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Broadening the search for new 
physics at the intensity frontier 

experiments 

Maxim Pospelov 
University of Victoria, Victoria/Perimeter Institute, Waterloo 

 
(thank you Brian, Roni, Paddy for putting together a wonderful 

workshop ! Workshop addressed issues of light dark matter 
and “dark forces” –possible new interactions of dark sector ) 
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38 years rule = new forces of nature are 
discovered every 38 years for the last 150 yrs 

1.  1860s – first papers of Maxwell on EM. Light is EM excitation. 
E & M unification.  

2.  1897 – Becquerel discovers radioactivity – first evidence of 
weak charged currents (in retrospect). 

3.  1935 – Chadwick gets NP for his discovery of neutron with 
subsequent checks that there exists strong n-p interaction. Strong 
force is established. 

4.  1973 – Gargamelle experiment sees the evidence for weak 
neutral currents in nu-N scattering 

5.  2011/2012 Discovery of the Higgs, i.e. new Yukawa force.  
6.  Prediction: Discovery of a new dark force – 2050?  
 
(+/- 2 years or so).  
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Outline of the talk  
 

1.  Energy and Intensity Frontiers. Portals to SM. Implications of the 
LHC results. 

2.  “Anomalies” and various rationales for dark forces at low 
energy. Secluded U(1) (= dark photon) model. Possible 
connection to dark matter. Main features and signatures.  

3.  Selected new results/ideas for secluded sectors: 
 3a. Fixed target searches of dark photons and light (MeV  
  scale) dark matter 
 3b. Constraints on leptophilic dark forces from neutrino    
 trident production. 
 3c. New physics coupled to muons? New opportunities for 
 the future Fermilab experiments? 

4. Conclusions.  
 

 



Intensity and Energy Frontiers 
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           SM corner 
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LHC can realistically pick up New Physics with αX ~ αSM , and 
mX  ~  1TeV, while having no success with αX<10-6, and mX ~ GeV.  
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“Stronger than weak” New Physics 
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           SM corner 

 

     

If you see new effects like e.g. LFV, EDM etc it’ll be here (can be 1000 
TeV, difficult to access, and no pressing need for UV completion) 

There is a lot of “untouched” territory even for interactions that are 
“stronger than weak”. Examples: dark photon; baryonic dark vector; 
gauged flavor symmetries such as Lµ-Lτ	
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Let us classify possible connections between Dark sector and SM 
H+H (λ S2 + A S)      Higgs-singlet scalar interactions 
Bµν Vµν         “Kinetic mixing” with additional U(1)’ group 
(becomes a specific example of Jµ

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

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

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

A  ∂µ a /f      axionic portal 
………. 
 

Neutral “portals” to the SM 
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Systematic searches of light new physics?  
 

1.  Broad classes of New Physics models should be investigated. 
These include new neutrino states (sterile or “semi-sterile”); new 
gauge bosons (dark photons, dark baryonic vectors, gauged 
lepton symmetries); new light stable particles (e.g. MeV-scale 
“dark matter”); new light scalars mixing with the Higgs.  

2.  Places such as FermiLab provide ample opportunities for such 
searches ß but many possibilities remain untouched.  

3.  In a systematic search the results many old experimental results 
can get repurposed for the new needs.  

4.  There are many reasonable physics searches where quick 
progress is possible (“low-hanging fruits”).  

5.  Anomalies – either in particle physics, or more indirectly in 
astrophysics – can become the guiding principle of where to look 
first.  
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Conserved vector currents are uniquely positioned to avoid very 

strong flavor constraints. Axial vector portals, Higgs portals are 
potentially liable to very strong flavor constraints. Consider 
generic FCNC penguin-type loop correction.  
          

                   strange 
  
X             top-W loop 

         For a conserved vector current, GF q2 

     For axial vector current, GF mt
2 

          bottom   
 There is extremely strong sensitivity to new scalars, 
pseudoscalars axial-vectors in rare K and B decays.  

Why EM or baryonic currents are “safe” 
from flavor constraints 



Recent motivations for new states/new 
forces below GeV 

1.  Theoretical motivation to look for an extra U(1) gauge group.	

2.  Recent intriguing results in astrophysics. 511 keV line, 

PAMELA positron rise, ...	

3.  More than a decade old discrepancy of the muon g-2. 	

4.  New discrepancy of the muonic hydrogen Lamb shift.	

5.  Long-standing puzzles in neutrino experiments (LSND, 

MiniBooNe, …)	

6.  Other motivations.	

….	


9 
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Simplest example of a dark vector force 
(Holdom 1986; earlier paper by Okun’) 

This Lagrangian describes an extra U(1)’ group (dark force, hidden 
photon, secluded gauge boson, shadow boson etc, also known 
as U-boson, V-boson, A-prime, gamma-prime etc), attached to 
the SM via a vector portal (kinetic mixing). Mixing angle κ (also 
known as ε, η) controls the coupling to the SM. New gauge 
bosons can be light if the mixing angle is small.  

In this talk κ = ε 
Low-energy content: Additional massive photon-like vector V, and a 

new light Higgs h’, both with small couplings.  
Well over several hundred theory papers have been written with the 

use of this model in some form in the last four years.  
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“Non-decoupling” of secluded U(1) 
Theoretical expectations for masses and mixing  

Suppose that the SM particles are not charged under new US(1), and 
communicate with it only via extremely heavy particles of mass 
scale Λ (however heavy!, e.g. 100000 TeV) charged under the 
SM UY(1) and US(1)                            (B. Holdom, 1986) 

 
Diagram                                                       does not decouple! 
A mixing term is induced, κ FY

µνFS
µν, 

With κ  having only the log dependence on mass scale Λ	

κ  ~ (αα’)1/2 (3π)-1 log(ΛUV/Λ) ~ 10-3 

MV ~ e’κ MEW (MZ  or TeV) ~ MeV – GeV 
This is very “realistic” in terms of experimental sensitivity range of 

parameters.  

    Λ	

UY(1)                             UV(1)       
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         Mediators  (SM Z, h etc or dark force) 
Heavy WIMP/heavy mediators:  - “mainstream” literature 
Light WIMPs/light mediators: Boehm et al; Fayet; MP, Ritz, Voloshin; Hooper, 

      Zurek; others 

Heavy WIMPs/light mediators: Finkbeiner, Weiner; Pospelov, Ritz, Voloshin 
(secluded DM); Arkani-Hamed et al., many others 

Light WIMPs/heavy mediators: does not work. (Except for super-WIMPs; or 
non-standard thermal history) 

Light mediators allow to speculatively tie several anomalies to the possible effects of 
WIMP dark matter.  

Possible connection to WIMP-y dark matter 

Light (thermal relic) DM

18

⇒ viable thermal relic density for a sub-GeV WIMP requires new annihilation 
    channels through light states, i.e. light DM as part of a hidden sector.

Standard Model Hidden Sector

DM Annihilation

DM Production!

! by inversion, light mediators allow direct production of DM at low energy!

(particularly if mmediator > 2 mDM)

The Lee-Weinberg bound on the WIMP mass ~ few GeV 
applies if annihilation in the early universe is via SM forces.  

[Boehm & Fayet ’03]

Br(med ! DM) ~ 1

WIMPs, super-WIMPs 
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Secluded WIMP idea – heavy WIMPs, light mediators 

 
 
 
 
 

 

ψ – weak scale Dark Matter; V –mediator particle. 

mmediator > mWIMP  mmediator < mWIMP 

Second regime of annihilation into on-shell mediators (called secluded) 
does not have any restrictions on the size of mixing angle κ. 	


It turns out this helps to tie PAMELA positron rise and WIMP idea 
together. Can be successfully used to model recent galactic γ-excess. 



Astrophysical motivations: 511 keV line 	
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FIG. 7 Map of Galactic 26Al !-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 !-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 "+-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
"+-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 !-ray emissions
in the MeV range can be summarized as follows:
1) Intensity: The total rate of positron annihilation

observed in !-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 di!erent 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 (#S) are shorter or longer than the lifetime
of positrons in the ISM (#e+). Calculation of the total e+

production rate requires in the former case (#S < #e+) 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 (#S > #e+), 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
!-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 ! 4". Indications for such an asymmetry
were already noticed in the OSSE data (M. Leising, pri-
vate communication). It should be noted, however, that
a di!erent 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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PAMELA positron fraction  
 

No surprises with antiprotons, but there is seemingly a need for a 
new source of positrons!  

This is a  “boost” factor of 100-1000 “needed” for  the WIMP 
interpretation of  PAMELA signal. E.g. SUSY neutralinos would not 
work, because <σv > is too small. Enhancing it “by hand” does not 
work because WIMP abundance goes down. Dark forces allow bridging 
this gap due to the late time enhancement by Coulomb (Sommerfeld). 
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g-2 of muon 
 

More than 3 sigma discrepancy 
for most of the analyses. 
Possibly a sign of new 
physics, but some 
complicated strong 
interaction dynamics could 
still be at play.  

Supersymmetric models with 
large-ish tanβ; light-ish 
sleptons, and right sign of µ 
parameter can account for 
the discrepancy.  

Sub-GeV scale vectors/scalars 
can also be at play.  
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g-2 of muon 
 

Upcoming Fermilab muon g-2 
experiment aims at 
shrinking the experimental 
error bar by a factor of ~ 4.  
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κ-mV parameter space  
If g-2 discrepancy taken seriously, a new vector force can account 

for deficit. (Krasnikov, Gninenko; Fayet; Pospelov) 
E.g. mixing of order few 0.001 and mass mV ~ mµ 

MP, 2008 
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Since 2008 a lot more of parameter space got constrained 
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κ-mV parameter space, Essig et al 2013  
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FIG. 6. Parameter space for dark photons (A�) with mass mA� > 1 MeV (see Fig. 7 for

mA� < 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 different possibilities obtainable in

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

21

Dark photon models with mass under 1 GeV, and mixing angles ~ 10-3 
represent a “window of opportunity” for the high-intensity experiments, 
and soon the g - 2 ROI will be completely covered.  Gradually, all 
parameter space in the “SM corner” gets probed/excluded. 



Newest results from Mainz A1 
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this experiment.

the QED background process [13]

R =
dσ(X → γ� Y → e+e−Y )

dσ(X → γ∗Y → e+e−Y )
=

3π

2Nf

�2

α

mγ�

δm
.

Here Nf is the ratio of the phase space of the decay into an
e+e− pair to the phase space of the total decay (equal to 1
below 2mµ) and δm is the bin width in mass. For the virtual
photon channel we used the background-subtracted mass dis-
tribution. To determine the ratio R both cross sections as cal-
culated in ref. [14] were integrated over the acceptance of the
experiment by standard Monte-Carlo methods. Here, the nor-
malization was chosen to reproduce the measured mass distri-
bution.

Please note that in the interpretation of the data in ref. [17]
the cross sections were calculated not including the full anti-
symmetrization as discussed in ref. [14], leading to an over-
estimation of the sensitivity by a factor 2–3. Therefore these
data were included in this analysis and reanalyzed. Since ad-
ditional data were taken in the same mass range, roughly the
same sensitivity was achieved.

Fig. 3 shows the resulting 2σ exclusion limits. Also in-
cluded in the figure are the limits by the APEX [19], WASA-
at-COSY [20], KLOE-2 [21], HADES [22], and BaBar [23,
24] collaborations. The red line shows the interpretation of
the (g − 2)µ discrepancy as a dark photon with a 2σ error
band (red shaded region) and as exclusion limit (blue shaded
region). Also included is the reanalysis of ref. [25] of the
beam dump experiment E774 [26] to extract exclusion limits
for dark photons.

With the new measurement presented here, the exclusion
limit in the region of the (g − 2) anomaly of the muon was
improved considerably. While the results of the meson de-

cays by KLOE-2, WASA-at-COSY, and HADES were not
able to completely rule out the dark photon as the origin of the
anomaly, the new data set clearly covers the possible signal of
the anomaly by several sigmas over a large mass range. The
remaining undecided mass range of 25MeV/c2 <∼ mγ� <∼
50MeV/c2 cannot be covered by the spectrometers of the A1
collaboration without modifications. However, several exper-
iments by different collaborations are already planned to ac-
cess the low mass region in the near future (see ref. [15] for a
summary).
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Gradually all g-2 ROI gets excluded in this minimal model. 

New Babar results are expected any time now: M.Graham, this meeting  
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Other reasonable scenarios of dark vector force?  

 
1.  Many of the existing bounds will not apply if the “dark photon” is 

even more “dark”: once produced it can decay to V à 2 DM 
particles, depleting visible modes. We can turn it around and use as 
an opportunity to search for light DM (which is e.g. being suggested 
in connection with 511 keV excess, Boehm et al, 2003).  

2.  There are other reasonable examples of “leptophilic” dark forces that 
can be easily lead to the deviation of muon g-2, such as gauged 
lepton number Lµ-Lτ etc. In this case, one should expect extra effects 
for neutrinos.  (…, Glashow et al, …) 

3.  There is also a very reasonable example of “leptophobic” portal, 
Vµqγµq, very poorly constrained by direct experiments (McKeen; 
Frugiuele, this meeting), where Fermilab is uniquely positioned to 
make progress.  
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p + p(n) −→ V ∗ −→ χ̄χ

Fixed target probes - Neutrino Beams

30

π0, η −→ V γ −→ χ̄χγ
χ + N → χ + N

proton 
beam

(near) 
detector

χ + e→ χ + 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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Illustration of the main idea 

From D. McKeen talk.  

Same force that is responsible for depletion of χ to acceptable levels in 
the early Universe will be responsible for it production at the collision 
point and subsequent scattering in the detector. 

 

DM Production & Scattering

χ χ

e e

χ χ

N N

χ χ

q q

V V V

Elastic scattering 
on electrons

Elastic scattering 
on nucleons

Deep inelastic 
scattering

p

N

target
absorber

decay volume
dirt

χ

detector

π0 → γV, V → χχ∗

p → π0 +X

π0, η
V

γ
χ

χ∗ V

χ∗

χ

q̄

q

In the detector:
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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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Batell, deNiverville, McKeen, 
MP, Ritz 

MiniBooNE sensitivity – quite 
a bit of new ground can be 
covered.  

There is an on-going run by 
the experiment in the off-
target mode to reduce the 
neutrino background 

(In the simplest model, existing 
searches do cover the region of 
parameter space compatible 
with the correct relic 
abundance) 

 

MiniBooNE sensitivity (N!"N!)

41

[work in progress]

10, 103, 106 events

#"V$

%"V$
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FIG. 9. Parameter space for dark photons (A�) decaying invisibly to dark-sector states χ for various

mχ. Constraints from the electron (red) and muon (green) anomalous magnetic moment [120] are

independent of the A� decay mode (see also Fig. 6). Constraints from (on-shell) A� decays to any

invisible final state arise from the measured K+ → π+νν̄ branching ratio [120, 223, 263] (brown)

and from a BABAR mono-photon search [264–266] (blue); significant improvements are possible

with DarkLight [267] (dark blue dashed), VEPP-3 [135, 136] (magenta dashed), ORKA [265] (brown

dashed), and BELLE II [265] (light blue solid). If the χ are long-lived/stable and re-scatter in a

downstream detector, constraints arise also from LSND (gray) for m�
A < mπ0 , mχ < m�

A/2 [268].

Additional parameter space can then also be probed at existing/future proton beam-dump facilities

like Project X, LSND etc., (the solid dark green line shows a proposed MiniBooNE beam-off-target-

run [223]), and at electron-beam dumps at JLab (dark red), the ILC (purple), and other facilities

like SLAC, SuperKEKB etc. (not shown) [266]. Supernova constraints are applicable for lower

� [131] (not shown).
43

  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, Krnjaic, Schuster, Toro 2013; Surujon et al. 
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 Looking into the future…  
•  Future Fermilab experiments MicroBooNE, Nova, LBNE (may be 

new beam dump experiments) will all have decent sensitivity to 
studies of light new states (either pair-produced in the target/beam 
dump and scattering in the near detector, or singly produced with 
subsequent decay.) 

•  Some thoughts should be invested into determining what the best 
strategy is too achieve the main goals of the experiments aimed at 
neutrino physics, and at the same time extracting maximum sensitivity 
to the new light states beyond SM. (New ideas at the workshop, J. Yu; 
R. van de Water) 

•  Further theoretical efforts should be spent onto diversifying away 
from the simplest model (e.g. dark photon) as it may not capture all 
the interesting physics that can be studied in these experiments.  
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Leptonic dark force  

 

New theoretical angle (“dark force” at the intensity frontier) often brings 
back to focus some old experimental results that at the time nobody 
considered as “probes” of new physics.  

Altmannshofer, Gori, MP, Yavin, 2014.  

There are some flavor symmetries in the SM that can be gauged without 
much problem: Lµ-Lτ , B – 3Lµ ,…  Some of these combinations have no 
gauge anomalies, and so are UV safe. These symmetries could 

•  Also be responsible for the muon g-2 “anomaly-of-the-anomaly” 

•  Lead to interesting collider signatures 

•  Be phrased as “non-standard neutrino interactions”, leading to 
 (qγµq)×(νγµν) etc.  

Evidently, there is much less room for the “stronger-than-weak” forces.  
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Example: gauged Lµ - Lτ  symmetry 

 
Altmannshofer, Gori, MP, Yavin, 2014.  

•  This is the least constrained possibility because neither electrons nor 
nucleons have extra interactions with neutrinos.  

•  However, g-2 is corrected in the “right direction” and to make 
connection with previous plots, one should take e ×κ à g’. 

•  LHC provides decent sensitivity to the model with sizable g’ and 
 mZ’> few GeV via Z à 4 muons. Excludes g-2 solution for  
 mZ’ > 30 GeV. 

•  Rather old but remarkable results on neutrino trident production 
(CHARM-II, CCFR, NuTeV) provide the strongest constraint on this 
model.  
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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)
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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)
!!. The left side is " mode; the right side is "̄ mode.
The Mµ+µ! and !! 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 di!ractive 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

!
!

"µFe ! µ"(DS + D!
S)Fe

"

= (3.3 ± 1.1) fb/nucleon,

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

!

"µFe ! µ"D!+
S Fe

"

=
!

!

"̄µFe ! µ+D!"
S Fe

"

and !
!

"µFe ! µ"D+
S Fe

"

=
!

!

"̄µFe ! µ+D"
S Fe

"

. A second fit performed with
the neutrino trident parameter fixed to the Stan-
dard Model prediction yielded the consistent results
! ("µFe ! µ"(DS + D!

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

S decay. Studies showed e!ects of a possible D!
S po-

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

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

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

S + D!±
S )

per charged-current "I (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/#
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/# production produces a clear sig-
nature in the two muon invariant mass, particularly if
EHAD # 3 GeV is imposed to select di!ractively pro-
duced events. There is no evidence for a J/# 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 di!ractive J/#
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 !0 = 0.40 GeV/c2.

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

N(Mµµ) = M"
µµe(#+$Mµµ) + A " e"

1
2
(

Mµµ!M0
!0

)2 , (5.1)

where Mµµ is the two muon invariant mass. M0 and !0

are the mass and width of the J/# as measured by the
Monte Carlo. The first term represents a smooth param-
eterization of the background description where $ and
% determine the shape and & the normalization. The
second term is a Gaussian description of the J/# con-
tribution with mean mass M0 and width !0 set to the
Monte Carlo prediction. The parameter A measures the
amount of J/# in the data.

The results of the fit are shown in Table VI. A 90%
confidence level (CL) on the J/# contribution is set by
fixing the J/# 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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Additional contribution from Z’ of Lµ - Lτ 

 

Experimental results 

 

 

Hypothetical Z’ (any Z’ coupled to Lµ) contributes constructively to cross 
section.   
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dent cross-section to the SM prediction is given by

σ

σSM

�
1 +

�
1 + 4s2W + 2v2/v2φ

�2

1 + (1 + 4s2W )
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

σCHARM−II/σSM = 1.58± 0.57 , (35)

σCCFR/σSM = 0.82± 0.28 , (36)

σNuTeV/σSM = 0.67± 0.27 . (37)

A weighted average gives

σexp/σSM = 0.83± 0.18 , (38)

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

vφ � 750 GeV . (39)

This bound completely excludes an explanation of the
(g − 2)µ anomaly for the mZ� � 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 mZ�

- g� plane.

• Final remarks. Fig. 3 is a summary of all the lep-
tonic constraints on Lµ − Lτ 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 effect in
Bs mixing, if the Z � is to explain the B → K∗µ+µ−

anomaly. We find that the mass difference in the Bs

system, ∆Ms is affected by at least 3%, and the effect
grows quadratically with vΦ. While a 3% effect in ∆Ms

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

effective 4-fermion operator is accurate as long as mZ� � 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 −Lτ portal, and to quarks through
general effective 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 offer a general and consistent frame-
work within which it is possible to discuss the different
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 − Lτ 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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whereKF is a loop function that can be found e.g. in [43].
Out of the three SM neutrinos only the muon-neutrino
and tau-neutrino are affected by Z � loops. Therefore, the
correction to the Z coupling to neutrinos is effectively
given by

gV ν

gSMV ν

=
gAν

gSMAν

=

����1 +
2

3

(g�)2

(4π)2
KF (mZ�)

���� . (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 effect comes from the Feynman
diagram shown in Fig. 5, with an intermediate on-shell
Z � boson dominating the rate formZ� < 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 efficien-
cies have been taken from [51]. The invariant mass of the
opposite sign same flavor (OSSF) lepton pair closest to
the Z mass should be m1 > 20 GeV. The second OSSF
lepton invariant mass should be m2 > 5 GeV. Finally,
the invariant mass of the four lepton system should be
close to the Z mass: 80GeV < m4� < 100GeV.

NP effects 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�−mZ� 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.

γ

N N

ν

ν

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 − Lτ 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 (µ̄γαµ) (ν̄γαPLν) /m2

Z�
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: 
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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’ > 300 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.  
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*** This is the prime example of an old measurement “reprocessed” to 
kill a significant part of the “dark force” parameter space ***  

Can it be improved in the future ??? 
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Muons are misbehaving; have we tested them enough?  
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FIG. 2: Extracted values for gP as a function of the poorly
known molecular transition rate λop [12, 13, 28]. In con-
trast to earlier experiments (OMC [11], RMC [14]), MuCap
is rather insensitive to this parameter.

are obtained in recent analyses [29, 30] of an earlier 0.3%
measurement of muon capture on 3He [31], with uncer-
tainties limited by theory. MuCap provides the most
precise determination of gP in the theoretically clean µp
atom and verifies a fundamental prediction of low-energy
QCD.
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[18] M. Döbeli et al., Nucl. Instrum. Meth. B266, 1820

(2008).
[19] V. Ganzha et al., Nucl. Instrum. Meth. A578, 485

(2007).
[20] A. Adamczak, Phys. Rev. A74, 042718 (2006).
[21] B. Kiburg, Ph.D. thesis, UIUC (2011).
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May be something happens with muonic “neutral” channels at low 
energy. We do not know – therefore it would be quite foolish not to 
explore additional possibilities of testing “NC-like” signatures in muons 
at low energy. 

Resolution of current puzzles (rp, g-2 etc) may come not necessarily from 
trying to re-measure same quantities again (also important), but from 
searches of new phenomena associated with muons. 
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Results on muonic hydrogen
!(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

!(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. 151. Experiments wrong? 2. Theory wrong? 3. Two-photon strong interaction “box” is 

anomalously large? 4. New physics with O(MeV) scale particles?....   

New measurements of the Lamb shift in muonic hydrogen allow for the 
best ever extraction of the proton charge radius. Famously, there is a 
large discrepancy with the e – p results.  
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Why should we care about rp problem? 
G-2 experiment “migrated” from BNL to Fermilab.  
 
 
 
 
 
rp problem is a huge challenge: if by any chance the muon-proton 
interaction is “large”: either the two-photon strong interaction diagram or 
“light new physics”, then g-2 is not really calculable with required 
precision!  

         
 
 
 
Shift is much larger than hadronic LBL error! Larger than discrepancy… 
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4. Finally, it is also possible that some “intermedi-
ate range” force is responsible for the discrepancy.
Should such a new force carrier exist in the MeV-
100 MeV mass range, it could potentially affect the
µH Lamb shift directly. Constructing a model that
would be not immediately ruled out by the existing
constraints on dark forces in this range is a difficult
challenge [12–14].

Further background information and discussion can be
found in the recent review [16].

The search for a resolution to the rp discrepancy is
important because it caries strong implications for the
precision of theoretical evaluation of the muon g − 2.
Suppose, for example, that either “unexpected” effects
of strong interactions (solution 2 above), or some new
physics (solution 4) is responsible for inducing, e.g., a
large proton-muon interaction term,

∆L � C(ψ̄µψµ)(ψ̄pψp), (1)

where coefficient the C needs to be ∼ (4πα) × 0.01 fm2

in order to explain the discrepancy in rp measurements.
This effective interaction is shown on the left of Fig. 1.
One can then estimate the typical shift to the muon g−2
that this interaction would imply by integrating out the
proton, leading to the two-loop effect on the right of
Fig. 1. (Other charged hadrons presumably would con-
tribute as well.) Using (1) as a starting point, we perform
a simple estimate by rescaling the well-known perturba-
tive formula for the two-loop Higgs/heavy quark contri-
butions to the muon g − 2 found in, e.g., [15]. Since
we are converting a dimension-6 operator in (1) into the
dimension-5 g − 2 operator, the result is linearly diver-
gent and presumably is stabilized by some hadronic scale
Λhad, where neither the coefficient C nor the proton-
photon vertex can be considered local. Taking a wide
range for Λhad, from a proton mass scale mp to a very
light dynamical scale ∼ mπ, one arrives at the follow-
ing estimates of a typical expected shift for the muon
anomalous magnetic moment,

∆(aµ) ∼ −C × αmµmp

8π3
×
�

1.7; Λhad ∼ mp

0.08; Λhad ∼ mπ
, (2)

which, after inputing the value of C implied by the rp
discrepancy results in

5× 10−9 <∼ |∆(aµ)| <∼ 10−7. (3)

Clearly, the upper range of this possible shift is enor-
mous while the lower range is still large, on the order
of the existing discrepancy in muon g − 2. It is three
times the size of the current estimates for the hadronic
light-by-light contributions, and one order of magnitude
larger than the uncertainty claimed for that contribution.
These estimates show that if indeed large muon-proton
interactions are responsible for the rp discrepancy, one
can no longer insist that theoretical calculations of the
muon g−2 are under control. Thus, a resolution of the rp
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FIG. 1. Left:the effective proton-muon interaction resulting
from unexpectedly large QCD effects or new physics that is
responsible for the rp discrepancy. Right: the two-loop con-
tribution to the muon g − 2 that results from the interaction
on the left after integrating out the proton.

problem is urgently needed in light of the new significant
investments made in the continuation of the experimental
g − 2 program.
In this paper, we entertain the possibility (solution 4)

that a new vector force is responsible for the discrep-
ancy. Our goal is to investigate the status of this vec-
tor force in light of the g − 2 results for the electron
and muon and to derive additional constraints from the
hyperfine structure of muonium. 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 the electron sector. We believe that
our analysis is timely, given the new experimental infor-
mation that will soon emerge from the measurement of
the Lamb shift in muonic deuterium and helium and the
new efforts at making the ordinary hydrogen measure-
ments more precise.
Our approach to the new force is purely phenomeno-

logical. At the same time it is important to realize that
the embedding of such new force into the structure of the
SM is very difficult and so far no fully consistent models
of such new interaction have been proposed. (The clos-
est attempt, the gauged µR model of Ref. [14], suffers
from a gauge anomaly and thus must be regarded as an
effective model up to some ultraviolet scale, close to the
weak scale.) Therefore, even a phenomenologically suc-
cessful model that would explain the rp discrepancy and
pass through all additional constraints should be viewed
at this point as an exercise which can be taken more seri-
ously only if a credible SM embedding is found, or if the
new force hypothesis finds further experimental support.
We illustrate the need for the consistent SM em-

bedding explicitly, by considering the high-energy con-
straints on the muon-specific vector force. We show that
normally not-so-precise observables such as W -boson de-
cay branching fractions become extremely constraining,
since they are affected by the muon-specific force because
of the breaking of the full SM gauge invariance. We ob-
serve that ∼ (E/mµ)2 enhancement of all charged cur-
rent effects is a generic price for the absence of a consis-
tent SM embedding, which strongly disfavors such mod-
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straints on the muon-specific vector force. We show that
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New physics with muons at Fermilab 

 
•  Brand new g – 2 experiment 

•  µ2e experiment 

•  Possible muon EDM experiment 

In µ2e experiment 1010 muon captures per second with [hopefully] no 
beam-related backgrounds in the ~ microsecond intervals between 
proton bunches. 

•  This can be used for searching for light weakly coupled new physics 

 new bosons radiated off muon lines in the capture process 

 new sterile-type neutrinos emitted in the capture process 

With subsequent decays outside the detector shielding 
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Example: ~ 50 MeV sterile neutrino model 

 

S Gninenko (2010): a metastable 
neutrino model with possible “fix” 
to LSND/MiniBooNe excess 

Very relaxed bounds with mixing 
angle2 up to 10-2. 

2

the neutrino weak flavor eigenstates (!e, !µ, !! , ...) can
be di!erent from the mass eigenstates (!1, !2, !3, !4...),
but they are related to them, in general, through a uni-
tary transformation. A generalized mixing:

!l =
!

i

Uli!i; l = e, µ, ", ..., i = 1, 2, 3, 4, ... (1)

results in neutrino oscillations when the mass di!erences
are small, and in neutrino decays when the mass di!er-
ences are large. Hence, it would also be natural to assume
that the !h, if it exists, is a component of muon neutri-
nos which is produced in !µ NC interactions by muonic
mixing, as illustrated in Fig.1. This assumption provides
us with a useful framework for further discussions. An
immediate consequence is that the !h can also be pro-
duced through CC interactions in leptonic and semilep-
tonic decays of su"ciently heavy mesons and baryons
according to the proper mixing strength, as follows from
Eq. (1), and phase space and helicity factors [15, 16]
(see also [17]). Note that, although CC weak interac-
tions of ordinary particles are V ! A, one could assume
that the heavy neutrinos may dominantly be produced
by non-left-handed V,A couplings; see e.g., the discus-
sion in Ref.[15]. Therefore, it would be interesting and
important to have a general analysis of the production of
heavy neutrinos of Dirac or Majorana type, e.g. in !µNC
interactions, for arbitrary weak couplings including the
leptonic mixing and helicity e!ects. This is, however,
beyond the scope of the present work.

Z

N N

!µ !µ
!h

"

!

Uµh

FIG. 1: Schematic illustration of the NCQE production and
the decay of heavy neutrino.

The rest of the paper is organized as follows. In Sec.II
we describe the formalism for the radiative neutrino de-
cay, specifying the di!erence between the Dirac and Ma-
jorana decay modes. The results from the LSND and
KARMEN experiments are described in Sec.III. Here we
show how the suggested model explains those results. In
Sec.IV we briefly describe the MiniBooNE experiment
and give an explanation of the anomalous excess of events
observed in !µ and !µ data. The final results from the
combined analysis of the LSND and MiniBooNE data are
reported in Sec.V. The discussion and review of the ex-
perimental and some cosmological and astrophysical con-
straints on the mixing strength |Uµh|2 and neutrino mag-
netic moment are presented in Sec.VI. We find that, quite

surprisingly, the (m"h ; |Uµh|2) parameter space favorable
for the explanation of the LSND and MiniBooNE results
is unconstrained by the results from the most sensitive
experiments, e.g. searching for a !h peak in #µ2,Kµ2 de-
cays. Moreover, we show that taking into account the
dominance of the radiative !h decay and its short life-
time, makes existing experimental bounds weaker, allow-
ing them to be extended to the higher mass region. In
Sec.VII, several proposed experiments to search for the
!h are described. We also show that, several tests can be
applied to existing data. Section VIII contains conclud-
ing remarks.

II. RADIATIVE NEUTRINO DECAY

Let us consider the decay of a heavy neutrino !h of
mass m"h and energy E"h into a lighter neutrino ! and
a photon:

!h " ! + $ (2)

with the partial lifetime ""h . The energy of the decay
photon in the !h rest frame given by

E0
# =

m"h

2
(1 !

m2
"

m2
"h

) (3)

is in the range 0 < E# < m"h/2, depending on the mass
of the !, which may be in the range 0 < m" < m"h .
Furthermore, for simplicity we assume that the particle
! is almost massless, and the photon energy in the rest
frame is E0

# = m"h/2. The energy of the decay photon
in the laboratory frame depends on the !h initial energy
and on the center-of-mass angle # between the photon
momentum and the !h direction of flight:

E# =
E"h

2
(1 +

P"h

E"h

cos#) #
E"h

2
(1 + cos#) (4)

Hence, the energy distribution of photons in the labora-
tory system depends on their angular distribution in the
rest frame, which is not generally isotropic [18]:

dN

dcos#
=

1

2
(1 + acos#) (5)

Here, the angle # is defined as above and a is the asym-
metry parameter. It is also possible to define # as the
angle between the direction of spin, the only direction
available in the rest frame, and the photon momentum.
However, if we assume that the spin of !h is (anti)parallel
to its momentum, both definitions are equivalent.
The decay of a spin- 12 neutrino into another spin- 12

particle and a photon can be generally described by two
helicity amplitudes A and B corresponding to the final
states shown in Fig. 2. For the most general coupling
given by [19–21]

%(!)&µ" ('+ ($5)%(!h))
µA" (6)

18

FIG. 24: The 2! allowed region (dark areas) in the
(m!h ; |Uµh|

2) parameter space obtained for di!erent values
of the asymmetry parameter a from the combined analysis of
LSND and MiniBooNE "µ and "µ data. The areas excluded
by the #µ2 and Kµ2 decay experiments [45], and the exclu-
sion region obtained in the present work from the results of
precision measurements of the muon decay parameters by the
TWIST experiment [50] are also shown; see Sec. VI.

these experiments has reported a bound on the mixing
strength |Uµh|2, or on the combination |Uµh|2µtr, for the
radiative !h ! "! heavy neutrino decay. The experimen-
tal signature for the !h decaying into charged particles is
quite clean. The selection of two tracks originating from a
common vertex with nonzero invariant mass makes these
searches almost background-free. In contrast, to search
for an excess of a single converted photons from the radia-
tive neutrino decay is more di!cult. At high energies the
background level from the #0 decays and bremsstrahlung
photons is high. The uniqueness of the LSND and Mini-
BooNE experiments is that they run at low energies when
the production of the !h’s is still possible and the back-
ground level is relatively small due to the high fraction
of !µNCQE events used for the production of !h’s.
The best limit |Uµh|2 ! 10!5 " 10!6 for the mass re-

gion m!h # 40 " 80 MeV was derived from a search for
!h ! e+e!! decays in the PS191 beam dump experiment
at CERN [54]. It was assumed that this decay mode is
dominant and that the !h is a relatively long-lived parti-

cle, i.e
Lm!h

p!h
"!h

$ 1, where L # 1.4%102 m is the distance

between the target and the detector. Other decay modes
with charged particles in the final state, such e.g. as
!h ! µ#, µµ!, µe! are forbidden by the energy conserva-
tion. The PS191 detector consist of a 12 m long decay
volume, eight chambers located inside the volume to de-
tect charged tracks and followed by a calorimeter. The
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FIG. 25: Bounds on the muonic mixing strength |Uµh|
2 of

the heavy neutrino vs its mass from Kµ2 range measurements
[46], theK+ ! µ+""" decay search experiment [47], and from
heavy neutrino searches in # ! µ" [48] and K ! µ" [49] de-
cays. The arrows show the unconstrained LSND-MiniBooNE
mass window.

decay volume was essentially an empty region filled with
helium to reduced the number of ordinary neutrino in-
teractions down to # 100 events, with a total amount of
dead material around 3.6 g/cm2. The events searched for
in the experiment were requested to consist of two tracks
originating from a common vertex in the ”vacuum” part
of the !h decay volume and giving rise to at least one
shower in the calorimeter.

Consider now our case, e.g. with |Uµh|2 = 3 % 10!3,
m!h = 40 MeV and the !h lifetime $!h = 10!9 s. Be-
cause of the larger mixing the !h flux from the K decays
in flight would increase by a factor # 103"104. However,
several new suppression factors have to be taken into ac-
count. First, the !h flux would decrease by a factor # 30
due to the more rapid decay of the !h’s. Second, the
experimental signature for the !h ! "! decay would be
an e+e! pair from the conversion of the decay photon in
the decay region. However, the opening angle of the e+e!

pair is # me/Ee+e! ! 10!3 rad, which is too small to
be resolved in the detector, and thus the event would be
misidentified as a single track event. Such event would be
rejected. The rejection factor is estimated to be " 10!2.
Third, the average probability of the photon conversion
with the vertex located in the low density decay region
( not in a chamber) is as small as ! 10!2. Finally, the
total number of signal events in PS191 would decrease
by a factor of more than # 102 compared to the num-
ber of events expected for a long-lived !h’s produced and
decaying through the mixing |Uµh|2 = 10!5. Note, that
for the above values of |Uµh|2, m!h and $!h , the branch-
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Sterile neutrino via muon capture 

 

•  McKeen, MP : new contribution to the radiative photon capture 

Current constraints: (mixing angle)2 < 10-3, (but there is an excess in 
radiative muon capture on protons!) will lead to maximum of  

107 ~ 50 MeV gammas per second generated at µ2e due to Al capture.  

Significant fraction of events will be outside of the shield. One can 
significantly improve bounds on sterile neutrinos in the 50 MeV range.  

2

µ

p n

UµN

!µ
N !i

"

FIG. 1. Diagram that leads to RMC induced by a radiatively
decaying sterile neutrino N . First, OMC produces an on-shell
N followed by the decay N ! !".

trino beam scattering on nuclei through a large tran-
sitional magnetic moment. We point out that such a
process provides an additional source of constraints and
should introduce important modifications to the analysis
of Ref. [1]. We discuss the e!ects that the production of
sterile neutrinos through OMC on future µ ! e conver-
sion experiments in Sec. IV. We conclude in Sec. V.

II. RADIATIVE MUON CAPTURE FROM A

STERILE NEUTRINO

For simplicity we shall assume the same type of V "A
interaction governs the transition between the muon and
the sterile neutrino. Then, we approximate the RMC
rate induced by the production and subsequent radiative
decay of a sterile neutrino, N , by the following formula:

d"RMC

dE!
= |UµN |2 "OMC (mN )B (N ! !") f (E!) , (1)

where "OMC (mN ) is the rate of ordinary muon capture
with a massive sterile neutrino N in the final state, mod-
ulo the mixing factor UµN . f (E!) is the energy distri-
bution of the photons,

f (E!) =
1

#E
"
2ALRa

(#E)2
(E! " Eav) , (2)

#E = Emax " Emin , Eav =
Emax + Emin

2
.

The parameter a is defined by the angular distribution of
the photon in the sterile neutrino’s center-of-mass frame
through

1

" (N ! !")

d" (N ! !")

d cos #
=

1

2
(1 + a cos #) , (3)

where # is the angle between the photon’s direction and
the spin of N . In the most conservative case of a mini-
mum of new fields beyond the SM,N and " are Majorana
neutrinos, a = 0, the decay of N is isotropic and the en-
ergy distribution of photons in the lab frame is flat, cf.
Eq. (2). If the neutrinos are Dirac, the parameter a may
be in the range "1 to 1, which introduces anisotropy in
the rest frame of N decay, and a!ects the energy dis-
tribution. In the case of Dirac SM neutrinos with only
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FIG. 2. Left: the helicity asymmetry ALR as defined in
Eq. (4) as a function of mN . As expected, ALR = 1 for
mN = 0 and ALR ! 0 for mN ! mµ. Right: the photon
energy spectrum [see Eq. (2)] with a = 1 [see Eq. (3)] for
mN = 60 MeV (solid curve) and mN = 80 MeV (dashed
curve). The spectra do not go smoothly to zero near their re-
spective maximum energies because ALR < 1 for both of these
masses. The plots are for N-producing OMC on hydrogen.

left-handed couplings, a # 1 [8]. ALR is the helicity
asymmetry of the sterile neutrinos produced in OMC,

ALR =
NL "NR

NL +NR
(4)

with NL,R the number of left-(right-)handed sterile neu-
trinos produced. Due to the assumed V "A structure of
the current producing the sterile neutrino, ALR = 1 for
mN = 0, leading to no dilution of the photon anisotropy
with respect to the sterile neutrino momentum. However,
ALR decreases asmN increases, partially washing out the
anisotropy and leading to a flatter energy spectrum. We
show ALR as a function of mN and the photon energy
spectrum for a = 1 and mN = 60, 80 MeV in Fig. 2 for
OMC on hydrogen.
We focus on the case of muon capture on hydrogen

since the theoretical uncertainties due to nuclear physics
are lessened compared to capture on complicated nuclei.
Neglecting second class currents, the nuclear matrix ele-
ment can be written as

$n|J"
W |p% = ūn (p2)

!

F1

"

q2
#

!" +
i

2Mnp
FM

"

q2
#

$"#q#

(5)

"gA
"

q2
#

!"!5 "
1

mµ
gP

"

q2
#

q"!5

$

up (p1) ,

withMnp = (mn +mp) /2 and q = p2"p1. It is necessary
to calculate the rates for the cases where the muon and
proton form a spin singlet and a spin triplet separately.
Using this matrix element, "sing

OMC (mN ) and "trip
OMC (mN )

can be found. We use values of the form factors from
Ref. [9] at q2 = "0.88m2

µ + 0.89m2
N and assign an error

of ±20% to gP . In Fig. 3, we show Rsing
N and Rtrip

N where
each is the ratio of the OMC rate for a neutrino of mass

4

a!1

a!0
a!"1

0 20 40 60 80 1001#10"4
2#10"4

5#10"4

0.001

0.002

0.005

0.010

mN !MeV"

#U
$
N
2 B
R
!N
%
&
'
"

FIG. 4. The range of limits on |UµN |2 B (N ! !") with m! =
0 for a = "1, 0, 1 (from bottom to top) implied by the RMC
rate measured in Ref. [10] for a sterile neutrino of mass mN

with lifetime # (N ! !") < 10!9 s. The ranges are generated
by varying gP by ±20% and the measurement from Ref. [10]
by ±1$. The a = 1 case is least constrained since photons
are then preferentially emitted opposite the direction of the
sterile neutrino’s momentum, cf. Eq. (2). The limits weaken
for smaller mN since the probability of the radiative decay
occurring within the target in Eq. (8) decreases.

the maximum photon energy could be below the experi-
mental cut of 60 MeV. For mN = 60 MeV, this requires
mN ! ! 35 MeV.
One should also be aware, of course, of the discrepancy

in the RMC-extracted value for the gP form factor com-
pared to the chiral perturbation theory calculations. The
experimental value for gP from the standard RMC seems
to be in excess of the standard model (SM) prediction at
a " 30% level [14]. We note in passing that one could
speculate that such discrepancy could also originate from
the radiatively decaying sterile neutrino, with a squared
mixing angle at the level of O(10!4).

III. PRODUCING N THROUGH THE

MAGNETIC MOMENT

The radiative decay rate of the sterile neutrino to SM
neutrinos is given by

! (N # !") =
#$

8

!

i

"

µi
tr

µB

#2
m3

N

m2
e

, (13)

where µi
tr is the transition magnetic moment between

N and the ith lighter neutrino. Factors of me in the
above formula are due to a conventional normalization
of magnetic moments on the Bohr magneton µB. If one
identifies " with the three light neutrinos of the SM and
assumes a common value of the transition magnetic mo-
ment between N and each of them, a radiative decay
lifetime of 10!9 s requires

µe,µ,!
tr = 9.6$ 10!9µB . (14)

A transition magnetic moment this large raises the pos-
sibility that these sterile neutrinos could be produced
by neutrino beams electromagnetically upscattering on
nuclei. A similar production mechanism was consid-
ered in [15]. Muon or electron (anti)neutrinos scattering
electromagnetically on a target of spin-1/2 with charge
Ze will produce sterile neutrinos through the process
"e,µZ # NZ with the cross section (ignoring subdom-
inant scattering on the nuclear magnetic dipole moment)

d%

dT
=

4#$2

m2
e

"

µe,µ
tr

µB

#2

Z2
$

$F
%

q2
&
$

$

2

'

1

T
%

1

E"
(15)

+
m2

N

4ME2
"

"

1%
M + 2E"

T

#

+
m4

N

8M2E2
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T
%

M

T 2

#

(

,

where M is the mass of the target, T is its recoil kinetic
energy and F

%

q2
&

its electric form factor, and E" is the
energy of the light neutrino. For a scalar target (e.g. 12C
nucleus) this cross section becomes

d%

dT
=

4#$2

m2
e

"

µe,µ
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µB
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8ME2
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1
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. (16)

These expressions agree with those found in Ref. [16] in
the limit that mN # 0. The energy of the sterile neu-
trino is EN = E" %T . At LSND, this process would lead
to a deposit of electromagnetic energy through " 12C #
N 12C # !" 12C. Using a charge radius for 12C of
2.46 fm [17], we show %

%

" 12C # N 12C
&

as a function
of the incoming neutrino energy for mN = 60 MeV and
& (N # !") = 10!9, 10!10, 10!11 s in Fig. 5, assuming
a common transition moment between N and the light
neutrinos. Using the flux of "µ and "e from pions decay-
ing in flight in Ref. [2], one can estimate the number of
sterile neutrinos produced in the LSND target through
this process,

N (N) &4.9$ 105
"

µµ
tr

10!8µB

#2

+ 330

"

µe
tr

10!8µB

#2

,

(17)

which would mimic "eC # e!N (N refers to nitrogen
here) events after the radiative decay of the sterile neu-
trino. The fitted number of events of this type was 18.0,
indicating that a radiative decay lifetime for N of 10!9 s
or shorter is ruled out if there is a common transition
magnetic moment to the three light neutrinos.
The production mode due to the transition magnetic

moment and strong constraints on the overall number of
electron-like events in LSND may be avoided if transi-
tional magnetic moments are flavor-nonuniversal. One
could avoid both the problem of exessive N production
in the neutrino detector and strong constraints on |UµN |2

in Sec. II using a hierarchy of magnetic moments,

µ!
tr ' µµ

tr, µe
tr , (18)
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Adding a detector outside µ2e ? 

 

New detector outside main shield  

With a detector (registering γ, electrons, positrons) in a reasonable 
proximity to the capture target, one can significantly improve bounds 
on sterile neutrinos in the 50 MeV range [and e.g. decisively test the 
suggested explanation of the neutrino anomalies.]  
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Conclusions 

•  Fermilab experiments 

 

MiniBooNe, MicroBooNE 

Nova, LBNE 

Muon g-2 

Muon capture µ2e 

ORKA 

 

 

•  Light New Physics 

 

Dark photons 

Light (MeV-scale) dark matter 

Baryonic vectors 

MeV-scale sterile neutrinos 

New muonic forces 
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Conclusions 

•  Fermilab experiments 

 

MiniBooNe, MicroBooNE 

Nova, LBNE 

Muon g-2 

Muon capture µ2e 

ORKA 

…….. 

 

 

•  Light New Physics 

 

Dark photons 

Light (MeV-scale) dark matter 

Baryonic vectors 

MeV-scale sterile neutrinos 

New muonic forces 

…….. 

Fermilab is a unique place for making decisive progress in searching 
for New Physics in form of the light weakly coupled particles. 

 ? 


