.74 GeV
� gV

10�2

⇥2
⇤

10 MeV

mV

⌅2

.

Because of the prompt decay of V to an electron-positron
pair, and the small value of mV , this decay will be sim-
ilar to W ⇧ µ⇤�. In any case, the additional channel
leads to the increase of the total W width. The contri-
bution in Eq. (20) should be compared against the cur-
rent experimental value for the W width, dominated by

V

µ

�

W

gV � gA

FIG. 5. Diagram that leads to the decay W � µ�V .

measurements at the Tevatron [38],

�W = 2.085 ± 0.042 GeV. (21)

Given the agreement of this with SM expectations for
W ⇧ ⌥⇤ and W ⇧hadrons, we limit the contribution of
the µ⇤V mode to the W width to twice its error, leading
to a branching

B (W ⇧ µ⇤V ) < 4.0% (22)

at 2⌃. This translates to a limit on the coupling of V to
muons of

gV < 2.2 ⇥ 10�3
� mV

10 MeV

⇥
. (23)

It is clear that a large correction to W decay is an
example of strong high-energy constraints resulting from
the lack of the consistent SM embedding of the starting
point in Eq. (4). There are other processes that can be
equally problematic for such models. For example, inser-
tion of the virtual V line into the µ⇤ loop in the W self-
energy diagram will result in the shift of mW and will
impact the very precisely measured ⇧-parameter of the
electroweak theory. Since the lack of the full SM gauge
invariance, one should expect a power-like sensitivity to
the UV cuto⇤ in such theory, which is even stronger en-
hancement than m2

W /m2
V . Thus, indeed, these examples

show an utmost need for a consistent SM embedding at
the level of the very starting point (4).

6. COMBINATION OF ALL CONSTRAINTS

Having performed the required calculations of the muo-
nium HFS, atomic PNC, and W decays, we are now
ready to compile the constraints on the parameters of
our model. We separate all constraints into low-energy
and high-energy ones.

Addressing the low-energy constraints first, it is use-
ful to recall that our model has four parameters,
{mV , ⇥, gV , gA}, which enter in the observables in the
following combinations,

ae[mV ,⇥2]; aµ[mV , (e⇥ + gV )2, g2
A];

⇥r2
p[mV ,⇥gV ]; ⇥Ehfs[mV ,⇥(e⇥ + gV )]; (24)

⇥QW [mV ,⇥gA]; ⇥EµMg(Si)[mV ,⇥(e⇥ + gV )]

Fifteen'
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Other possibilities?? 

!  How about the scalar force – call it S –  that provides e-p 
repulsion and fixes  rp discrepancies at least between normal H 
and µH (Tucker-Smith, Yavin proposal)?  

 
!  Couplings will be very small, and the mass will be small,         

O(200 keV- 1MeV), yeyp /e2~ - 10-8.  
!  This turns out to be somewhat of a blind spot in terms of astro 

and cosmo constraints. Issues with UV completion, n scattering 
!  Izaguirre, Krnjaic, MP: use small underground accelerators 

coupled with large scale detectors such as Borexino, Super-K 
etc… Up to ~ 20 MeV kinematic reach is available due to 
nuclear binding. Use 19F+p " 16O(*) + 4He reaction 
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• For the SOX-type setup we find similarly powerful
sensitivity from the 144Ce �144 Pr(⌅̄e) radioactive
source, which can produce a scalar with 2.19 or
1.49 MeV energies from the 144Nd⇥ de-excitation
that occurs along the decay chain.

The subsequent detection of a mono-energetic release in
a Borexino-type detector with 6.05, 2.19, or 1.49 MeV
will be free from substantial environmental backgrounds.
The strategy proposed in this Letter is capable of ad-
vancing the sensitivity to such states by many orders of
magnitude, completely covering the parameter space rel-
evant for the rp puzzle.

Scalar particles below 1 MeV. New particles in the MeV
and sub-MeV mass range are motivated by the recent 7⌃
discrepancy between the standard determinations of the
proton charge radius, rp, based on e� p interactions [2],
and the recent, most precise determination of rp from
the Lamb shift in muonic Hydrogen [3, 4]. One possible
explanation for this anomaly is a new force between the
electron(muon) and proton [5–7] mediated by a ⌅100 fm
range force (scalar- or vector-mediated) that shifts the
binding energies of Hydrogenic systems and skews the
determination of rp. Motivated by this anomaly, we con-
sider a simple model with one light scalar � that interacts
with protons and leptons,

L� =
1

2
( µ�)2 � 1

2
m2

��
2 + (gpp̄p + geēe + gµµ̄µ)� , (3)

and define ⇤2 ⇤ (gegp)/e2. We assume mass-weighted
couplings to leptons, ge  (me/mµ)gµ, and no couplings
to neutrons. UV completing such a theory is challenging,
so we regard this as a purely phenomenological model.
The apparent corrections to the charge radius of the pro-
ton in regular and muonic hydrogen are [5–7]

⇥r2
p

��
eH

= �6⇤2

m2
�

; ⇥r2
p

��
µH

= �6⇤2(gµ/ge)

m2
�

f(am�) (4)

where a ⇤ (�mµmp)
�1(mµ + mp) is the µH Bohr radius

and f(x) = x4(1 + x)�4. Equating ⇥r2
p

��
µH
� ⇥r2

p

��
eH

to the current discrepancy of �0.063 ± 0.009 fm2 [4],
one obtains a relation between m� and ⇤. Thus, for
m� = 0.5 MeV, the anomaly suggests ⇤2 � 1.3 ⇥ 10�8.
For m� > 2me, the � ⌥ e+e� process is highly con-
strained by searches for light Higgs bosons [1], so we
consider the m� < 2me region, which is relatively uncon-
strained. Since ge ⇧ gp, the �� e coupling is suppressed
relative to that of a massive photon-like particle, so pre-
cision measurements of � and (g � 2)e do not constrain
this scenario.

The astrophysical and fixed-target constraints depend
on the cross section for e� ⌥ e⇥ conversion, which for
m� ⇧ me with a stationary electron target is

d⌃

dE
=

⇧(ge/e)2�2(E �me)

meQ4(Q� E + me)2

⌅
E(Q2 � EQ� 2meQ

� 2m2
e) + me(3Q2 + 3Qme + 2m2

e)

⇧
, (5)
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FIG. 2: Sensitivity projections for various experimental se-
tups in terms of ⇥2 = gpge/e2 and m�, which parametrize
the NP explanation of the rp anomaly in Eq. (4); the blue
band is the parameter space that resolves the puzzle. The
“LUNA/Borexino” curve assumes a 400 keV proton beam
with 1025 POT incident on a C3F8 target to induce p+19F
⇥ (16O

� ⇥ 16O+⌅)+� reactions 100 m away from Borexino
and yield 10 signal events (> 3⇤) above backgrounds [8]. The
Borexino 3 MeV and SuperK 3 MeV lines assume the same
setup with a 3 MeV p-accelerator 10 m away from each detec-
tor. The SuperK projection shows 100 signal events (> 3⇤)
above backgrounds at 6.05 MeV [9]. The SOX lines assume
a radioactive 144Ce �144 Pr source 7.15 m away from Borex-
ino with 50 and 165 events (> 3⇤) above backgrounds for
2.19 and 1.49 MeV lines respectively. Shaded in gray are con-
straints from solar production [8], LSND electron-neutrino
scattering [10], and stellar cooling [11], for which we assume
ge = (me/mp)gp.

where E is the electron recoil energy and Q is the �
energy. At Q ⌃ me, this leads to a total cross section of

⌃e� �
⇧(ge/e)2�2

2meQ
= 13 mbn⇥ 5 MeV

Q
⇥

⇥ge

e

⇤2

, (6)

which determines the in-medium �-absorption probabil-
ity. Absorption competes with the � ⌥ ⇥⇥ decay, pro-
ceeding through loops of fermions f with the width given
by a standard formula,

�(�⌥ ⇥⇥) =
�2 m3

�

512⇧3

����
⌃

f

gf

mf
NcQ

2
fA1/2(⌥f )

����
2

, (7)

where Qf is the fermion charge, ⌥f ⇤ m2
�/4m2

f , and

A1/2(⌥) = 2⌥�2[⌥ + (⌥ � 1) arcsin
⌦
⌥ ]. (8)

An approximate proportionality to particle masses en-
sures that couplings to neutrinos are negligible.

Processes (5), (7) define the gross features of �-
phenomenology in cosmological and astrophysical set-
tings. The ensuing constraints are summarized as fol-
lows:

• Energy loss in stars via e⇥ ⌥ e� (red giants,
white dwarfs etc) is exponentially suppressed for

FIRE

=⇐
.
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DM with a hint on self-interaction?  

•  Comparison of observations and simulations seem to point to problems 
with dwarf galaxy substructures (also known as “too-big-to-fail” problem). 

•  It may or may not be a real problem (it is an astrophycist-dependent 
problem).  

•  Self-scattering due to a dark force, at 1 cm2/g level, seems to help, as it 
flattens out central spikes of DM (which is a reported problem).  
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FIG. 6: Parameter space consistent with astrophysical bounds for attractive (left) and repulsive (right) poten-
tials for different �X . Blue regions show where DM self-scattering solves small scale structure anomalies,
while red (green) show bounds on Milky Way (cluster) scales. Numerical values give �⇥T ⇥/mX in cm2/g

on dwarf (“dw”), Milky Way (“MW”), and cluster (“cl”) scales. See text for details.
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Dark matter bound states at B-factories 
•  If αd > 0.2, the sub-5 GeV Dark matter can increase the sensitivity to dark force 

via  production of “dark Upsilon” that decays producing multiple charged particles 

2

As discussed in the introduction, su⇥ciently strong
dark interaction strength and light dark photon will re-
sult in the formation of dark matter particles (↵↵̄). The
two lowest (1S) bound states, 1S0 (JPC = 0�+) and 3S1

(JPC = 1��), will be called ⇧D and ⇤D, respectively.
The condition for their existence has been determined nu-
merically [26] 2, 1.68mV < �Dm⇧, with �D = g2

D/(4 ).
Their quantum numbers suggest the following production
mechanisms at colliders:

e+e� ⇧ ⇧D+V ; e+e� ⇧ ⇤D+⇥; p+p ⇧ ⇤D+X (2)

The last process represents the direct production of ⇤D

from qq̄ fusion. All production processes are mediated by
a mixed ⇥ � V propagator, as shown in Fig. 1.

FIG. 1. Diagram for �D and �D production and decay at
B-factories.

In order to obtain the rate for the first process in (2),
we calculate the amplitude of e+e� ⇧ ↵↵̄V with ↵, ↵̄
having the same four momentum p (with p2 = m2

⇧), and
apply the projection operator,

⇥⇤ =

⌥
1

32 m3
⇧

R⇤D
(0)( ⌥p + m⇧)⇥5( ⌥p � m⇧) , (3)

to select the ⇧D bound state [28]. We find a leading-order
di�erential cross section:

d⌦e+e�⇥⇤DV

d cos ⌃
=

4 ��2
D⌥

2[R⇤D
(0)]2(1 + cos2 ⌃)

m⇧s3/2(s � 4m2
⇧ + m2

V )2
|p|3 , (4)

where ⌃ is the angle between ⇧D and the ini-
tial e� in the center-of-mass (CM) frame, and
|p| is the spatial momentum of ⇧D, |p| =⇧

[s � (2m⇧ + mV )2][s � (2m⇧ � mV )2]/(2
⌦

s). We
neglect the binding energy for ⇧D, and set m⇤D

⌃ 2m⇧.
An analytic form for R⇤D

(0), the wave function at
origin, is obtained using the Hulthén potential V (r) =
��D⇤e

�⇥r/(1 � e�⇥r) with ⇤ = ( 2/6)mV , which is
known as a good approximation of the Yukawa poten-
tial V (r) = ��De�mV r/r [29]. In that case, R⇤D

(0) =

(4 � ⇤2a2
0)

1/2a
�3/2
0 , where a0 = 2/(�Dm⇧).

The scalar bound state ⇧D dominantly decays into two
dark photons, each subsequently decaying into a pair of

2 It is known that too large �D would run to the Landau pole very
quickly at higher scale [27]. Hereafter, we focus on �D  0.5,
and work with leading-order results in �D.

SM particles via kinetic mixing. These decays are all
prompt for the relevant region of parameter space. The
above decay chain eventually results in the final states
containing six charged tracks, which can be electrons,
muons or pions, depending on the dark photon mass.

We turn to the calculation of ⇤D production via ini-
tial state radiation (Fig. 1). In the ⇤D rest frame, the
non-relativistic expansion can be used, taking the dark
matter field in the form: ↵ = eim�t [�,⌦ · p/(2m⇧)�]

T
+

e�im�t [⌦ · p/(2m⇧)⌅, ⌅]
T , where �, ⌅ are the 2-spinor an-

nihilation (creation) operators for particle (antiparticle).
We use the relation between matrix element and wave
function [30],

�0|⌅†⌦µ�|⇤D =

⌃
1

2 
R�D

(0) �µ
�D

, (5)

where �µ
�D

is the polarization vector of ⇤D and R�D
(0) ⌃

R⇤D
(0) is the radial wave function at origin. Taking into

account the kinetic mixing between dark photon and the
photon, we derive the e�ective kinetic mixing term be-
tween ⇤D and the photon,

Le⇥ = �1

2
⌥⌥DFµ⌅⇤

µ⌅
D , ⌥D =

⌃
�D

2m3
⇧

R�D
(0) . (6)

In the limit mV ⌅ �Dm⇧, the term ⌥D reduces to ⌥D =
�2

D/2. We obtain a di�erential cross section:

d⌦e+e�⇥��D

d cos ⌃
⌃ 2 �2⌥2⌥2

D

s

�
1 � 4m2

⇧

s

⇥

⇥
⇤

8s2(s2 + 16m4
⇧) sin2 ⌃

(s � 4m⇧)2 (s + 4m2
e � (s � 4m2

e) cos 2⌃)
2 � 1

⌅
, (7)

where ⌃ is the the angle between ⇥ and the initial e� in
the CM frame. In the denominator, the electron mass
must be retained in order to regularize the ⌃ integral, as
for me = 0 the cross section is divergent in the forward
direction [31].

Compared to the e+e� ⇧ ⇧DV process, the e+e� ⇧
⇥⇤D cross section is suppressed by a factor �/�D, al-
though the latter contains a logarithmic enhancement
from the angular integral. Moreover, the cross-section
e+e� ⇧ ⇧DV contains an additional m2

⇧/s factor, which
brings additional suppression of lighter dark matter. For
�D � 0.1 and m⇧ ⇤ ⌦

s, the two processes have similar
cross-sections, and we will combine them to set the limit
on this model.

The ⇤D particle will subsequently decay into three
dark photons. We calculate the di�erential decay rate
following the approach in Ref. [28] by generalizing it to
the massive dark photon case,

d�(⇤D ⇧ 3V )

dx1dx2
=

2�3
D [R�D

(0)]
2

3 m2
⇧

⇥ 39x8 + 4x6F6 � 16x4F4 + 32x2F2 + 256F0

(x2 � 2x1)2(x2 � 2x2)2(x2 + 2(x1 + x2 � 2))2
,(8)
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FIG. 2. Left: Constraint on the dark photon parameter space from the BABAR dark Higgsstrahlung searches, adapted to the
production and decay of dark bound states ⇥D and �D. The solid purple curve corresponds to the current BABAR limit for the
parameters �D = 0.5, m� = 3.5 GeV. The dashed purple curve shows the future reach of B-factories. Right: Current constraints
on the m� �mV plane for the SIDM scenario are shown with ⇤2 = 10�7 and di�erent values of �D. The green (blue) region is
favored for SIDM solving the galactic small-scale structure problems [3] for �D = 0.3 (0.5). The combined constraints via the
e+e� ⇥ (⇥DV, �D) ⇥ 3V channels are shown in thick purple curves, and the constraints via the e+e� ⇥ ⌅⌅̄ + 3V channel
are shown in thin blue curves. Allowed regions are in the arrow direction. Assuming no SM background, the constraints via
the e+e� ⇥ ⌅⌅̄ + 2V channel are shown in dot-dashed black curves for �D = 0.3, 0.4, 0.5 (bottom-up). The brown region is
excluded by CDMSlite [37] and LUX [38]. The region mV � 30 MeV is ruled out by the XENON10 electron recoil analysis [39]
for �D = 0.3.

beams, the most important production channel is from
the quark-anti-quark fusion, qq̄ ⇤ �D. Generalizing cal-
culations of [42], the production cross section is given by

⌅pp(n)⇥�D
=

4⇤2�⇥2⇥2
D

s

⇤

q

Q2
q

⌅ 1

�

dx

x

�
⇧
fq/p(x)fq̄/p(n)

�⇧
x

⇥
+ fq̄/p(x)fq/p(n)

�⇧
x

⇥⌃
, (10)

where ⇧ = m2
V /s, fq/p(n) and fq̄/p(n) are the relevant

structure functions for this process, and Qq is the quark
charge in units of e. Unlike B-factories, only muonic de-
cays of dark bound states, such as �D ⇤ 3V ⇤ 3(µ+µ�),
constitute a useful signature, as backgrounds in other
channels are likely to be too large. The multi-dark pho-
ton FSR channels can also be relevant for the proton
beam experiments.

Among the possible candidates of proton-on-target ex-
periments, we focus our discussion on SeaQuest [43] and
the planned SHiP [44] facilities. Note that only a fixed
target mode of operation, rather than a beam dump
mode that would try to remove prompt muons, is suit-
able for the search of �D. Taking a point in the param-
eter space, m⇥ = 2 GeV, ⇥2 = 10�7, mV = 300 MeV,
�D = 0.5 and the energy of incoming proton beam
of 400 GeV, we estimate a probability of producing a
�D decaying to 3(µ+µ�) for a 1 mm tungsten target,
P = n⌅⌃ ⇥ 2 � 10�17. With O(1020) particles on tar-
get, one could potentially expect up to 2� 103 six muon
events. The large multiplicity of signal events gives some
hope that this signal could be extracted from large num-
ber of muons produced per each proton spill. Given the

current uncertainties in estimating the background, we
refrain from showing the potential reach of proton ex-
periments in Fig. 2, noting that in any case, it would
not cover the most interesting region for SIDM, namely
mV < 200 MeV.
Outlook. Among the various probes of dark sectors sug-
gested and conducted in recent years, only a few are
sensitive to both the dark force and dark matter at the
same time. We have pointed out that in case of relatively
strong self-interaction, the presence of dark force greatly
facilitates the discovery of the entire sector, as it leads
to the formation of dark bound states, and causes dark
FSR radiation that decay into multiple charged parti-
cles of the SM. The existing searches at BABAR and Belle
already limit this possibility, and further advance in sen-
sitivity can be made by searching for the missing energy
plus pairs of charged particles.
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3 pairs of charged particles appear “for free” once Upsilon_dark is produced. This is 
limited by previous searches of “dark Higgsstrahlung” by BaBar and Belle. 
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Conclusions!
!  Many motivations for dark sectors, but which one describes the 

observed dark matter is not clear!

!  Progress in WIMP detection is enormous!

!  Light force between Dark matter and SM expands phenomenological 
possibilities!

!  Light weakly coupled particles (e.g. mediators of DM interaction) can 
be responsible for a number of different phenomena and anomalies 
(starting from muon g-2). Direct searches of such light particles 
haven’t turn up a positive detection yet, but the progress in recent 
years in sensitivity has been substantial. !
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