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NP of 2015 came from solar ν anomaly 
Persistence of early brave pioneers (R. Davis Jr., J. Bahcall, others) lead 
to the establishing the “solar neutrino anomaly”, ultimately resulting in 
discovery of neutrino masses and mixing.  
 
 
 
 
 
 
 

            A. McDonald 
In finding the correct explanation, as important part of the process, the 
community had to go through some “conspiratorial” SM explanations 
based on anomalous reaction rates, resonances etc. But New Physics won 
in this particular instance!  
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Outline of the talk  
1.  Introduction. Portals to light new physics. Generalization: UV 

physics or IR? 
2.  Snapshots of recent activity in connection with anomalies 

 A. Vector portal, muon g-2 discrepancy, and the search for dark  
 photon. Dark scalars.  
 B. New physics for the proton charge radius.  
 C. Light dark matter via vector portals. Connection to 
 astrophysical 511 keV anomaly. 
 D. Light new physics trying to explain “cosmic lithium  
 problem” 

3.    Conclusions 
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Simple messages in today’s talk 
 

1.  Light weakly coupled new (BSM) physics is a generic possibility 
not to be a priori discarded.  

2.  If it does not violate any well-tested symmetry, it can mediate a 
new interactions that are e.g. stronger than some SM interactions. 

3.  Since 2008, there has been a revival of the subject (driven initially 
by some astrophysics anomalies), with old data being repurposed, 
new searches added, and new experiments being set up. There is 
still considerable room for new ideas. This subject is here to stay. 

4.  If light NP is proposed to “explain away” some anomalies (g-2, 
muon H Lamb shift), it is often the case that NP model can be 
tested faster than the true origin of given discrepancy is found. 

 

 



Big Questions in Physics 
	



	



“Missing mass” – what is it? 	



New particle, new force, …? Both? How to find out?	


(History lesson: first “dark matter” problem occurred at the nuclear level, 
and eventually new particles, neutrons, were identified as a source of a 
“hidden mass” – and of course immediately with the new force of nature, 
the strong interaction force.) 	



	





Intensity and Energy Frontiers 

            Log αX 
        Energy Frontier 

 
  

 
          Log mX 
   Intensity Frontier 
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           SM corner 
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LHC can realistically pick up New Physics with αX ~ αSM , and mX  
~  1TeV, but may have little success with αX ~10-6, and mX ~ GeV.  
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No New Physics at high energy thus far (?!) 

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

Constraints on new Z’ bosons push the 
mediator mass into multi-TeV territory.  

Hint for mρ’ ~ 2 TeV ??? 

CMS Collaboration / Physics Letters B 714 (2012) 158–179 161

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

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

5.4. Cosmic ray muon backgrounds

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

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

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

6. Dilepton invariant mass spectra

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

pp →Z ′X→"+"−X
)

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

ψ and Z ′
χ are theoretical

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

fixed by an E6 unification condition. The Z ′
SSM

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

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

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

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

the cf
u−cf

d planes, allowing a simple derivation of the mass limit

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

d plane (" = e or

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

see [18,6]).

The discovery of a dilepton resonance at the LHC would

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

cross section would define a band in the c#
u − c#

d plane. Angular

distributions can be used to measure several combinations

of Z ′ parameters (an example of how angular distributions

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

the original quark direction in a pp collider is unknown, the
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“Stronger than weak” New Physics 
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        Energy Frontier 
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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 (scalar portal) 
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 



10 

Typical approach: we measure an observable (e.g. µ à e γ, EDM, 
rare meson decays etc), we perform calculation of the same 
quantity in the SM, take a difference, and whatever is left is 
interpreted in terms of physics at a TeV, 10 TeV, XXX TeV 
scales – all of them being UV scales.  

 
More correct approach: Assume that New Physics consist of UV 

pieces, IR pieces or both,  
 
 
 
 
If result for NP is consistent with 0, we can set constraints on both. If 

it is non-zero: then more work is required in deciding IR or UV 

Precision frontier: UV physics or IR?  

2

FIG. 1. A schematic view of the parameter space of mass

scale vs coupling for physics beyond the SM. The horizontal

axis represents the mass (or energy) scale, whereas the ver-

tical scale shows the visibility of the model, in terms of the

coupling to the SM. The blue visible area is accessible through

direct searches. While new high energy physics can contribute

to all precision observables, as discussed in this paper there

are interesting classes of observables that are also sensitive to

low-mass new physics. These are shown in green, and test lep-

ton universality (LU), lepton flavor violation (LFV), lepton

g− 2 (MDM), and lepton number violation (LNV). However,

observables in the hadronic sector in red, e.g. hadronic flavor

violation (HFV) and baryon number violation (BNV), and

also lepton electric dipole moments (LEDMs) generally re-

quire some new high scale physics. The arrows indicate the

pressure imposed on models through increasing experimental

sensitivity.

both).

In this paper we scrutinize several classes of precision
frontier measurements, and confront them with the pos-
sibility of NP confined solely to low energy (sub-EW)
scales. Our goal is to find specific examples of light NP
that can induce CP -violation, cause deviations from cal-
culated values of g− 2, or lead to flavor changing effects.
One condition we set on the classes of such models is the
absence of any additional physics at or above the EW
scale. In other words, we shall focus on UV complete
models of light NP. Given the wealth of particle physics
data, only very specific classes of light NP models can
still be hidden below the weak scale. In Section 2, we de-
scribe this classification of infrared new physics scenarios
in more detail. Then in Section 3 we discuss a number of
different leptonic and hadronic observables, and explore
simple new physics scenarios which provide a possible in-
terpretation of any deviation in precision measurements.

We summarize the analysis in Section 4. A schematic
overview of the results is presented in Fig. 1, which il-
lustrates the classes of (primarily leptonic) observables
that can naturally be interpreted in terms of light UV-
complete new physics.

2. UV AND IR NEW PHYSICS

A simple characterization of UV/IR new physics sce-
narios follows by making the division at the electroweak
scale, so that the chiral electroweak SU(2)L × U(1)Y
structure is maintained,

LNP = LUV + LIR. (1)

New UV physics can then universally be described at
the EW scale by a series of higher dimensional operators
constructed from SM degrees of freedom,

LUV =
�

d≥5

1

Λd−4
UV

Od. (2)

Maintaining SM gauge invariance explicitly, we demand
that Od can be written in an SU(2)L × U(1)Y covariant
form. The lowest dimension d = 5 includes only LHLH-
type operators, which contribute to neutrino mass. The
number of operators grows rapidly at d = 6 and above
[17]. We impose no restrictions on these operators, other
than that ΛUV � mZ , so that they can consistently be
written in SU(2)L ×U(1)Y covariant form. Unless these
new operators violate some of the well-tested exact or
approximate discrete symmetries of the SM, ΛUV can be
taken fairly close to the EW scale. It is important to
notice that the new states appearing at ΛUV could be
charged under any of the SM gauge groups, and some of
the most stringent constraints in cases where no specific
symmetries are violated now come from the LHC.
In comparison, new IR physics is rather more con-

strained. A convenient categorization of light NP sce-
narios can be constructed as follows:

A. Portals: Neutral hidden sectors, with operators of
dimension d ≤ 4, can couple through a restricted
set of renormalizable interaction channels, the vec-
tor, Higgs and neutrino portals (see e.g. [18]). Such
models of light new physics are fully UV complete
without any additional charged states.

B. Anomaly free (neutral): Light hidden sectors can
also be charged under anomaly-free combinations
of SM symmetries. For those combinations, such
as B − L or Lµ − Lτ , that do not involve indi-
vidual quark flavors, additional (light and neutral)
Higgs fields may be necessary to retain a viable
mass spectrum, but these extra states can be SM-
neutral. Therefore, these scenarios also fall into the
category of UV-complete and gauge-neutral hidden
sectors.
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both).

In this paper we scrutinize several classes of precision
frontier measurements, and confront them with the pos-
sibility of NP confined solely to low energy (sub-EW)
scales. Our goal is to find specific examples of light NP
that can induce CP -violation, cause deviations from cal-
culated values of g− 2, or lead to flavor changing effects.
One condition we set on the classes of such models is the
absence of any additional physics at or above the EW
scale. In other words, we shall focus on UV complete
models of light NP. Given the wealth of particle physics
data, only very specific classes of light NP models can
still be hidden below the weak scale. In Section 2, we de-
scribe this classification of infrared new physics scenarios
in more detail. Then in Section 3 we discuss a number of
different leptonic and hadronic observables, and explore
simple new physics scenarios which provide a possible in-
terpretation of any deviation in precision measurements.

We summarize the analysis in Section 4. A schematic
overview of the results is presented in Fig. 1, which il-
lustrates the classes of (primarily leptonic) observables
that can naturally be interpreted in terms of light UV-
complete new physics.

2. UV AND IR NEW PHYSICS

A simple characterization of UV/IR new physics sce-
narios follows by making the division at the electroweak
scale, so that the chiral electroweak SU(2)L × U(1)Y
structure is maintained,

LNP = LUV + LIR. (1)

New UV physics can then universally be described at
the EW scale by a series of higher dimensional operators
constructed from SM degrees of freedom,

LUV =
�

d≥5

1

Λd−4
UV

Od. (2)

Maintaining SM gauge invariance explicitly, we demand
that Od can be written in an SU(2)L × U(1)Y covariant
form. The lowest dimension d = 5 includes only LHLH-
type operators, which contribute to neutrino mass. The
number of operators grows rapidly at d = 6 and above
[17]. We impose no restrictions on these operators, other
than that ΛUV � mZ , so that they can consistently be
written in SU(2)L ×U(1)Y covariant form. Unless these
new operators violate some of the well-tested exact or
approximate discrete symmetries of the SM, ΛUV can be
taken fairly close to the EW scale. It is important to
notice that the new states appearing at ΛUV could be
charged under any of the SM gauge groups, and some of
the most stringent constraints in cases where no specific
symmetries are violated now come from the LHC.
In comparison, new IR physics is rather more con-

strained. A convenient categorization of light NP sce-
narios can be constructed as follows:

A. Portals: Neutral hidden sectors, with operators of
dimension d ≤ 4, can couple through a restricted
set of renormalizable interaction channels, the vec-
tor, Higgs and neutrino portals (see e.g. [18]). Such
models of light new physics are fully UV complete
without any additional charged states.

B. Anomaly free (neutral): Light hidden sectors can
also be charged under anomaly-free combinations
of SM symmetries. For those combinations, such
as B − L or Lµ − Lτ , that do not involve indi-
vidual quark flavors, additional (light and neutral)
Higgs fields may be necessary to retain a viable
mass spectrum, but these extra states can be SM-
neutral. Therefore, these scenarios also fall into the
category of UV-complete and gauge-neutral hidden
sectors.
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C. Anomaly free (charged): Light hidden sectors
charged under anomaly-free, but quark-flavor non-
universal, symmetries such asQf1−Qf2 require new
charged Higgs states to restore the mass spectrum.
Thus, these new physics scenarios generally require
charged states at or above the EW scale.

D. Anomalous: Light hidden sectors charged under
anomalous SM symmetries, such as B or L, nec-
essarily require additional (heavy) charged states
at or above the EW scale, and so again do not fall
into the category of IR new physics scenarios con-
sidered here. Indeed, as emphasized for example
by Preskill [19], from the low energy perspective,
anomalous theories are phenomenologically analo-
gous to UV new physics scenarios with a specific
UV cutoff.

Based on this categorization, we will limit our atten-
tion to cases A and B, namely those which do not require
new charged states at or above the EW scale for consis-
tency. Thus we construct our model examples according
to the following rules:

• The dimensionality of operators in the IR sector is
restricted to d ≤ 4, as a necessary condition for UV
completeness.

• The IR sector cannot contain new SM-charged
states. (Otherwise, such states will have to be close
to or above the EW scale modulo some exceptional
cases where masses as low as ∼ 60 GeV may still
be viable [20]). New charged states fall into the
category of NP at the EW scale, and form part of
LUV.

• The gauge extensions of the SM are restricted to
anomaly-free combinations, which is also a generic
requirement of UV completeness [19].

• We shall not question naturalness of possible mass
hierarchies, mIR � mW , and will take them as
given.

The simplest type of neutral hidden sector (case A)
requires new scalars Si, neutral fermions Ni and/or new
U(1) gauge boson(s) Vµ [21]. The most economical renor-
malizable portal interactions for these states can be writ-
ten in the form

LIR = κB
µν
Vµν−H

†
H(AS+λS

2)−YNLHN+Lhid, (3)

and can trivially be generalized to multiple new fields and
to a charged version of S, S2 → |S|2. Once coupled to
the SM through these channels, the IR hidden sector can
be almost arbitrarily complicated. S and N can couple
to a complex hidden sector involving dark abelian or non-
abelian gauge groups, possibly with additional scalar or
fermion states charged under those hidden gauge groups.
The full hidden sector Lagrangian simply needs to com-
ply with the conditions above. The portal interactions

Observable (A,B) Portals (C,D) UV-incomplete

LFV

LU

(g − 2)l
LNV

LEDMs

HFV

BNV

TABLE I. Observables sensitive to the distinct classes of light
new physics models discussed in Section 2.

in (3) are complete under the assumption that the SM
is strictly neutral under the extra U(1). However, this
is unnecessarily restrictive. Light NP models (in case
B) may also include non-anomalous gauged versions of
global symmetries such as B −L and Li −Lj etc, where
SM fields receive charges under the new U(1).
It is also important to discuss some examples of the-

ories that do not satisfy the above criteria. For exam-
ple, a light pseudoscalar a coupled via the axion portal
to a SM fermion ψ, 1

fa
∂µa ψ̄γ

µ
γ5ψ, clearly requires UV

completion at some high energy scale ∼ fa. Interest-
ingly, a light scalar directly coupled to the scalar fermion
density, Sψ̄ψ, is allowed, provided that this coupling de-
scends from the Higgs portal ASH†

H, once the heavy SM
Higgs particle is integrated out. This means, of course,
that the ratio of the effective Yukawa couplings of S to
ψ will obey the same relations as in the SM, and any
deviations from this pattern would imply the existence
of new Higgs doublets charged under the SM, and hence
some new physics at or above the EW scale.
We turn in the next section to discuss a range of pre-

cision observables, and seek to determine which of them
can receive significant contributions from IR new physics.
Table 1 summarizes the results from the next section, and
refines the schematic classification of Fig. 1 according to
the categorization A–D of new physics models introduced
above.

3. PRECISION OBSERVABLES

A. Lepton anomalous magnetic moments

The anomalous magnetic moments of the electron and
the muon represent observables [22, 23] where the SM
contribution can be evaluated to high accuracy. For
electrons, the sensitivity to NP depends on an inde-
pendent determination of the electromagnetic fine struc-
ture constant. Currently, g − 2 of the electron (and re-
lated measurements) probe NP contributions at the level
∆ae(NP) < 1.64× 10−12 (see e.g. [24]), whereas g− 2 of
the muon famously exhibits a roughly 3.5σ discrepancy
[23] between the measurement and the SM prediction,
with the central value giving ∆aµ � 3× 10−9.
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Neutrino oscillations: We know that new phenomenon exists, and if 
interpreted as neutrino masses and mixing, is it coming from deep 
UV, via e. .g Weinberg’s operator 

 
or it is generated by new IR field, such as RH component of Dirac 

neutrinos? New dedicated experimental efforts are directed in 
trying to decide between these possibilities. 

 
Dark matter: 25% of Universe’s energy balance is in dark matter:  

we can set constraints on both. If it is embedded in particle 
physics, then e.g. neutralinos or axions imply new UV scales. 

However, there are models of DM where NP is completely localized 
in the IR, and no new scales are necessary.  

New efforts underway both in the UV and IR category.  

UV physics or IR: examples of NP that we 
know 

Sensitivity to light weakly-coupled new physics at the precision frontier

Matthias Le Dall,
1
Maxim Pospelov,

1, 2
and Adam Ritz

1

1
Department of Physics and Astronomy, University of Victoria, Victoria, BC V8P 5C2, Canada

2
Perimeter Institute for Theoretical Physics, Waterloo, ON N2J 2W9, Canada

(Dated: May 2015)

Precision measurements of rare particle physics phenomena (flavor oscillations and decays, electric
dipole moments, etc.) are often sensitive to the effects of new physics encoded in higher-dimensional
operators with Wilson coefficients given by C/(ΛNP)

n, where C is dimensionless, n ≥ 1, and ΛNP

is an energy scale. Many extensions of the Standard Model predict that ΛNP should be at the
electroweak scale or above, and the search for new short-distance physics is often stated as the
primary goal of experiments at the precision frontier. In rather general terms, we investigate the
alternative possibility: C � 1, and ΛNP � mW , to identify classes of precision measurements
sensitive to light new physics (hidden sectors) that do not require an ultraviolet completion with
additional states at or above the electroweak scale. We find that hadronic electric dipole moments,
lepton number and flavor violation, non-universality, as well as lepton g − 2 can be induced at
interesting levels by hidden sectors with light degrees of freedom. In contrast, many hadronic flavor-
and baryon number-violating observables, and precision probes of charged currents, typically require
new physics with ΛNP >∼ mW . Among the leptonic observables, we find that a non-zero electron
electric dipole moment near the current level of sensitivity would point to the existence of new
physics at or above the electroweak scale.

1. INTRODUCTION

Accelerator-based particle physics has the goal of prob-

ing the shortest distance scales directly, by colliding par-

ticles and their constituents at high energies. Thus far,

all high energy data is well described by the Standard

Model (SM) of particles and fields, with the last missing

element, the Higgs boson, identified recently [1, 2]. Con-

siderable attention is therefore focussed on the search

for ‘new physics’ (NP) that may complement the SM

by addressing some of its shortcomings. However, the

most prominent empirical evidence for new physics, asso-

ciated for example with neutrino mass and dark matter,

does not necessarily point to an origin at shorter distance

scales.

Fortunately, experiments at the energy frontier are

not the only tools available to probe NP; they are sup-

plemented by searches at the precision (and intensity)

frontier (see e.g. [3]). Precision observables, particularly

those that probe violations of exact or approximate sym-

metries of the Standard Model such as CP and flavor,

play an important role in the search for new physics [4–

7]. Their reach in energy scale, through loop-induced

corrections from new UV physics, can often extend well

beyond the direct reach of high energy colliders. How-

ever, measurements at low energies may be sensitive not

only to NP corrections coming from the short distances,

but also to NP at longer distances (lower mass) with ex-

tremely weak coupling to the SM. It is therefore prudent

to ask for which precision observables can measured devi-

ations from SM predictions unambiguously be identified

with short-distance NP at the electroweak (EW) scale

or above? Alternatively, one can ask when such devia-

tions might also admit an interpretation in terms of new

low-scale hidden sector degrees of freedom. This is the

question we will address in this paper.

The sensitivity of any constraint on new physics is de-

termined on one hand by the precision of the measure-

ment in question, and on the other by the accuracy and

precision of any SM calculations required to disentangle

background contributions. If the effective Lagrangian

is schematically written in the form L = LSM + LNP,

the possibility of discovery relies on being able to reli-

ably bound the NP contribution to the observable away

from zero. The natural tendency to interpret results in

terms of operators in LNP induced by ultraviolet NP

can be problematic, as LNP can in general also receive

contributions from light weakly-coupled degrees of free-

dom. This dilemma is nicely illustrated by the theoret-

ical interpretation of a NP discovery that has already

occurred, namely the observation of neutrino flavor os-

cillations. The experimental results are most straightfor-

wardly interpreted in terms of the masses and mixing of

the light active neutrino species [8, 9]. However, as is

well known, there are a number of possible explanations

for their origin. These include a short-distance expla-

nation in terms of the dimension-five Weinberg operator

[10], LNP ∝ (HL)(HL)/ΛUV with ΛUV � �H�, which
generates neutrino masses scaling as �H�2/ΛUV. There

are also a variety of different UV completions for this

operator, with and without heavy right-handed neutrino

states, present throughout the theory literature. While

this interpretation is certainly valid, there is also the pos-

sibility of interpreting neutrino mass as a consequence of

very light states N , with mN � mW and the quantum

numbers of right-handed neutrinos [11–16]. Such states

would typically be very weakly coupled to the SM, thus

escaping direct detection. The most prominent model in

this class is the simple three-generation extension of the

SM with N states that allow Dirac masses for the active

neutrinos. Thus we see that neutrino oscillations can be

interpreted as the result of UV or IR new physics (or
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At current level of experimental accuracy many lepton observables 

(g-2, LFV, LU) but EDM can be induced by IR physics (e.g. new 
massive sterile neutrinos below the weak scale).  

Quark sector observables would typically require NP at UV scale 
(except neutron EDM) 

Mini-analysis 

3

C. Anomaly free (charged): Light hidden sectors
charged under anomaly-free, but quark-flavor non-
universal, symmetries such asQf1−Qf2 require new
charged Higgs states to restore the mass spectrum.
Thus, these new physics scenarios generally require
charged states at or above the EW scale.

D. Anomalous: Light hidden sectors charged under
anomalous SM symmetries, such as B or L, nec-
essarily require additional (heavy) charged states
at or above the EW scale, and so again do not fall
into the category of IR new physics scenarios con-
sidered here. Indeed, as emphasized for example
by Preskill [19], from the low energy perspective,
anomalous theories are phenomenologically analo-
gous to UV new physics scenarios with a specific
UV cutoff.

Based on this categorization, we will limit our atten-
tion to cases A and B, namely those which do not require
new charged states at or above the EW scale for consis-
tency. Thus we construct our model examples according
to the following rules:

• The dimensionality of operators in the IR sector is
restricted to d ≤ 4, as a necessary condition for UV
completeness.

• The IR sector cannot contain new SM-charged
states. (Otherwise, such states will have to be close
to or above the EW scale modulo some exceptional
cases where masses as low as ∼ 60 GeV may still
be viable [20]). New charged states fall into the
category of NP at the EW scale, and form part of
LUV.

• The gauge extensions of the SM are restricted to
anomaly-free combinations, which is also a generic
requirement of UV completeness [19].

• We shall not question naturalness of possible mass
hierarchies, mIR � mW , and will take them as
given.

The simplest type of neutral hidden sector (case A)
requires new scalars Si, neutral fermions Ni and/or new
U(1) gauge boson(s) Vµ [21]. The most economical renor-
malizable portal interactions for these states can be writ-
ten in the form

LIR = κB
µν
Vµν−H

†
H(AS+λS

2)−YNLHN+Lhid, (3)

and can trivially be generalized to multiple new fields and
to a charged version of S, S2 → |S|2. Once coupled to
the SM through these channels, the IR hidden sector can
be almost arbitrarily complicated. S and N can couple
to a complex hidden sector involving dark abelian or non-
abelian gauge groups, possibly with additional scalar or
fermion states charged under those hidden gauge groups.
The full hidden sector Lagrangian simply needs to com-
ply with the conditions above. The portal interactions

Observable (A,B) Portals (C,D) UV-incomplete

LFV

LU

(g − 2)l
LNV

LEDMs

HFV

BNV

TABLE I. Observables sensitive to the distinct classes of light
new physics models discussed in Section 2.

in (3) are complete under the assumption that the SM
is strictly neutral under the extra U(1). However, this
is unnecessarily restrictive. Light NP models (in case
B) may also include non-anomalous gauged versions of
global symmetries such as B −L and Li −Lj etc, where
SM fields receive charges under the new U(1).
It is also important to discuss some examples of the-

ories that do not satisfy the above criteria. For exam-
ple, a light pseudoscalar a coupled via the axion portal
to a SM fermion ψ, 1

fa
∂µa ψ̄γ

µ
γ5ψ, clearly requires UV

completion at some high energy scale ∼ fa. Interest-
ingly, a light scalar directly coupled to the scalar fermion
density, Sψ̄ψ, is allowed, provided that this coupling de-
scends from the Higgs portal ASH

†
H, once the heavy SM

Higgs particle is integrated out. This means, of course,
that the ratio of the effective Yukawa couplings of S to
ψ will obey the same relations as in the SM, and any
deviations from this pattern would imply the existence
of new Higgs doublets charged under the SM, and hence
some new physics at or above the EW scale.
We turn in the next section to discuss a range of pre-

cision observables, and seek to determine which of them
can receive significant contributions from IR new physics.
Table 1 summarizes the results from the next section, and
refines the schematic classification of Fig. 1 according to
the categorization A–D of new physics models introduced
above.

3. PRECISION OBSERVABLES

A. Lepton anomalous magnetic moments

The anomalous magnetic moments of the electron and
the muon represent observables [22, 23] where the SM
contribution can be evaluated to high accuracy. For
electrons, the sensitivity to NP depends on an inde-
pendent determination of the electromagnetic fine struc-
ture constant. Currently, g − 2 of the electron (and re-
lated measurements) probe NP contributions at the level
∆ae(NP) < 1.64× 10−12 (see e.g. [24]), whereas g− 2 of
the muon famously exhibits a roughly 3.5σ discrepancy
[23] between the measurement and the SM prediction,
with the central value giving ∆aµ � 3× 10−9.
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Dark photon 
(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 

possibly a new light Higgs h’, both with small couplings.  
 
 
 
 
 
 
 

 



Model for “mini-charged” particles 

§  “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. Very light χ can be possible. 	
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γ

�

γ �

e

χ

Figure 1: The interaction through the exchange by a mixed γ − A� propagator between the
SM particles and particles χ charged under new U(1)� group. In the limit of mA� → 0 the
apparent electromagentioc charge of χ 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/(12π2) ×
log(Λ2

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 χ represent the ”millicharged particles”
with electric charge qχ = e�. For mV �= 0, at |q2| < m2

V , the particles χ can be thought
of as neutral particles with a non-vanishing electric charge radius, r2χ � 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 different 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 = Lψ,A + Lχ,A� − �

2
FµνF

�
µν +

1

2
m2

A�(A�
µ)

2. (1.1)

Lψ,A and Lχ,A� are the standard QED-type Lagrangians,

Lψ,A = −1

4
F 2
µν + ψ̄[γµ(i∂µ − eAµ)−mψ]ψ

Lχ,A� = −1

4
(F �

µν)
2 + χ̄[γµ(i∂µ − g�A�

µ)−mχ]χ, (1.2)

with Fµν and F �
µν standing for the fields strength tensors. States ψ represent the QED

electron fields, and states χ 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, ∂µFµν = eJEM

ν , the interaction term
can be rewritten as

− �

2
FµνF

�
µν = 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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SM particles and particles χ charged under new U(1)� group. In the limit of mA� → 0 the
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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/(12π2) ×
log(Λ2

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 χ represent the ”millicharged particles”
with electric charge qχ = e�. For mV �= 0, at |q2| < m2

V , the particles χ can be thought
of as neutral particles with a non-vanishing electric charge radius, r2χ � 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 different stages of implementation [21–24]. In this chapter, we are going to show

3
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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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Variations of vector portal: gauged B - L,  Lµ - Lτ  , 
baryon number, etc..  symmetries 

 
•  Anomaly-free, can be UV complete. (For B, anomaly can be cancelled) 

•  A non-zero kinetic mixing will be developed out of RG evolution 

•  Neutrinos get extra interaction – already constrained! 

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

In recent years there has been some increase of experimental activity 
searching for light particles in MeV-GeV range because of the following 
speculative motivations.  

1.  Light New Physics helps to solve some particle physics anomalies 
(muon g-2,…).  

2.  2. It helps to tie some astrophysical anomalies (511 keV excess from 
the bulge, positron excess above 10 GeV etc) with models of dark 
matter without large fine tuning.  
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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 signature of light particles 
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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Figure 2: One-loop correction to the muon magnetic moment due to dark photon exchange
diagram.

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

3.2 Putative solution to the muon g − 2 discrepancy

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

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

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

aVl =
α

2π

�
g�

e

�2

×
� 1

0

dz
2m2

l z(1− z)2

m2
l (1− z)2 +m2

V z
=

α

2π

�
g�

e

�2

×





1 for ml � mV ,

2m2
l /(3m

2
V ) for ml � mV .

(3.1)
In this expression, g�/e is the strength of Vµ coupling to the muon vector current in units
of electric charge. For the kinetically-mixed dark photon A�, g�/e = �. For the choice of
� ∼ few×10−3 at mV ∼ mµ, the new contribution is capable to bring theory and experiment
in agreement. Since 2008, a lot of experimental and theoretical work has been done that
scrutinized this possibility. The following picture has emerged:

8
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ε-mV parameter space, Snowmass study, 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
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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, 
and soon the g - 2 ROI will be completely covered.  Gradually, all 
parameter space in the “SM corner” gets probed/excluded. 



Latest results: A1, Babar, NA48  

	



20 

Dark Matter, Hadron Physics and Fusion Physics

2, GeV/cA’m
-210 -110

-710

-610

-510

NA48/2
preliminary

)!
 (3

e2)"
(g

µ
2)"(g AP

EX

A1

HADES

ee#$%KLOE ee&$KLOE ee
preliminary

WASA

E141
E774

BaBar

2'

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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Only less minimal options for muon g-2 explanation remain:             
A.  Lµ – Lτ , B. Dark photons decaying to dark state (light dark 
matter), C. dark scalar (W. Marciano talk) 

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



Babar: e+e- à γ V à γ l+l-	



A1(+ APEX):  Z e- à Z e- V 
à Z e- e+e-	



NA48/2: π0 à γ V à γ e+e-

Latest results by NA48 
exclude the remainder of 
parameter space relevant for 
g-2 discrepancy. 	
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Signatures of Z’ of Lµ - Lτ 

 

Experimental results on “trident” 

 

 

Hypothetical Z’ (any Z’ coupled to Lµ) contributes constructively to cross 
section. (Almannshofer et al., 2014)  

9

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
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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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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.  

*** 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 at LBNE   (O(50) events /yr ) ??? 

3

solid angle Ω�, � < 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,

σ(SM) � 1

2

�
C2

V
+ C2

A

� 2G2

F
α s

9π2

�
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, mZ� �
√
s [13],

σ(SM+Z
�
)

σ(SM)
�

1 +
�
1 + 4 sin2 θW + 2v2

SM
/v2

Z�

�2

1 +
�
1 + 4 sin2 θW

�2 . (10)

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

In the limit of light Z�, mZ� �
√
s, we write

σ(SM+Z
�
) = σ(SM) + σ(inter) + σ(Z

�
) , (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

σ(inter) � GF√
2

g�2CVα

3π2
log2

� s

m2

�
. (12)

The Z� contribution alone, for m � mZ� �
√
s, is

σ(Z
�
) � 1

m2

Z�

g�4α

6π2
log

�
m2

Z�

m2

�
, (13)

while for mZ� � m �
√
s it is

σ(Z
�
) � 1

m2

7g�4α

72π2
log

�
m2

m2

Z�

�
. (14)

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

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

To get the total νµN → νµNµ+µ− cross-section, the
real-photon contribution can be easily integrated against
the Weizsäcker-Williams probability distribution func-
tion, Eq. (2), in s2/(4E2

ν) < q2 < ∞, where Eν 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 mZ� the relative size of the Z�

0.01 0.1 1 10 102 103

10�3

0.01

0.1

1

m Z ' �GeV�

g '

CCFR

�g�2�Μ �2Σ

Z�4Μ�LHC

FIG. 2. Parameter space for the Z
�
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 mZ� on the other hand, lower neutrino energies lead
to an enhanced sensitivity to the Z�. In determining the
sensitivity to the {g�,mZ�} 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 Eν ∼ 20 GeV and a glass target) and the CCFR
collaboration [28] (using a neutrino beam with mean en-
ergy of Eν ∼ 160 GeV and an iron target) reported detec-
tion of trident events and quoted cross-sections in good
agreement with the SM predictions,

σCHARM−II/σSM = 1.58± 0.57 , (15)

σCCFR/σSM = 0.82± 0.28 . (16)

(Corresponding results from NuTeV can also be used al-
beit with some caution due to a rather large difference
in the background treatment between the initial report
[29] and the publication [30].) These results strongly
constrain the gauged Lµ − Lτ 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



Leptonic 2HDM + singlet scalar 
Consider 2HDM where one of the Higgses (Φ1) will mostly couple to 
leptons, and also mixes with a singlet that is “light” relative to EW scale.	


	


	


	


	


	


Calling the the lightest scalar particle “hl”, one takes a large tan beta 
regime, and considers an effective Yukawa interaction, 	


	


	


where it is important that 1. hl is light, 2. couples mostly to leptons, 
proportionally to their masses. This leads to an effective “reweighting” 
of the traditional e-mV parameter space for all effect involving muons. 	



1 preliminaries

We follow Brian’s notes and notation as closely as possible.
The potential is

V = V2HDM + VS + Vportal (1)

V2HDM = m
2

11
Φ†

1
Φ1 +m

2

22
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2
Φ2 −m

2

12

�
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2
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+
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+
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�

(3)

VS = BS +
1

2
m

2

0
S
2 +

AS

2
S
3 +

λS

4
S
4 (4)

Vportal = S

�
A11Φ

†
1
Φ1 + A22Φ

†
2
Φ2 + A12

�
Φ†

1
Φ2 + Φ†

2
Φ1

��
(5)

Φ1 and Φ2 can be decomposed as

Φa =

�
φ
+

a

(va + ρa + iηa/
√
2

�
(6)

for a = 1, 2. v1 = vcβ, v2 = vsβ. Φ1 has Yukawa couplings to leptons and Φ2 to quarks.
The mass matrix for neutral CP-even scalars is

LM = −1

2
(ρ1 ρ2 S)




M

2

h11
M

2

h12
M

2

h13

M
2

h12
M

2

h22
M

2

h23

M
2

h13
M

2

h23
M

2

h33








ρ1

ρ2

S



 (7)

with

M
2

h11
= m

2

12
tan β + λ1v

2 cos2 β (8)

M
2

h11
= m

2

12
cot β + λ2v

2 sin2
β (9)

M
2

h33
= m

2

0
(10)

M
2

h12
= −m

2

12
+ λ345v

2 cos β sin β (11)

M
2

h13
= v (A11cβ + A12sβ) (12)

M
2

h23
= v (A22sβ + A12cβ) (13)

The mass eigenstates are related to these by



ρ1

ρ2

S



 =




−sα cα δ13

cα sα δ23

δ31 δ32 1








h

H

h�



 (14)

We assume that the elements in the 3rd column and row are much smaller than those in the
first 2. Then the masses of the heavy higgs (h is the lighter of the 2) are

m
2

h,H
� 1

2

�
M

2

h11
+M

2

h22
∓

�
(M2

h11
−M

2

h22
)2 + 4M4

h12

�
(15)

1

The mass of the singlet is

m
2
h�

= M
2
h33 + δm

2
S

(16)

δm
2
h�

= δ13M
2
h13 + δ23M

2
h23 (17)

The mixing angles are given by

δ13 =

�
s
2
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+
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2
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2
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δ23 = sαcα

�
− 1

m
2
S
−m

2
h

+
1

m
2
S
−m

2
H

�
M

2
h13 +

�
c
2
α

m
2
S
−m

2
h

+
s
2
α

m
2
S
−m

2
H

�
M

2
h23 (19)

The Yukawa couplings are given by

LYuk =
m�

vcβ
ρ1�̄�+

mq

vsβ
ρ2q̄q (20)

≡ m�

v
(ξh��h+ ξH��H + ξ��h�) �̄�+

mq

v
(ξhqqh+ ξHqqH + ξqqh�) q̄q (21)

with

ξh�� = −sα

cβ
→ −sα tan β (22)

ξH�� =
cα

cβ
→ cα tan β (23)

ξhqq =
cα

sβ
→ cα (24)

ξHqq =
sα

sβ
→ sα (25)

ξ�� =
δ13

cβ
→ δ13 tan β (26)

ξqq =
δ23

sβ
→ δ23 (27)

The coupling of h� to leptons is enhanced for large tan β. This is the motivation for consid-
ering this limit.

The singlet mass shift can be written in terms of these as

δm
2
h�

= ξ��cβM
2
h13 + ξqqsβM

2
h23 (28)

The ratios of the couplings to 2 gauge bosons relative to the SM values are

ξhV V = sin (β − α) → cα − sα

tan β
+ . . . (29)

ξHV V = cos (β − α) → sα +
cα

tan β
+ . . . (30)

ξh�V V = δ13cβ + δ23sβ → δ23 +
δ13

tan β
+ . . . (31)

= ξ��c
2
β
+ ξqqs

2
β
→ ξqq +

ξ�� − ξSqq

tan2
β

+ . . . (32)

2



Constraints on the parameter space 

Batell, Lange, McKeen, Pospelov, Ritz, to appear [eventually]. 

Muon, Kaon decays will bring progress; B-factory signal from the 
associated  ττ + Scalar à ττµµ production will resolutely test the model 
below ~ 6 GeV.  
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Figure 1: Allowed regions with parameters fixed as described in the text. On the left, the
right hand axis is given by κeff ≡ meξ��/ev. On the right, the right-hand axis is A12 related
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§  With the g-2 explanations by light weakly coupled particles, we 
have passed the stage of “black cat”.	



§  We’ve learned that the “room must be dark” as well. 	



In some sense, one can say similar things about SUSY explanations: 
the simplest (circa 2001 Snowmass) SUSY models are dead.  	



“The hardest thing of all is to find a 
black cat in a dark room, especially 
if there is no cat.” ― Confucius 
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More anomalies with muons 
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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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Can result from  

New Physics at                IF it is NP, it can only be light 

100 GeV-TeV scale or sub-GeV 

scale 

 



More discrepancies discovered using muons ! 
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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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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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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

µ

µµ

µ

p

p

p

γ

γ

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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New U(1) forces for right-handed muons 
Batell, McKeen, MP, PRL 2011 – Imbeds a new force into SM 
Despite considerable theoretical difficulties to build a consistent 

model of “muonic forces” relevant for rp discrepancy, gauged 
RH muon number could be still alive:  

 
 
Main logical chain leading to this:  
 Vector force has to NOT couple to left-handed leptons – otherwise 

huge new effects for neutrinos. Then has to couple to RH muons, 
 
 
* This “model” needs to fine tune (g-2)µ, Parity violation in Cs 

(generated at two loops), and tolerate the anomaly. Solution 
could be worse than initial problem.  
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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 à 16O(*) + 4He reaction 

 

2

• For the SOX-type setup we find similarly powerful
sensitivity from the 144Ce −144 Pr(ν̄e) 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 7σ
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 φ that interacts
with protons and leptons,

Lφ =
1

2
(∂µφ)

2 − 1

2
m2

φφ
2 + (gpp̄p+ geēe+ gµµ̄µ)φ , (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]

∆r2p
��
eH

= −6�2

m2

φ

; ∆r2p
��
µH

= −6�2(gµ/ge)

m2

φ

f(amφ) (4)

where a ≡ (αmµmp)−1(mµ +mp) is the µH Bohr radius
and f(x) = x4(1 + x)−4. Equating ∆r2p

��
µH

− ∆r2p
��
eH

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

The astrophysical and fixed-target constraints depend
on the cross section for eφ → eγ conversion, which for
mφ � me with a stationary electron target is

dσ

dE
=

π(ge/e)2α2(E −me)

meQ4(Q− E +me)2

�
E(Q2 − EQ− 2meQ

− 2m2

e) +me(3Q
2 + 3Qme + 2m2

e)

�
, (5)
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FIG. 2: Sensitivity projections for various experimental se-

tups in terms of �2 = gpge/e
2
and mφ, 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 10
25

POT incident on a C3F8 target to induce p+19
F

→ (
16
O

∗ → 16
O+φ)+α reactions 100 m away from Borexino

and yield 10 signal events (> 3σ) 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 (> 3σ)
above backgrounds at 6.05 MeV [9]. The SOX lines assume

a radioactive
144

Ce −144
Pr source 7.15 m away from Borex-

ino with 50 and 165 events (> 3σ) 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 φ
energy. At Q � me, this leads to a total cross section of

σeφ � π(ge/e)2α2

2meQ
= 13 mbn× 5 MeV

Q
×

�ge
e

�2

, (6)

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

Γ(φ → γγ) =
α2 m3

φ

512π3

����
�

f

gf
mf

NcQ
2

fA1/2(τf )

����
2

, (7)

where Qf is the fermion charge, τf ≡ m2

φ/4m
2

f , and

A1/2(τ) = 2τ−2[τ + (τ − 1) arcsin
√
τ ]. (8)

An approximate proportionality to particle masses en-
sures that couplings to neutrinos are negligible.
Processes (5), (7) define the gross features of φ-

phenomenology in cosmological and astrophysical set-
tings. The ensuing constraints are summarized as fol-
lows:

• Energy loss in stars via eγ → eφ (red giants,
white dwarfs etc) is exponentially suppressed for
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Sensitivity to scalar mediator 
§  16O de-excitation of 6.05 MeV as a source of scalars 
§  rp relevant region can be fully covered.	

 2

1.49 MeV energies from 144Nd∗ de-excitation.

The subsequent detection of a mono-energetic release in
a Borexino-type detector with 6.05, 2.19, or 1.49 MeV
can 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 7σ
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 φ that interacts
with protons and leptons,

Lφ =
1

2
(∂µφ)

2 − 1

2
m2

φφ
2 + (gpp̄p+ geēe+ gµµ̄µ)φ , (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]

∆r2p
��
eH

= −6�2

m2

φ

; ∆r2p
��
µH

= −6�2(gµ/ge)

m2

φ

f(amφ) (4)

where a ≡ (αmµmp)−1(mµ +mp) is the µH Bohr radius
and f(x) = x4(1 + x)−4. Equating ∆r2p

��
µH

− ∆r2p
��
eH

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

The astrophysical and fixed-target constraints depend
on the cross section for eφ → eγ conversion, which for
mφ � me with a stationary electron target is

dσ

dE
=

π(ge/e)2α2(E −me)

meQ4(Q− E +me)2
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E(Q2 − EQ− 2meQ

− 2m2

e) +me(3Q
2 + 3Qme + 2m2

e)
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, (5)

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

σeφ � π(ge/e)2α2

2meQ
= 13 mbn× 5 MeV

Q
×
�ge
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, (6)
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FIG. 2: Sensitivity projections for the scenario in Eq. (3).

The blue band shows the parameter space that resolves the

rp puzzle. An important aspect of our proposal, as it relates

to NP explanation of the rp anomaly, is the proportionality

of the signal to the products of the couplings, �2e4 = g2pg
2
e .

The “LUNA/Borexino” curve assumes a 400 keV proton beam

with 10
25

POT incident on a C3F8 target to induce p+19
F

→ (
16
O

∗ → 16
O + φ) + α reactions 100 m away from Borex-

ino. The Borexino 3 MeV and SuperK 3 MeV lines assume

the same LUNA-type setup with a 3 MeV p-accelerator 10 m

away from each detector. The SOX lines assume a radioac-

tive
144

Ce−144
Pr source 7.15 m away from Borexino. Shaded

in gray are constraints from a Borexino solar axion search

[8], LSND electron-neutrino scattering [9], and stellar cooling

[10], for which we assume ge = (me/mp)gp.

which determines the in-medium absorption probability
of φ. Absorption competes with the decay φ → γγ, oc-
curring through loops of fermions f with the width given
by a standard formula,

Γ(φ → γγ) =
α2 m3

φ

512π3

����
�

f

gf
mf

NcQ
2

fA1/2(τf )

����
2

, (7)

where Qf is the fermion charge, τf ≡ m2

φ/4m
2

f , and

A1/2(τ) = 2τ−2[τ + (τ − 1) arcsin
√
τ ]. (8)

An approximate proportionality to particle masses en-
sures that couplings to neutrinos are negligible.
Processes (5), (7) define the gross features of φ-

phenomenology in cosmological and astrophysical set-
tings. The ensuing constraints are summarized as fol-
lows:

• Energy loss in stars via eγ → eφ (red giants, white
dwarfs etc) is exponentially suppressed for mφ >
Tstar. In practice, it means a strong bound on mass,
mφ ∼> 250 keV, for the fiducial range of couplings.

• The decay of φ in the early Universe at T ∼ mφ

results in a negative shift of the “effective num-
ber of neutrinos.” For mφ > 250 keV the shift is
moderate, Neff ∼ −0.5 [11], and can be easily com-
pensated by the positive contributions from other
light particles (e.g. sterile neutrinos).
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Light WIMPs due to light mediators 

(Boehm, Fayet; MP, Riz, Voloshin …)  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 difficult 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 offer a solution to the g − 2 dis-
crepancy. A� → χχ̄ 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−Lτ vector portal [27,28,30],
and the vector mass belowmV ∼ 400 MeV can still be considered as a potential solution
to the muon g − 2 discrepancy [49,50].

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

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

Vector portals may have an interesting relation to dark matter. In the last few years, the
direct searches for dark matter have intensified, paralleled by the broad investation of the-
oretical opprtunities for dark matter. Weakly interacting dark matter (WIMP) paradigm
offers 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 ∼ mχ, where mχ is the WIMP mass. Simple calculations
show that the required WIMP abundance is achieved if

σannih(v/c) ∼ 1 pbn =⇒ ΩDM � 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,

σ(v/c) ∝





G2

Fm
2
χ for mχ � mW ,

1/m2
χ for mχ � mW .

=⇒ few GeV < mχ < 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 difficult part of the parameter
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crepancy. A� → χχ̄ decay, for example, can dilute ”visible” A� → e−e+ modes. In any
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• Finally, the least constrained model is based on gauged Lµ−Lτ vector portal [27,28,30],
and the vector mass belowmV ∼ 400 MeV can still be considered as a potential solution
to the muon g − 2 discrepancy [49,50].

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

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

Vector portals may have an interesting relation to dark matter. In the last few years, the
direct searches for dark matter have intensified, paralleled by the broad investation of the-
oretical opprtunities for dark matter. Weakly interacting dark matter (WIMP) paradigm
offers 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 ∼ mχ, where mχ is the WIMP mass. Simple calculations
show that the required WIMP abundance is achieved if

σannih(v/c) ∼ 1 pbn =⇒ ΩDM � 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,
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
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DM in the assumption of weak-scale mediators. According to this logic, MeV-GeV scale
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γ � γ�

χ

χ∗
e−

e+

Figure 3: Light (mχ ∼ few MeV) scalar dark matter annihilating to electron-positron pairs
due to mixed γ − 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 difficult 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 mχ ∼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

σannih(v/c) �
4π

3
αDα�

2v2
m2

χ

(m2
A� − 4m2

χ)
2
. (3.4)

Here αD = (g�)2/(4π), and mχ � me is assumed. MP: I need to check the numerical
coefficient. 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 2mχ < mA� . With this choice of parameters, σannih(v/c) can be significantly
larger than 1 pbn, making MeV-scale dark matter possible.

Another prominent subject where the DM-related explanation have attracted a lot of at-
tention is the observation of the increase with energy in the fraction of high-energy postrons in
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Light DM – direct production/detection  

32 

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
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Astrophysical motivations: 511 keV line  
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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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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 



MiniBooNE search for light DM 
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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 
(Richard 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 (2015) 

 

MiniBooNE
90% C.L.

MiniBooNE sensitivity to vector portal DM

23

[arXiv:1211.2258]



MiBooNE search for DM 
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Conclusions 
•  MiniBooNE has collected 1.86!1020 POT in beam-off-target 

configuration to search for sub-GeV dark matter 

•  Beam-off-target suppresses neutrino backgrounds  
! beam uncorrelated backgrounds dominant 

•  First of its kind, proton beam dump to a large neutrino 
detector ! an extremely well characterized detector! 

•  N-DM analysis will be completed soon ! e-DM and 
inelastic !0 channels are underway 

35 LDMA15 Workshop -- R.L. Cooper 6/23/15 

R. Cooper presentation, Camogli workshop on light dark matter, 2015	



Vector Portal Exclusion Plots 

13 LDMA15 Workshop -- R.L. Cooper 

Nucleon – DM Electron – DM 
100-1000 events 10-100 events 1-10 events 

6/23/15 
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Sensitivity to light DM in a setup involving 100 MeV 
electron beam dump next to a large neutrino detector 

 One will significantly advance sensitivity to light DM in the sub-100 
MeV mass range. Assuming 1024 100 MeV electrons on target 

Izaguirre, Krnjaic, MP, 1507.0268, to appear in the PRD.  
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electrons with 100-MeV energies impinging on an aluminum target positioned 10 m

near the SNO+, JUNO, and SuperK detectors – since the latter two have comparable fiducial volumes, their projections are

presented as a common curve. We conservatively assume thresholds of ER > 10 MeV for which the backgrounds are negligible.

The CMB and direct detection constraints assume χ/ϕ constitutes all of the dark matter and regions above the relic curve

correspond to parameter space for which each scenario can accommodate a subdominant fraction of the total DM (note that

for subdominant DM, the CMB and direct detection bounds would also weaken). For the pseudo-Dirac scenario the relic

curve was computed assuming only a small mass-splitting (100 keV < ∆ < mχ/ϕ) between the states that couple to the A�

so standard freeze out is largely unaffected, but scattering at direct detection experiments is kinematically inaccessible. Since

Kaon, mono-photon, and beam-dump constraints don’t scale as y, we conservatively adopt αD = 0.5 and mχ/ϕ/mA� = 3 to

not overstate these bounds; the plotted arrows show how the constraint moves when the product αD(mχ/mA�)
4
is reduced by

a factor of ten. The dotted LSND × SIDM curve denotes where the LSND bound shifts if αD is chosen to satisfy the bound on

DM self interactions σself/mχ ∼< 0.1 cm
2/g instead of the nominal αD = 0.5 which is conservative in other regions of parameter

space. Note that for scalar inelastic DM, the key difference relative to the right panel is that the Xenon10 region disappears as

the scattering can be turned off.

massive dark-photon A� [36]. Since light DM requires
a comparably light mediator to avoid overclosure, this
starting point loses no essential generality and our re-
sults are qualitatively similar for different mediators. The
most general renormalizable Lagrangian for this dark sec-
tor contains

LD ⊃ �Y
2
F �
µνBµν +

m2
A�

2
A�

µA
�µ + LDM , (1)

where A� is the dark photon that mediates an abelian
U(1)D force, F �

µν = ∂[µ,A
�
ν] and Bµν = ∂[µ,Bν] are

the dark and hypercharge field strength tensors, and
mχ,A� are the appropriate dark sector masses. After elec-
troweak symmetry breaking, diagonalizing the gauge bo-
son mass matrices induces a kinetic mixing with the pho-
ton field strength � ≡ �Y cos θW , where θW is the weak
mixing angle. The DM Lagrangian contains a fermionic
or bosonic MeV-scale DM particle charged under U(1)D,

LDM =

�
χ̄(i �D −mχ)χ, fermionic DM,
|Dµϕ|2 −m2

ϕϕ
∗ϕ, bosonic DM,

(2)

where Dµ = ∂µ+ig�A�
µ is the covariant derivative. These

simplest realizations of LD assume a Dirac fermion or
complex scalar DM states, but the model can readily

be generalized to the “split” states of Majorana/pseudo-
Dirac fermions or real scalars, in which case A� can cou-
ple off-diagonally (inelastically) to the different mass-
eigenstates and mχ(ϕ) should be understood as a ma-
trix acting on the split states. Moreover, each variation
above can be particle/antiparticle asymmetric, which al-
lows for weaker bounds from late-time annihilations into
the CMB than the symmetric case [26].
One of the most important questions for such a model

is the hierarchy of masses in LD. If mA� < mχ/ϕ, the
mediator is the lightest state in the dark sector, so it will
decay into SM particles. In this regime, the annihila-
tion process that sets the relic density is t-channel (e.g.
χχ̄ → A�A�) and, thus, independent of the mediator’s
coupling to the SM. However, if mA� > mχ(ϕ), then the
relic density is achieved through χχ̄ → e+e− annihila-
tion, which proceeds via a virtual s-channel A� exchange
and depends on both DM and SM couplings to the medi-
ator1. This latter scenario is predictive: since dark sec-
tor couplings are bounded by perturbativity, sufficient

1 In a certain region of parameter space, the mA� > mχ sce-
nario can still achieve the observed relic abundance through

511 kev motivated 



Cosmic lithium problem 
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Ryan et al.

Spite plateau (Ryan et al ) 
7Li exhibits a “plateau” with low dispersion – indicator or BBN value   
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There is no practical implication if we find missing Li 
 
 
 
 
 
 
 
Why should anyone care?  
 
1.  Li problem may hold clues to non-standard physics that existed at 

BBN time (e.g. 10 minutes after the Big Bang) 
2.  Li problem may be trying to tell us something profound about the 

evolution of the oldest [surviving] stars in the Universe that formed 
at z ~ 15. 

 



1991 review 
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19
91
Ap
J.
..
37
6.
..
51
W

Current value η10 = 6.1 is well outside the “BBN range of 1991” 
2.8-4.0. At that time particle physicists did take 7Li seriously.  
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Latest developments 
•  Planck re-measures most of the cosmological parameters, but there is 

no drastic change in η compared to WMAP/SPT/ACT. 

•   Planck determines helium abundance Yp. Accuracy approaches 10%. 

•  Cooke et al (2013) claim better accuracy and less scatter for the re-
evaluated observational abundance of D/H. Perfect agreement, it 
seems! 

•  With latest results, no evidence of 6Li in the stellar atmospheres. 

•  Only 7Li remains a problem.  

10 Cooke et al.

Fig. 5.— Values of D/H for the Precision Sample of DLA measurements analyzed in this paper. The orange point represents the new case reported here
(J1358+6522). The left and right panels show respectively the D/H measures as a function of the DLA oxygen abundance and H i column density. The dark
and light green bands are the 1σ and 2σ determinations of Ωb,0 h2 from the analysis of the CMB temperature fluctuations recorded by the Planck satellite
(Planck Collaboration 2013) assuming the standard model of physics. The conversion from D/H to Ωb,0 h2 is given by eqs. 5 and 6.

TABLE 2
The Precision Sample of D/HMeasurements in QSO Absorption Line Systems

Literature This work
QSO zem zabs [O/H]a logN(H i) log (D/H) logN(H i) log (D/H) Ref.b

(cm−2) (cm−2)
HS 0105+1619 2.652 2.53651 −1.77 19.42 ± 0.01 −4.60 ± 0.04 19.426 ± 0.006 −4.589 ± 0.026 1, 2
Q0913+072 2.785 2.61829 −2.40 20.34 ± 0.04 −4.56 ± 0.04 20.312 ± 0.008 −4.597 ± 0.018 1, 3, 4
SDSS J1358+6522 3.173 3.06726 −2.33 . . . . . . 20.495 ± 0.008 −4.588 ± 0.012 1
SDSS J1419+0829 3.030 3.04973 −1.92 20.391 ± 0.008 −4.596 ± 0.009 20.392 ± 0.003 −4.601 ± 0.009 1, 5, 6
SDSS J1558−0031 2.823 2.70242 −1.55 20.67 ± 0.05 −4.48 ± 0.06 20.75 ± 0.03 −4.619 ± 0.026 1, 7
aWe adopt the solar value log(O/H)" + 12 = 8.69 (Asplund et al. 2009).
bReferences – (1) This work, (2) O’Meara et al. (2001), (3) Pettini et al. (2008a), (4) Pettini et al. (2008b),
(5) Pettini & Cooke (2012), (6) Cooke et al. (2011), (7) O’Meara et al. (2006).

the literature systems that did not meet our selection criteria
(see Section 2.2.1) have larger uncertainties, and thus their
contribution to the weighted mean value of D /H is relatively
low.

4.1. The Cosmic Density of Baryons
Using the most up-to-date calculations of the network of

nuclear reactions involved in BBN, the primordial abundance
of deuterium is related to the cosmic density of baryons (in
units of the critical density), Ωb,0, via the following relations
(Steigman 2012; G. Steigman 2013, private communication):

(D /H)p = 2.55 × 10−5 (6/ηD)1.6 × (1 ± 0.03) (5)
ηD = η10 − 6(S − 1) + 5ξ/4 (6)

where η10 = 273.9Ωb,0 h2, S = [1 + 7(Neff − 3.046)/43]1/2 is
the expansion factor and ξ is the neutrino degeneracy param-
eter (related to the lepton asymmetry by Equation 14 from
Steigman 2012). The rightmost term in eq. 5 represents the
current 3% uncertainty in the conversion of (D /H)p to ηD due
to the uncertainties in the relevant nuclear reactions rates (see
Section 4.2). For the standard model, Neff $ 3.046 and ξ = 0.
In this case, the Precision Sample of D/H measurements im-
plies a cosmic density of baryons:

100Ωb,0 h2(BBN) = 2.202±0.020 (random) ±0.041 (systematic)
(7)

where we have decoupled the error terms from our measure-
ment (i.e. the random error term) and the systematic uncer-
tainty in converting the D abundance into the baryon density
parameter.
As can be seen from Figure 5, this value of Ωb,0 h2 is in ex-

cellent agreement with that derived from the analysis of the
CMB temperature fluctuations measured by the Planck satel-
lite (Planck Collaboration 2013):

100Ωb,0 h2(CMB) = 2.205 ± 0.028. (8)
4.2. The Current Limitation

In the era of high-precision cosmology, we feel that it is
important to highlight the main limitations affecting the use
of (D /H)p in the estimation of cosmological parameters. As
can be seen from eq. 7, the main source of error is in the
conversion of (D /H)p to the baryon density parameter (ηD,
and hence Ωb,0 h2). In large part, this systematic uncertainty
is due to the relative paucity of experimental measures for
several nuclear cross-sections that are important in the net-
work of BBN reactions, particularly deuteron–deuteron re-
actions and the d(p, γ)3He reaction rate at the relevant en-
ergies (Fiorentini et al. 1998; Nollett & Burles 2000; Cyburt
2004; Serpico et al. 2004). Since these studies, estimates for
the deuteron–deuteron reaction cross-sections (Leonard et al.
2006) have improved and their contribution to the error budget
has been reduced. Themain lingering concern involves the re-
action rate d(p, γ)3He, for which only a single reliable dataset

12 Cooke et al.

Fig. 6.— The 1σ and 2σ confidence contours (dark and light shades respectively) for Neff and Ωb,0 h2 derived from the primordial deuterium abundance (blue),
the CMB (green), and the combined confidence contours (red). The left panel illustrates the current situation, while the right panel shows the effect of reducing
the uncertainty in the conversion from (D /H)p to Ωb,0 h2 by a factor of two (see discussion in Section 4.2). Dashed and dotted lines indicate the hidden contour
lines for BBN and CMB bounds respectively.

Fig. 7.— The 1σ and 2σ confidence contours (dark and light shades respec-
tively) for Neff and Ωb,0 h2 derived from the primordial deuterium abundance
(blue), the primordial He mass fraction (green), and the combined confidence
contours (red). Dashed and dotted lines indicate the hidden contour lines for
(D /H)p and YP bounds respectively.

recently as a probe of the effective number of neutrino fam-
ilies (Cyburt 2004; Nollett & Holder 2011; Pettini & Cooke
2012, see also Section 5.1). Here, we demonstrate that precise
measures of the primordial deuterium abundance (in combi-
nation with the CMB) can also be used to estimate the neu-
trino degeneracy parameter, ξ, which is related to the lepton
asymmetry by Equation 14 from Steigman (2012).
Steigman (2012) recently suggested that combined esti-

mates for (D /H)p, YP, and a measure of Neff from the CMB,
can provide interesting limits on the neutrino degeneracy pa-
rameter (ξ ≤ 0.079, 2σ; see also, Serpico & Raffelt 2005;
Popa & Vasile 2008; and Simha & Steigman 2008). By com-
bining (D /H)p and YP, this approach effectively removes the
dependence on Ωb,0 h2. Using the conversion relations for
(D /H)p and YP (eqs. 5–6 and 13–14) and the current best de-
termination of YP (0.253±0.003; Izotov, Stasinska, & Guseva
2013), in addition to the Planck+WP+highL19 constraint on
Neff and the precise determination of (D /H)p reported here,
we derive a 2σ upper limit on the neutrino degeneracy param-
eter, |ξ| ≤ 0.064, based on the approach by Steigman (2012).
We propose that an equally powerful technique for estimat-
19 We used the base cosmology set with Neff and YP added as free param-

eters (see Section 6.4.5 of Planck Collaboration 2013).

ing ξ does not involve removing the dependence on Ωb,0 h2
by combining (D /H)p and YP, as in Steigman (2012). In-
stead, one can obtain a measure of both Ωb,0 h2 and Neff from
the CMB, and use either (D /H)p or YP to obtain two sepa-
rate measures of ξ. This has the clear advantage of decou-
pling (D /H)p and YP; any systematic biases in either of these
two values could potentially bias the measure of ξ. Separating
(D /H)p and YP also allows one to check that the two estimates
agree with one another.
Our calculation involved aMonte Carlo technique, whereby

we generated random values from the Gaussian-distributed
primordial D/H abundance measurements, whilst simultane-
ously drawing random values from the (correlated) distribu-
tion between Ωb,0 h2 and Neff from the Planck+WP+highL
CMB data (Planck Collaboration 2013)20. Using Equation 19
from Steigman (2012, equivalent to eq. 6 here), we find
ξD = +0.05 ± 0.13 for (D /H)p, leading to a 2σ upper limit
of |ξD| ≤ 0.31.
With the technique outlined above, we have also computed

the neutrino degeneracy parameter from the current observa-
tional bound on YP. For this calculation, we have used the
MCMC chains from the Planck+WP+highL CMB base cos-
mology with Neff and YP added as free parameters. In this
case, the CMB distribution was weighted by the observational
bound on YP (YP = 0.253±0.003; Izotov, Stasinska, & Guseva
2013). Using Equations 19–20 from Steigman (2012, equiv-
alent to eqs. 6 and 14 here), we find ξD = +0.04 ± 0.15 for
(D /H)p and ξHe = −0.010 ± 0.027 for YP. These values
translate into corresponding 2σ upper limits |ξD| ≤ 0.34 and
|ξHe| ≤ 0.064. Combining these two constraints then gives
ξ = −0.008 ± 0.027, or |ξ| ≤ 0.062 (2σ).
Alternatively, if we assume that the effective number of

neutrino species is consistent with three standard model neu-
trinos (i.e. Neff # 3.046), we obtain the following BBN-only
bound on the neutrino degeneracy parameter by combining
(D /H)p and YP, ξ = −0.026 ± 0.015, or |ξ| ≤ 0.056 (2σ). We
therefore conclude that all current estimates of the neutrino
degeneracy parameter, and hence the lepton asymmetry, are
consistent with the standard model value, ξ = 0.
20 Rather than drawing values of Ωb,0 h2 and Neff from the appropriate

distribution, we instead used the Markov-Chain Monte Carlo chains provided
by the Planck science team, which are available at:
http://www.sciops.esa.int/wikiSI/planckpla/index.php?
title=Cosmological Parameters&instance=Planck Public PLA
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Extra neutrons from particle physics reduce 7Be 
3He+α à 7Be + γ - IN.  
7Be +n à p +7Li – OUT, (followed by 7Li+p à 2α) 
Also leads to  p + n à D + γ  
 
nBBN scenario 
Addition of O(10-5) neutrons per proton at T~40 keV accelerates 

burning of 7Be. It does not matter how you generate extra 
neutrons (particle decays, annihilation etc). (Reno, Seckel; 
Jedamzik; Kohri et al.). This mechanism is sensitive to hadronic 
fraction of decays/annihilation.  

Candidates: scalar lepton NLSP à gravitino LSP decays (many 
studies); gravitino decays; R-parity violating decays; super-
WIMP decays… You can have arbitrarily many models that do 
that. They may or may not have associated collider signatures.  
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Time evolution of abundances in nBBN 

All models of neutron injection are disfavored because of elevated D/H. 
(Coc, MP, Vagioni, Uzan, 2014 ). Plot from MP, Pradler, 2010 



X-BBN scenario 
Light New Physics – e.g. new light axion-like particles – can “kill” 7Be, if 
their abundances are large, and couplings are small. Goudelis, MP, Pradler, 
Oct 2015. 	
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We point out that the cosmological abundance of
7
Li can be reduced down to observed values

if during its formation Big Bang Nucleosynthesis is modified by the presence of light electrically

neutral particles X that have substantial interactions with nucleons. We find that the lithium

problem can be solved without affecting the precisely measured abundances of deuterium and helium

if the following conditions are satisfied: the mass and lifetimes of such particles are bounded by

1.6 MeV ≤ mX ≤ 20 MeV and few 100 s ∼< τX ∼< 10
4
s, and the abundance times the absorption

cross section by either deuterium or
7
Be are comparable to the Hubble rate, nXσabs ∼ H, at the time

of
7
Be formation. We include X-initiated reactions into the primordial nucleosynthesis framework,

observe that it leads to a substantial reduction of the freeze-out abundances of
7
Li+

7
Be, and find

specific model realizations of this scenario. Concentrating on the axion-like-particle case, X = a,

we show that all these conditions can be satisifed if the coupling to d-quarks is in the range of

f
−1
d ∼ TeV

−1
, which can be probed at intensity frontier experiments.

Introduction. Big Bang Nucleosynthesis (BBN) is a

cornerstone of modern cosmology [1, 2]. Its success rests

on the agreement among the observationally inferred and

predicted primordial values for the deuterium and helium

abundances. In particular, the latest measurements of

the deuterium abundance, [D/H]obs = (2.53 ± 0.04) ×
10

−5
[3], are in remarkable accord with BBN predic-

tions under standard cosmological assumptions, and us-

ing the baryon-to-photon ratio—precisely measured via

the anisotropies in the cosmic microwave background

(CMB) [4]—as an input. However, the BBN success is

not complete: the predicted value of the lithium abun-

dance [2], [
7
Li/H]BBN = (4.68± 0.67)× 10

−10
, is signifi-

cantly higher, by a factor of ∼ (2− 5), than the value in-

ferred from the atmospheres of PopII stars, [
7
Li/H]obs =

(1.6 ± 0.3) × 10
−10

. What prevents this discrepancy,

known as the cosmological lithium problem, from becom-

ing a full-blown crisis for cosmology is the questionable

interepretation of [
7
Li/H]obs as being the truly primor-

dial value, unaltered by subsequent astrophysical evolu-

tion. Indeed, several astrophysical mechanisms of how

the reduction of lithium may have come about have been

proposed (see, e.g. [5, 6]), none of which resolve the prob-

lem completely. Thus, New Physics (NP) scenarios, such

as modifications of standard BBN, can be entertained as

solutions to this long-standing discrepancy.

The (over)abundance of lithium is ultimately related

to the excessive production of the
7
Be isotope, that ra-

diatively decays to
7
Li during the post-BBN evolution.

Its reduction occurs at T ∼> 25keV via the sequence of

neutron capture in the
7
Be(n, p)7Li reaction, followed by

7
Li(p,α)4He. For a while, NP scenarios supplying extra
neutrons, thereby reducing the

7
Li+

7
Be abundance [7–9],

were considered to be attractive solutions to the lithium

problem. However, in light of the latest [D/H] mea-

surements [3], any such solution is strongly disfavored

[10, 11] as extra neutrons lead to the overproduction

of deuterium, quite generically resulting in [D/H]BBN >
3×10

−5
, far from the allowed range. This exlcudes a va-

riety of models with late decays of electroweak-scale par-

ticles, including many supersymmetric scenarios. Never-

theless, isolated cases of NP models, typically involving

sub-GeV particles, can reduce lithium while keeping deu-

terium and helium consistent with observations [12, 13].

We also note that the BBN catalyzed by the presence of

negatively charged weak-scale particles [14–16] still has

potential for reducing the
7
Be abundance.

X

7
Be (D)

4
He (p)

3
He (n)

FIG. 1. Spallation of a nucleus due to absorption of a bosonic

state X.

In this Letter we suggest a new mechanism for se-

lectively reducing the lithium abundance, while keep-

ing other BBN predictions intact.
7
Be is formed in

the narrow temperature range from 60 to 40 keV, after

deuterium- and during
3
He-formation, in a rather slow,

sub-Hubble rate reaction
3
He(α, γ)7Be. This is why its

abundance is very small, [
7
Be/3He] � 1, and it contrasts

with other nuclear reactions responsible for
4
He,

3
He,

D, which remain very fast in that temperature window.

Therefore, if BBN is modified by a new light and meta-

stable neutral particleX that has direct interactions with

nucleons and can react as in Fig. 1, either with
7
Be or

deuterium (or both) via

R1 :
7
Be(X,α)3He; R2 : D(X, p)n (1)

at T ∼ 50 keV, then one should expect that the
7
Be

(and consequently the observed
7
Li) abundance will be

reduced. Most importantly, if reactions R1 and R2 oc-

cur relatively early, T > 10 keV, and the energy carried

2

by the X particle is below the
4
He binding energy, the

helium and deuterium abundance will not be altered in

a significant way, as neutrons generated in R2 will be in-

corporated back to deuterium via the process p(n, γ)D
that remains faster than neutron decay down to temper-

atures of T ∼ 10 keV. Note that X cannot be a light

Standard Model particle; non-thermal photons at these

temperatures are quickly degraded in energy below nu-

clear binding thresholds, and neutrinos have too small an

interaction rate.

In the remainder of this paper, we show that these

qualitative expectations are supported by detailed BBN

calculations. We determine the required properties of X,

provide concrete particle physics realizations, and point

out experimental avenues to test the proposed scenarios.

New light metastable particles during BBN. Light,

very weakly coupled particles X can selectively affect

BBN processes if their number density is large, but their

energy density remains subdominant to that of photons.

Therefore, as a guideline, we shall assume that their num-

ber density during BBN satisfies the bound

nb ∼< nX <
T

EX
× nγ , (2)

where EX is the energy carried by these particles (and

EX = mX for the non-relativistic case). Since the respec-

tive baryon and photon number densities nb and nγ are

widely different, nb/nγ = 6.1× 10
−10

[4], the abundance

of nX (2) can vary in a rather large range. We distin-

guish two different scenarios. Scenario A assumes that

X is non-relativistic, with mass in the range from 1.6 to

20 MeV, and it participates in the reactions (1) before

decaying either to Standard Model (SM) radiation, or to

a beyond-SM radiation species. Scenario B assumes that

there is an inert, almost non-interacting neutral progeni-

tor particle Xp that decays to (nearly) massless states X
which participate in the nuclear reactions before being

red-shifted below nuclear reaction thresholds. For the

two-body decay, Xp → XX, the mass Xp must lie in the

range from 3.2 to 40 MeV, and the mass of X should be

less than ∼ 1 eV (to avoid hot dark matter constraints.)

The upper mass bound in both scenarios ensures that
4
He is not directly affected by X-induced splitting.

We modify our BBN code [17] to include the effects

of X particles. In the following we expose the relevant

physics by using Scenario A for which we add the param-

eters {mX , τX , nX/nb,σBev,σDv} to the code, where nX

stands for the initial (un-decayed) abundance of X and

σBev,σDv are the respective reaction cross sections for

(1). We assume that they are dominated by the s-wave
of initial particles, for which they becomes temperature-

independent parameters. The reactions with A = 3 el-

ements, e.g. 3
He(X, p)D, are generically less important

and, in the interest of concision, we avoid them altogether

by taking 2.2 MeV < mX < 5.5 MeV. Note that the as-

sumed small couplings of X and large abundances (2)
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FIG. 2. The contours of light element abundances as a func-
tion of the two reaction rates R1 and R2, for τX � tBBN

(top panel), and τX = 103s (lower panel). Inside the shaded
regions, the lithium problem is solved.

make the reverse reactions, e.g. n(p,X)D, negligible.

The results of our calculations are presented in Fig. 2.

The dark shaded regions correspond to reaction rates

that reduce lithium to the range
7
Li/H = (1−2)×10

−10

without affecting other elements. In the top panel, the

lifetime of X is taken to be large with respect to the

cosmic time at BBN and, consequently, the late reaction

R2 reduces the deuterium abundance too much, unless

σBe > 10σD. Such a hierarchy of cross sections would

require additional tuning of the properties of X. In con-

trast, lifetimes around 10
3
seconds (lower panel) allow

for a generic solution to the lithium problem, without

altering deuterium beyond the observational bounds. In

the vertical part of the shaded band
7
Be is directly de-

pleted via R1, while in the diagonal part
7
Be reduction is

achieved via neutrons generated through R2. Note that

contrary to models of decaying weak-scale particles these

are not extra neutrons, but borrowed ones, that return

to deuterium via the fast reaction p(n, γ)D. Thus for

τX ∼ 10
3
s, the preferred R1 or R2 reaction rates solving

the
7
Li overproduction problem are

R1: (nX/nb)× σBev � (1− 2)× 10
−31

cm
2, or

R2: (nX/nb)× σDv � (3− 7)× 10
−31

cm
2. (3)

The observational constraints in Fig. 2 are 2.45×10
−5 ≤

D/H ≤ 3× 10
−5

(lower limit nominal 2σ from [3]; upper

limit conservative) and Yp ≥ 0.24; also shown is the un-

labeled D/H contour 10
−5

. The effect of the “borrowed”

3

T (keV)

R2, τX = 10
3
s

X

neutrons
borrowed

7
Li/H

7
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D/H

(
3
He+T)/H
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FIG. 3. Temperature evolution of elemental abundances, with

BBN modified by R2, initiated by X with τX = 10
3
s and

nX
nb

σDv = 5× 10
−32

cm
2
. The temporary increase in n leads

to the suppression of
7
Be but does not affect [D/H]BBN.

neutrons resulting from R2 is shown in Fig. 3.

It is easy to see that the absorption rates in (3) are of

order of the Hubble rate during
7
Be synthesis, nXσabsv ∼

H at T � 50 keV. Short X lifetimes, τX � 10
4
s, have

the additional benefit of reducing the sensitivity to visible

decays of X to γγ or e
+
e
−
, as BBN is largely insensitive

to electromagnetic energy injections at early times (see,

e.g. [17]). Similar solutions can be found in Scenario B,

where τXp should be chosen in a similar range, while the

R1/R2 reaction rates will receive an additional temper-

ature dependence due to the redshift of EX . A full scan

of the viable parameter space will be presented in a more

detailed publication [18].

Model realization: couplings, cross sections, abun-
dance. The respective ranges (2) and (3) for the abun-

dances and reaction rates suggest a typical size for the

R1 and/or R2 cross sections. If we choose X-particles

of ∼ 5 MeV mass (or energy) to contribute 1% of the

photon energy density at T = 50 keV, we arrive at

σabsv ∼ 10
−38

cm
2
. This is much smaller than the typi-

cal (∼mbn) range for photonuclear reactions, and much

larger than typical weak scale cross sections ∼ G
2
F (EX)

2
.

Yet, the lifetimes of X particles are commensurate with

β-decay lifetimes, implying very small couplings to elec-

trons, photons and neutrinos. It is then clear that only

selected particle physics models can simultaneously ac-

count for (2), (3) and τX ∼ 10
3
s.

A variety of models involving light, weakly interact-

ing particles have been extensively studied in recent

years [19], including axions, axion-like particles (ALPs),

and “dark” vectors. The MeV-mass range has been inde-

pendently motivated as an ideal range for the force car-

rier that mediates dark matter self-interactions [20, 21],

as well as its interactions with the SM. Here we provide

“proof of existence” of models that satisfy the require-

ments on τX , σabs and nX derived from our BBN analy-

sis.

If X is massive (Scenario A), its decay to leptons will

scale as Γe+e− ∝ mXg
2
e/(4π). Given a lifetime of 10

3
s,

the coupling to electrons would have to be smaller than

ge ∼< 10
−12

. At the same time, the coupling gN to nucle-

ons will have to be much larger, pointing to “leptophobic”

models of light particles. Models with “dark photons”

[19] would hence not provide viable solutions, while mod-

els based on gauged baryon number U(1)B [22, 23] would

have to be tuned to suppress the loop-induced couplings

to leptons. Models based on so-called axion-like parti-

cles (ALPs) represent a better candidate, and below we

outline their main features. We consider a model where

the X particle is an ALP a which interacts mainly with

down-type quarks. To avoid strong constraints from the

flavour-violatingK and B meson decays, mediated by the

top-W loop, the coupling to up-type quarks is assumed

to be suppressed. We note in passing that such con-

struction can be UV-completed by using multiple Higgs

bosons and an interaction HuHd exp{ia/fa}, that gives

fd � fu when �Hu� � �Hd�. Going from the quark-

ALP to the meson/nucleon-ALP interaction, we obtain

the most important interactions with neutrons, protons

and pions.

Laq =
∂µa

fd
d̄γµγ5d =⇒

LaπN =
∂µa

fd

�
fπ∂µπ

0
+

4

3
n̄γµγ5n− 1

3
p̄γµγ5p

�
. (4)

We have used a naive quark model estimate for the spin

content of the nucleons, and fπ = 93 MeV. The ki-

netic mixing of the two scalars results in a small ad-

mixture of π
0
to an on-shell a, with the mixing angle

θ = (fπ/fd)× (m
2
a/m

2
π), and induces the decay a → γγ.

Upon appropriate rescaling, Γ
a
γγ � θ

2
�

ma
mπ

�3
Γ
π0

γγ , which

gives the lifetime in the right ballpark for fd ∼TeV and

ma ∼ 5 MeV. The coupling of a to the γµγ5 nucleon

current leads to the nonrelativistic Hamiltonian propor-

tional to nucleon helicities. To estimate the absorption

cross sections we follow the method of [24] that relates the

ALP absorption to the photoelectric effect in the dipole

(E1) approximation. Assuming a very simple model of
7
Be as a bound state of nonrelativistic

3
He and

4
He and

D as a bound state of n and p, and neglecting nuclear

spin forces, we arrive at the following estimate for the

relation between the R1 and R2 cross sections and those

of the
7
Be(γ,α)

3
He and D(γ, p)n processes:

σabs,iv

σphoto,ic
� Ci

4πα
× m

2
a

f
2
d

, (5)

where i =
7
Be,D and the coefficients C7Be =

64
3 , CD =

59
9 reflect spin combinatorial factors. The photo-

absorption cross section by D is well-known, while for

4

7Be we use recent evaluations [25]. We conclude that
fd ∼ TeV yields both lifetimes and absorption cross sec-
tions in the desired ballpark.

The remaining undetermined parameter is the abun-
dance na prior to decay. It is easy to see that obtaining
the correct abundance range would require some deple-
tion of a: despite its small width, a will get thermally
populated during the QCD epoch. We have examined
several ways of depleting its abundance, all of which
require additional particles in the light sector. Disre-
garding the issue of technical naturalness of small scalar
masses, one can imagine that a coupling to a nearly
massless scalar s, λ

4a
2s2, mediates the depletion of a at

T ∼ ma via aa → ss. Given the annihilation cross sec-
tion σannv = λ2/(64πm2

a), the entire range of abundances
is covered for 10−5

∼< λ ∼< 10−1. Alternatively, one can
achieve a similar depletion of a via co-annihilation with
another light species, or via the 3a → 2a process as, e.g.,
in [26]. More details on viable cosmological models of
ALPs will be provided in [18].

Scenario B, with unstable particle decaying to massless
(or nearly massless) ALPs, Xp → aa, is even easier to
implement. Consider a nearly massless ALP a, and its
progenitor Xp coupled to the SM via

LXXp = AXp(H
†H) +BXpa

2 + Laq, (6)

where H is the SM Higgs field. The required abundance
of a parent scalar Xp can be achieved via the “freeze-in”
mechanism (see, e.g., [12]) by dialing the mixing with the
SM Higgs, A ∼ (10−9 − 10−5) GeV. The decay of Xp to
ALPs is controlled by the B parameter, and τXp ∼ 103 s
is achieved with B ∼ 10−11 MeV. The nuclear breakup
cross sections due to a massless axion can again be re-
lated to the photo-nuclear cross section [24]. Performing
calculations similar to (5), we find

σabs,i

σphoto,i
� Di

4πα
× E2

a

f2
d

, (7)

with D7Be = 128
9 , DD = 118

27 . In calculating the impact
on BBN in this scenario, we account for the redshifting
of Ea from mXp/2 to R1 and R2 thresholds.

Searching for hadronic ALPs at the intensity frontier.
Our proposal for the lithium reduction mechanism in-
volves light particles in the several MeV range, but with
rather small couplings. Such particles are being searched
for at intensity frontier experiments [19]. To better de-
fine the parameter space of interest, we take Scenario B,
and vary τXp , and fd, by fixing a fiducial value of nXp ,
the Xp abundance prior to decay. The results are shown
in Fig. 4. The “pile-up” from redshifted X results in sen-
sitivity to lifetimes before the end of the D-bottleneck,
τXp < 100 s; with nXp ∼ 104nb a depletion of lithium by

a factor of a few is possible with fd ∼ TeV−1.
Next, we estimate the expected signal in beam

dump experiments such as LSND [27]. The ALP-
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FIG. 4. Lithium solution by ALPs that are injected from a
progenitor state Xp with mass mXp = 10MeV. The LSND
sensitivity-line is fixed, but all other contours can move ver-
tically by adjusting the Xp initial abundance nXp/nb.

production in p-nucleus collisions is followed by the scat-
tering/absorption of a by nuclei of the target. We as-
sume that the number of produced ALPs scales with the
number of produced π-mesons as Na ∼ (fπ/fd)2 × Nπ.
Concentrating on the photon production in the p(a, γ)p
process, we estimate its cross section [24] as σap ∼
α(Ea/fd)2m−2

p ∼ (100 MeV/fa)2 × 10−29cm2, where
Ea ∼ 200 MeV is a typical energy of produced mesons
and ALPs [28]. The estimated number of events

Nevents ∼
NaNpσap

4πL2
∼ 6×

�
TeV

fd

�4

(8)

should be compared to the number of prompt energetic
events in the detector, O(10), which implies a sensitiv-
ity up to fd ∼ 1 TeV. Here, L = 30 m, Nπ ∼ 1023 and
Np = 6.7×1030 is the number of target protons inside the
fiducial volume. One can see, Fig. 4, that—depending on
the assumed abundance of the progenitorXp—LSND can
probe large fractions of relevant parameter space; further
significant improvements can be achieved by deploying
beam dump experiments next to large underground neu-
trino detectors [29].
Conclusions. We have shown that particle physics so-

lutions of the cosmological lithium problem are far from
being exhausted. Light, very weakly interacting particles
with energy or mass of ∼ 10 MeV and lifetimes of O(103)
seconds can deplete 7Be+7Li without affecting other ele-
ments. This is because, unlike in many weak-scale solu-
tions, the suggested mechanism does not inject any new
neutrons into the primordial medium, and operates ei-
ther via direct destruction of 7Be, or through its indirect
reduction via neutrons that are temporarily “borrowed”
from deuterium. A variety of particle physics realizations
of this idea is possible, and in particular ALPs with small
couplings to d-quarks represent a clear target of oppor-
tunity for upcoming searches at the intensity frontier.

•  Deuterium is unaffected because neutrons are not “extra” but “borrowed”	



•  1/TeV hadronic ALPs can be searched with proton beam dump experiments 



Conclusions 
1.  Light New Physics (not-so-large masses, tiny couplings) is a 

generic possibility. Some models (dark photon, scalar coupled 
Higgs portal) are quite natural, and can be searched for in fixed 
target experiments.	



2.  Concerted effort in “dark photon” case rules out minimal model 
as a cause of g-2 discrepancy. Other possibilities remain.	



3.  Currently, light dark matter via production & scattering can is 
being searched for at MiniBoone. HPS is taking data.	



4.  There is a big potential for increasing sensitivity by placing 
medium energy linacs next to large underground ν detectors, 
including ruling out the remainder of models designed to explain 
rp anomaly	



5.  Lithium problem is still interesting. If it is new physics affecting 
BBN, it is not weak scale, as D/H comes out too high. Light 
particles can differentially affect Li, keeping the rest unchanged	
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