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Outline of the talk  
 

1.  Introduction I. Portals to light new physics. Generalization: UV 
physics or IR? Introduction II. UV and IR physics in experiments 
with muons.  

2.  Light particles vs g-2 discrepancy: dark photons, invisibly 
decaying dark photons, scalar particles coupled to muons.  

3.  New experiments with muons? A muon beam dump search of 
exotic particles.   

4.  Conclusions 
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1.  Light weakly coupled new (BSM) physics is a generic possibility 
not to be a priori discarded. Some (axion!) is well motivated 

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 “hints”), 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. 

 

 

Opening remarks 
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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. 

Constraints on sub-GeV particles are not 
strong, if couplings are weak.   

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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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 
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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?  
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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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      Le Dall, MP, Ritz, 2015 

 
 
 
 
 
 
 
 
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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3 categories:  
 
•  Capable of probing extremely high energies: LFV experiments, 

dimuons in B-decays.  

•  Capable of probing ~ weak scale physics: muon g-2, muon EDM, 
muon PNC 

 
•  Capable of probing GeV-type physics: muon-electron universality 

via Lamb shift in muonic atoms. Muon capture experiments. 

Examples with muon experiments 
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3 categories:  
 
•  Capable of probing extremely high energies: LFV experiments 

(sizeable effects can come from ~ mutli-TeV physics OR from 
sub-weak scale sterile neutrinos). 

•  Capable of probing ~ weak scale physics: muon g-2 (UV or IR 
physics) 

 
•  Capable of probing GeV-type physics: muon-electron universality 

via Lamb shift in muonic atoms. Muon capture experiments. (If 
there are deviations that canot be attributed to SM, it can only be 
IR new physics) 

Examples with muon experiments 



A simple model of dark sector 

§  “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. 	
 11 

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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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
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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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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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γ �
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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

21

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



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

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

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

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

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

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

and low ε2) DP produced in the π0 decay from high mo-
mentum kaon decay in flight using the displaced vertex
method would be limited by the π0D background to a lesser
extent, and its sensitivity is worth investigating.
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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 

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: 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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Muon pair-production by neutrinos 

•  NuTeV  results: 

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

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

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

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

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

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

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

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

and, notably, the CHARM II experiment' have report-
ed clear evidence for v tridents. Although these data are
consistent with the standard-model prediction, there has

1991 The American Physical Society 3117

VOLUME 66, NUMBER 24 PHYSICAL REVIEW LETTERS 17 JUNE 1991

Neutrino Tridents and JY-Z Interference

S. R. Mishra, ' S. A. Rabinowitz, C. Arroyo, K. T. Bachmann, R. E. Blair, ' C. Foudas, B. J. King,
W. C. Lefmann, W. C. Leung, E. Oltman, ' P. Z. Quintas, F. J. Sciulli, B. G. Seligman,

and M. H. Shaevitz
Columbia University, Ne~ York, Ne~ York 10027

F. S. Merritt, M. J. Oreglia, and B. A. Schumm
University of Chicago, Chicago, Illinois 60637

R. H. Bernstein, F. Borcherding, H. E. Fisk, M. J. Lamm, W. Marsh, K. W. B. Merritt, H. Schellman,
and D. D. Yovanovitch

Fermilab, Batavia, Illinois 60510

A. Bodek, H. S. Budd, P. de Barbaro, and W. K. Sakumoto
University of Rochester, Rochester, New York 14627

P. H. Sandier and W. H. Smith
University of WisconsinMad, ison, Wisconsin 53706

(Received 12 February 1991)

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
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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
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duction in v„-8 scattering via the 8'and the Z channels.
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to Czyz et al. and Brown et al. These agreed within
3%, and were also in agreement with the approximate
calculation (using a virtual-photon approximation) in
Refs. 1 and 9. The iron-nucleus electromagnetic form
factor was taken from the electron scattering data. '

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

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

N(trident, V—A) =78.1+ 3.9. (3)

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

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

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

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

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

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

S and D∗±
S sources have been combined

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

σ
(

νµFe → µ−(DS + D∗
S)Fe

)

= (3.3 ± 1.1) fb/nucleon,

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

(

νµFe → µ−D∗+
S Fe

)

=
σ

(

ν̄µFe → µ+D∗−
S Fe

)

and σ
(

νµFe → µ−D+
S Fe

)

=
σ

(

ν̄µFe → µ+D−
S Fe

)

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

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

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

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

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

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

S + D∗±
S )

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

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

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

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

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

B. Neutral-Current Analysis

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

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

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

N(Mµµ) = Mα
µµe(β+γMµµ) + A × e−

1
2
(

Mµµ−M0
σ0

)2 , (5.1)

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

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

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

limit set by
∫ ACL

A0
L(A) dA/

∫ ∞

A0
L(A) dA = 0.90. The
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dent cross-section to the SM prediction is given by

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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anomaly. We find that the mass difference in the Bs

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

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

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

V. OUTLOOK AND CONCLUSIONS

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

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

particular processes which result in powerful constraints
on the parameter space of the model: the Z decay to four
muons and the neutrino trident production. In particu-
lar, we find that the tentative explanation of the (g−2)µ
discrepancy in this model is fully ruled out by the latter
process, at least for multi-GeV and heavier Z �. While
in this work we have applied it to the Lµ − Lτ portal,
it is absolutely clear that neutrino trident production is
immediately relevant to other models that appeal to Z �

coupled to leptons via any current that contains Lµ (such
as e.g. total lepton number). Generalizing this constraint
to other models and extending it to a wider range of the
Z � mass is the subject of our upcoming work [22].
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whereKF is a loop function that can be found e.g. in [43].
Out of the three SM neutrinos only the muon-neutrino
and tau-neutrino are affected by Z � loops. Therefore, the
correction to the Z coupling to neutrinos is effectively
given by

gV ν

gSMV ν

=
gAν

gSMAν

=

����1 +
2

3

(g�)2

(4π)2
KF (mZ�)

���� . (33)

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

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

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

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

3
Note that LEP performed the measurement of the cross section

of the four-fermion final state arising from the process e+e− →
�+�−ff̄ where � is a charged or neutral lepton and f any charged

fermion [48]. However, as also shown in [15], the constraints on

the g�−mZ� parameter space coming from this measurement are

slightly less stringent than the LHC constraints discussed in the

following.

q

q

Z

µ

µ

Z �
µ

µ

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

the LHC.

γ

N N

ν

ν

µ−

µ+

Z �

FIG. 6. The leading order contribution of the Z�
to neutrino

trident production. This diagram interferes constructively

(destructively) with the corresponding SM diagram involving

a W -boson (Z-boson).

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

Z�
4, the ratio of the total tri-

4
We estimate that the description of the Z�

contribution by an

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

   ≈ 4 

 

 

~8-fold enhancement of cross section 
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Full result on MZ’ - g’ parameter space 
 Muon pair production process 

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

MZ’ > 400 MeV  

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

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

Altmannshofer, Gori, MP, Yavin, PRL, 2014 

(There are also variations of the simplest model Altmannshofer et al., 
C.Y. Chen et al, that can correct g-2 in a wider range of masses) 

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



Dark photons decaying invisibly or into DM 

May be dark photon (or dark photon-type particles) decay invisibly, e.g. 
into the light dark matter, and thus escape detection.  

 

•  Look for missing energy in the scattering or decay (NA62 in kaon 
decays, NA64 in electron scattering on target) 

•  Look for production and subsequent scattering of light dark matter 
(Miniboone) 
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p + p(n) −→ V ∗ −→ χ̄χ

Fixed target probes - Neutrino Beams

30

π0, η −→ V γ −→ χ̄χγ
χ + N → χ + N

proton 
beam

(near) 
detector

χ + e→ χ + e

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

MINOS
120 GeV protons

1021 POT
1km to (~27ton) 

segmented detector

MiniBooNE
8.9 GeV protons

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

T2K
30 GeV protons

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

axis detectors

Proposed in Batell, MP, Ritz, 2009. Strongest constraints on MeV DM 
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Light DM - trying to force the issue 

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

 

DM Production & Scattering

χ χ

e e

χ χ

N N

χ χ

q q

V V V

Elastic scattering 
on electrons

Elastic scattering 
on nucleons

Deep inelastic 
scattering

p

N

target
absorber

decay volume
dirt

χ

detector

π0 → γV, V → χχ∗

p → π0 +X

π0, η
V

γ
χ

χ∗ V

χ∗

χ

q̄

q

In the detector:



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 (2016) 

Fermilab W&C talk by R.T. Thornton last month.  

 

MiniBooNE
90% C.L.

MiniBooNE sensitivity to vector portal DM

23
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On-going and future projects 
From the W & C talk by Thornton	

	

	

	

	

	

	

	

	

The off-target run of MiniBoone is a success (despite the absence of DM 
signal!):	

•  Neutrino background from the beam is brought down to be 

comparable from cosmics	

•  Data are well described by MC	
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Full NCEOff Distribution
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Total Bkg 1579 14.3% (pred. sys.)

Data 1465 2.6% (stat.)

� No nuisance parameters applied yet

� Data consistent with background only

� Systematics dominated

R. T. Thornton September 23, 2016 39
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 New parts of the parameter space get excluded 

Improves over LSND, SLAC experiments, and Kaon decays in the range 
of the mediator mass from ~ 100 to few 100 MeV. (My collaborators,     
B Batell and P deNiverville joined the collaboration to help out!) 

Comparing to other experiments
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� First dedicated proton beam-dump search for DM
� Exclude new parameter space1

1Amount of parameter space newly excluded depends on slice plotted

R. T. Thornton September 23, 2016 47
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NA64 has recent results (great sensitivity after 3×109 e on target). 
Plot from Banerjee et al, 1610.02988 

 
 

Missing energy/momentum searches 

5

FIG. 3: The NA64 90 % C.L. exclusion region in the (mA� , �)
plane. Constraints from the BaBar [48, 55], and E787+ E949
experiments [47, 56], as well as muon αµ favored area are also
shown. Here, αµ =

gµ−2
2 . For more limits obtained from

indirect searches and planned measurements see e.g. Refs.
[5].

tance loss due to pile-up (� 8% for BGO and � 7% for
PbSc runs). The number of collected neot = 2.75 · 109
was estimated based on the recorded number of refer-
ence events from the e-m e−Z interactions in the target
taking into account dead time. The acceptance of the
signal events was evaluated by taking all relevant mo-
mentum and angular distributions into account. The
A� yield calculated as described in Ref.[54] was cross-
checked with calculations of Ref.[55]. The � 10% dis-
crepancy between these two calculations was accounted
for as systematic uncertainty in nA�(�,mA� ,∆EA�) due to
a possible difference in treatment of the e-m shower de-
velopment. To estimate additional uncertainty in the A�

yield prediction, the cross-check between a clean sample
of � 5·103 observed and MC predicted µ+µ− events with
EECAL � 60 GeV was made, resulting in � 15% differ-
ence in the dimuon yield. The number of A� and dimuon
events are both proportional to the square of the Pb nu-
clear form factor F (q2) and are sensitive to its shape. As
the mass (mA� � mµ) and q2 (q � m2

A�/EA� � m2
µ/Eµ)

ranges for both reactions are similar, the observed dif-
ference can be interpreted as due to the accuracy of the
dimuon yield calculation for heavy nuclei and, thus can
be conservatively accounted for as additional systematic
uncertainty in nA�(�,mA� ,∆EA�). The V2 and HCAL
signal efficiency was defined as a fraction of events below

the corresponding zero-energy thresholds. The shape of
the energy distributions in these detectors from the leak
of signal shower energy from the ECAL was simulated for
different A� masses [54] and cross-checked with measure-
ments at the e− beam. The uncertainty in the V2 and
HCAL efficiency for the signal events, dominated mostly
by the pile-up effect from penetrating hadrons in the high
intensity PbSc run, was estimated to be � 3%. The
trigger (SRD) efficiency is measured in unbiased random
samples of events that bypass the trigger (SRD) selec-
tion and the uncertainty is 2% (3%). Other effects, e.g.
e− loss due to conversion into e−γ pair in the upstream
detector material were measured to be � 3% (2% uncer-
tainty). Finally, the dominant source of systematic errors
on the expected number of signal events comes from the
uncertainty in the estimate of the yield nA�(�,mA� ,∆EA�)
(19%). The overall signal efficiency �A� varied from 0.69±
0.09 to 0.55±0.07 decreasing for the higher A� masses.

In accordance with the CLs method [57], for zero ob-
served events the 90% C.L. upper limit for the number
of signal events is N90%

A� (mA�) = 2.3. Taking this and
Eq.(2) into account and using the relation NA�(mA�) <
N90%

A� (mA�) results in the 90% C.L. exclusion area in the
(mA� ; �) plane shown in Fig. 3. The limits are determined
mostly by the number of accumulated eot. These results
exclude the invisible A� as an explanation of the gµ − 2
muon anomaly for the massesmA� � 100 MeV. Moreover,
the results also allow to restrict other models with light
particles interacting with electron and decaying predom-
inantly to invisible modes. For instance for light scalar
particle s with the interaction Les = sē(hs + hasiγ5)e

the bound on �s (�2sα ≡ h2
s+h2

as
4π ) is approximately 1.5

times weaker than the one obtained on � for the model
with light vector bosons [58]. Here hs and has are scalar
and pseudoscalar Yukawa coupling constants of the light
scalar field s with electron field e, respectively.
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On-going and future projects 
Fixed Target/beam dump experiments sensitive to	


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


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


§  Right-handed neutrinos: SHiP	


§  Missing energy via DM production: NA62 (Kàπνν mode), positron 
beam dumps…	


§  Extra Z’ in neutrino scattering: DUNE near detector (?)	
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Light scalar particles and g-2 

 

2

particle couples to leptons with a coupling strength on
the order of the SM lepton Yukawa couplings, which in
the case of the muon is mµ/v � 4×10−4, the muon g−2
problem can be solved. Thus we are motivated to study
the effective Lagrangian of an elementary scalar S,

Leff =
1

2
(∂µS)

2 − 1

2
m2

SS
2 +

�

l=e,µ,τ

g�S��, (3)

with gl ∼ ml/v as a promising phenomenological model.
Given that S is not the SM Higgs boson, the interaction
terms in (3) may seem to contradict the SM gauge in-
variance. Thus, at the very minimum Eq. (3) requires
a proper UV completion, probably in the form of new
particles at the EW scale charged under the SM gauge
group. On the other hand, if a UV-complete model is
found that represents a consistent generalization of (3),
the light scalar solution to the muon g − 2 problem de-
serves additional attention. Another impetus for study-
ing very light beyond-SM scalars comes from the existing
discrepancy of the muon- and electron-extracted charge
radius of the proton [12].

This works presents a detailed study of the light scalars
with enhanced coupling to leptons, and UV-completes
Eq. (3) via the “leptonic Higgs portal”. It also ex-
plores a great variety of phenomenological consequences
of the model. The phenomenology of a light scalar cou-
pled to leptons in many ways resembles the dark photon
phenomenology, but with couplings to individual flavors
proportional to their masses. As a result, at any given
energy the production of such a scalar is most efficient
using the heaviest kinematically accessible lepton. We
identify the most important search modes for the scalar
that could decisively explore its low mass regime. Our
main conclusion is that an elementary scalar with cou-
pling to leptons, �, scaling as m� can be very efficiently
probed, and in particular the whole mass range consis-
tent with the solution of the muon g− 2 discrepancy can
be accessed through the analysis of existing data and in
upcoming experiments.

Our full model is based on the lepton-specific two Higgs
doublet model with an additional light scalar singlet. The
mixing of the singlet with components of the electroweak
doublets results in the effective Lagrangian of Eq. (3). It
also gives us the possibility to include additional observ-
ables and constraints due to the fact that S receives small
but nonvanishing couplings to the SM quarks and gauge
bosons. We note that the UV completion presented in
this work is not unique. For an alternative way of UV
completing the same model with the use of vector-like
fermions at the weak scale see Ref. [13]. While many
aspects of the low-energy phenomenology based on the
effective Lagrangian (3) are similar in both approaches,
the UV-dependent effects are markedly different (espe-
cially for the flavor-changing observables).

This paper is organized as follows. In the next sec-
tion we discuss light scalars coupled to leptons and a
possbile UV completion of such models via the leptonic
Higgs portal. In Sec. 3 we group the set of constraints

and sensitivity levels to light scalars coupled to leptons
that are independent from the UV completion (result-
ing muon decays, leptonic kaon decays, electron beam
dumps and high-intensity e+e− colliders). In Sec. 4 we
analyze the set of constraints tied to the specific way
of UV-completing the model. These include rare B and
Higgs decays. We reach our conclusions in Sec. 5.

2. LEPTONIC HIGGS PORTAL

In this section, we discuss a concrete UV-completion of
the low-energy Lagrangian in Eq. (3). A simple starting
point to couple a singlet field S to the SM is through the
Higgs portal,

Lint = (AS + λS2)H†H, (4)

where H is the SM Higgs doublet and A,λ are coupling
constants. The trilinear term induces mixing between the
singlet and the ordinary Higgs boson h after electroweak
symmetry breaking, where H = (v+h)/

√
2. The mixing

angle is given by

θ =
Av

m2
h −m2

S
, (5)

and the coupling of the light, mostly singlet scalar S to
SM fermions is simply their SM Yukawa coupling times
this mixing angle. Low mass singlets are constrained by
B and K meson decays (see, e.g. a collection of theoret-
ical and experimental studies in Refs. [14–21]), and for
mS < 4 GeV the mixing angle is limited to |θ| < 10−3.
Significant further advances in sensitivity to θ are possi-
ble with the planned SHiP experiment [22]. Therefore,
there is no room for accommodating θ ∼ O(1), and con-
sequently no large correction to the muon g−2 is allowed
in this simple model.
To circumvent this obstacle, we modify the SM not

only by adding a singlet but also introducing a second
Higgs doublet that mixes with the singlet. In particu-
lar, we are interested in the so-called “lepton-specific”
representation of a generic two Higgs doublet model
(L2HDM) [23–26]. Calling the two doublets with SM
Higgs charge assignments Φ1 and Φ2, we assume that
Φ1 couples exclusively to leptons, while Φ2 couples to
quarks. Moreover, we assume that all physical compe-
nents of Φ1,2 are at the weak scale or above. Taking
�Φ2�/�Φ1� ≡ tanβ very large as well as arranging for
the physical bosons of Φ1 to be heavier than those of
Φ2, we arrive at the “almost SM-like” limit, but with
the set of heavier Higgses that couple to leptons with
couplings enhanced by tanβ. Then the mixing term
A12(Φ

†
1Φ2 +Φ†

2Φ1)S will most efficiently mix S with Φ1,
resulting in the light scalar S coupling to leptons with
strength

g� =
m�

v
× tanβ × θ�, (6)

This is a simplified model that does not have a full SM gauge invariance. 
It needs UV completion. The interaction term must be somehow an 
effective operator ~  

 

Two UV completions exist:  

Chen, Marciano, Davoudiasl, 1511.04715, via vector-like fermions 

Lange et al, 1606.04943, via lepton-specific two-Higgs doublet model. 

[ These are not particularly elegant models, but they are self-consistent. I 
doubt the same can be said about models with a strong   pseudoscalar *  
(F Fdual) coupling,  cf. M Passera talk ]  
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A persistence of several anomalies in muon physics (muon g − 2, muonic hydrogen Lamb shift)
may be pointing to a light particle solution to these problems. We analyze a subset of these
solutions that have scalar particles S with sizeable couplings to muons, and a suppressed coupling
to electrons. A novel way to search for such particles would be a muon beam dump in a few GeV
energy range with short distance between the beam dump and a detector. The muon beams available
at Fermilab present an attractive opportunity for exploring mS < 2mµ part of the parameter space,
and potentially covering many relevant candidate models. We also consider a model with multiple
dark states with quasi-continuum spectrum. These models are not amenable to the ”bump hunt”
searches, but can also be probed in the beam dump experiments.

I. INTRODUCTION

Light new physics, treated in all generality, becomes an actively prusued topic of the ”intensity” frontier physics
[1–3]. Coupled with a lack of new physics at the LHC, and firm evidence of new physics in the dark matter and
neutrino sectors is in part responsible for new efforts in pursuit of light very weakly coupled particles. Motivations
for such searches may be coming down from the top-down arguments (see e.g. [4]), but a big role is played by the
existing anomalous observations in particle physics, astrophysics and cosmology (see e.g. [5–7]).

The current ∼ 3.5σ discrepancy between the predicted and observed value of the muon anomalous magnetic moment
[8] will be scrutinized in the upcoming new experiments at Fermilab and JPARC [9, 10]. At this point it is not clear
whether the resolution of the current tension is a result of a statistical fluctuation, experimental error, unaccounted
theoretical contributions to g − 2 etc. With new measurements and new Standard Model (SM) calculations based on
lattice QCD [11] one hopes to significantly reduce this rather wide number of options. Lamb shifts of muonic atoms,
such as muonic hydrogen and deuterium [12–14], present another formidable puzzle. When interpreted in terms of
the charge radius of the proton, these measurements disagree with the electron scattering and hydrogen spectroscopy
extracted values of rp [15] by ∼ 7σ.

In this paper, we are interested in the scenarios where the deficit of the theoretical predictions of g−2 is compensated
by a contribtuion from New Physics (NP). Although the overall size of g − 2 discrepancy, aexpµ − a

theor
µ ∼ +3× 10−9

is on the order of the corresponding contributions from the weak sector of the SM, the NP correcting the anomalous
magnetic moment does not have to reside at the weak scale. Indeed, it is well know that a theoretical deficit can be
compensated by loops of very light particles [16–18]. One such candidate model, the dark photon, has been searched
for in a vzriety of experiments, with recent results ruling out the most minimal version as a cause of the g − 2
discrepancy. Some other candidate models still survive the existing constraints, including the Lµ − Lτ gauged model
and its variations [19, 20].

In this paper, we would like to examine the scalar models tuned to explain the muon g − 2 discrepancy [21, 22].
We will employ a simplified framework, with a relevant Lagrangian given by

Leff =
1

2
(∂µS)

2
−

1

2
m

2
S
2
−

�

�=e,µ,τ

g�S�̄�. (1)

Notice that this is an effective Lagrangian that does not respect the full gauge symmetry of the SM. The SU(2)×U(1)
generalization of it is given by the following dimension five effective operators,

O5 =
1

Λ
(L̄E)HS, (2)

where H is the SM Higgs doublet, and L, E are the lepton doublets and singlets. The two papers discussing the
phenomenology of this model, Refs [21, 22], choose different types of UV completion for this operator, based on the
vector-like fermions or multiple Higgses. The latter UV completion generates strong constraints in the mass range
mS > 2mµ due to recent search of the peaking structures in the di-muon mass with B → K(µ+

µ
−) decays at the
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particle couples to leptons with a coupling strength on
the order of the SM lepton Yukawa couplings, which in
the case of the muon is mµ/v � 4×10−4, the muon g−2
problem can be solved. Thus we are motivated to study
the effective Lagrangian of an elementary scalar S,

Leff =
1

2
(∂µS)

2 − 1

2
m2

SS
2 +

�

l=e,µ,τ

g�S��, (3)

with gl ∼ ml/v as a promising phenomenological model.
Given that S is not the SM Higgs boson, the interaction
terms in (3) may seem to contradict the SM gauge in-
variance. Thus, at the very minimum Eq. (3) requires
a proper UV completion, probably in the form of new
particles at the EW scale charged under the SM gauge
group. On the other hand, if a UV-complete model is
found that represents a consistent generalization of (3),
the light scalar solution to the muon g − 2 problem de-
serves additional attention. Another impetus for study-
ing very light beyond-SM scalars comes from the existing
discrepancy of the muon- and electron-extracted charge
radius of the proton [12].

This works presents a detailed study of the light scalars
with enhanced coupling to leptons, and UV-completes
Eq. (3) via the “leptonic Higgs portal”. It also ex-
plores a great variety of phenomenological consequences
of the model. The phenomenology of a light scalar cou-
pled to leptons in many ways resembles the dark photon
phenomenology, but with couplings to individual flavors
proportional to their masses. As a result, at any given
energy the production of such a scalar is most efficient
using the heaviest kinematically accessible lepton. We
identify the most important search modes for the scalar
that could decisively explore its low mass regime. Our
main conclusion is that an elementary scalar with cou-
pling to leptons, �, scaling as m� can be very efficiently
probed, and in particular the whole mass range consis-
tent with the solution of the muon g− 2 discrepancy can
be accessed through the analysis of existing data and in
upcoming experiments.

Our full model is based on the lepton-specific two Higgs
doublet model with an additional light scalar singlet. The
mixing of the singlet with components of the electroweak
doublets results in the effective Lagrangian of Eq. (3). It
also gives us the possibility to include additional observ-
ables and constraints due to the fact that S receives small
but nonvanishing couplings to the SM quarks and gauge
bosons. We note that the UV completion presented in
this work is not unique. For an alternative way of UV
completing the same model with the use of vector-like
fermions at the weak scale see Ref. [13]. While many
aspects of the low-energy phenomenology based on the
effective Lagrangian (3) are similar in both approaches,
the UV-dependent effects are markedly different (espe-
cially for the flavor-changing observables).

This paper is organized as follows. In the next sec-
tion we discuss light scalars coupled to leptons and a
possbile UV completion of such models via the leptonic
Higgs portal. In Sec. 3 we group the set of constraints

and sensitivity levels to light scalars coupled to leptons
that are independent from the UV completion (result-
ing muon decays, leptonic kaon decays, electron beam
dumps and high-intensity e+e− colliders). In Sec. 4 we
analyze the set of constraints tied to the specific way
of UV-completing the model. These include rare B and
Higgs decays. We reach our conclusions in Sec. 5.

2. LEPTONIC HIGGS PORTAL

In this section, we discuss a concrete UV-completion of
the low-energy Lagrangian in Eq. (3). A simple starting
point to couple a singlet field S to the SM is through the
Higgs portal,

Lint = (AS + λS2)H†H, (4)

where H is the SM Higgs doublet and A,λ are coupling
constants. The trilinear term induces mixing between the
singlet and the ordinary Higgs boson h after electroweak
symmetry breaking, where H = (v+h)/

√
2. The mixing

angle is given by

θ =
Av

m2
h −m2

S
, (5)

and the coupling of the light, mostly singlet scalar S to
SM fermions is simply their SM Yukawa coupling times
this mixing angle. Low mass singlets are constrained by
B and K meson decays (see, e.g. a collection of theoret-
ical and experimental studies in Refs. [14–21]), and for
mS < 4 GeV the mixing angle is limited to |θ| < 10−3.
Significant further advances in sensitivity to θ are possi-
ble with the planned SHiP experiment [22]. Therefore,
there is no room for accommodating θ ∼ O(1), and con-
sequently no large correction to the muon g−2 is allowed
in this simple model.
To circumvent this obstacle, we modify the SM not

only by adding a singlet but also introducing a second
Higgs doublet that mixes with the singlet. In particu-
lar, we are interested in the so-called “lepton-specific”
representation of a generic two Higgs doublet model
(L2HDM) [23–26]. Calling the two doublets with SM
Higgs charge assignments Φ1 and Φ2, we assume that
Φ1 couples exclusively to leptons, while Φ2 couples to
quarks. Moreover, we assume that all physical compe-
nents of Φ1,2 are at the weak scale or above. Taking
�Φ2�/�Φ1� ≡ tanβ very large as well as arranging for
the physical bosons of Φ1 to be heavier than those of
Φ2, we arrive at the “almost SM-like” limit, but with
the set of heavier Higgses that couple to leptons with
couplings enhanced by tanβ. Then the mixing term
A12(Φ

†
1Φ2 +Φ†

2Φ1)S will most efficiently mix S with Φ1,
resulting in the light scalar S coupling to leptons with
strength

g� =
m�

v
× tanβ × θ�, (6)

It is well-known (Kinoshita, Marciano, the 80s) that a loop of a light 
scalar particle with Higgs-size couplings (g ~ mµ /v ) induces positive 
correction to g-2,  

 

 

that is in the “right range” , + 3×10-9.  

One cannot use a light scalar admixed to the SM Higgs via S (H+H) as 
this model is far too well constrained via flavour physics.   

 

 

 

   

LHCb [23]. The mass range below the di-muon threshold remains largely unexplored. In that mass range, it is
expected that the new light particles can be relatively long-lived, and thus amenable to new beam dump searches.

In this paper we investigate the potential of the beam dump experiments, specificually muon beam dump to access
the unexplored part of the parameter space of (1), potentially responsible for the muon g− 2 discrepancy. We explore
different choice of couplings in (1), and show that the exisitng muon beams at Fermilab provide a great opprtunity
ot explore mS in the interval from a few to 210 MeV.

We also address the question of multiple states in the dark sectors. The multiplicity of dark states Nd can be
large, as may occur in the models with extra dimensions where the dark forces are allowed to live [24–26], or in
models with some conformal dynamics, where the new states are continuously spread over the invariant mass [27].
The qualitative difference occur in the pghenomenology of such models. The effects of virual dark force particles
(such as corrections to g − 2) can be enhanced. Therefore, smaller individual couplings can be responsible for the
same size of the corrections. Moreover, the mass step, ∆md, can lead to overlapping resonances within a detector
mass resolution, undermining the ”bump hunt” searches. This type of models with, e.g. a tower of dark photons, will
escape current direct searches at NA48/2, BaBar etc, but can be a source of sizeable corrections in g− 2. It is easy to
see that such models generically lead to longer lifetimes of individual states, and therefore can be subjected to tighter
displaced decay bounds. We provide the analysis of such constraints, and point to their potential improvement with
the planned experiments, including the NA64 [28].

The strcuture of the paper is as follows. In the next section we calculate the physics reach of the muon beam dump
experiments in the energy range of a few GeV. In Section 3, we provide the assessement of sensitivity in the 3µ final
state channel. In section 4 we introduce constraints on a tower of dark sector force carriers. We reach our conclusion
in section 5.

II. MODELS WITH LIGHT DARK SCALAR

In the model introduced in the previous section, Leff = 1
2 (∂µS)

2 − 1
2m

2S2 −
�

�=e,µ,τ g�S�̄�, couplings g� are free
parameters. We motivate ourselves by the muon g − 2 problem, and therefore have some expectation for the size of
mµ due to the one-loop contribution of S-particles to aµ,

∆aµ =
g2µ
8π2

� 1

0
dz

(1− z)2(1 + z)

(1− z)2 + z(mS/mµ)2
. (3)

For example, for the choice of gµ = 5× 10−4 and mS = 100 MeV, the correction to g − 2 is ∆aµ = 1.6× 10−9, which
will bring the theoretical and experimental values for the muon anomalous magnetic moment within 2σ.

The rest of the couplings are undetermined, and in this paper, we will consider two choices for couplings that lead
to important differences in phenomenology of S:

• Choice A: Mass proportionality, g� ∼ m�. In particular, it implies that the couplings between scalar and electron
is ∼ 200 times less than with muon. Despite that, below the dimuon threshold, the dominant decay channel is
S → e+e−.

• Choice B: Only muons, ge = gτ = 0, and gµ �= 0. This is the most collider and conventional beam dumps
unfriendly case, that still can be relevant for muon g − 2.

Choice A can be explicitly constructed using the leptonic Higgs doublet model completion of Ref. [22]. In that model,
the lepton flavor conservation and gl ∼ ml proportionality are automatic, as only one Yukawa matrix determines lepton
masses and couplings to S. Case B is in some sense more artificial, but minimal, where only one coupling is introduced
that is necessary to correct muon g − 2 in this model.

In both models, in the mass range from 2mµ to 2mτ , the scalar would decay to di-muons with almost no discernalbe
corrections from other decay modes. Between 2me and 2mµ, the mass range that we concentrate on in this paper,
the decays are dominated by diphotons and e+e− pairs, S → γγ and S → e+e−,

ΓS = Γe+e− + Γγγ , (4)

with

Γe+e− =
ms

8π
(ge)

2
�
1− 4m2

e

m2
s

�3/2

. (5)
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UV completion via 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 S, one takes a large tan beta 
regime, and considers an effective low-energy Lagrangian	

	

	

where it is important that 1. S can be 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 leptons. 	


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
Φ†

2
Φ2 −m

2

12

�
Φ†

1
Φ2 + Φ†

2
Φ1

�
+

λ1

2

�
Φ†

1
Φ1

�2

+
λ2

2

�
Φ†

2
Φ2

�2

(2)

+ λ3

�
Φ†

1
Φ1

��
Φ†

2
Φ2

�
+ λ4

�
Φ†

1
Φ2

��
Φ†

2
Φ1

�
+

λ5

2

��
Φ†

1
Φ2

�2

+
�
Φ†

2
Φ2

�2
�

(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)
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particle couples to leptons with a coupling strength on
the order of the SM lepton Yukawa couplings, which in
the case of the muon is mµ/v � 4×10−4, the muon g−2
problem can be solved. Thus we are motivated to study
the effective Lagrangian of an elementary scalar S,

Leff =
1

2
(∂µS)

2 − 1

2
m2

SS
2 +

�

l=e,µ,τ

g�S��, (3)

with gl ∼ ml/v as a promising phenomenological model.
Given that S is not the SM Higgs boson, the interaction
terms in (3) may seem to contradict the SM gauge in-
variance. Thus, at the very minimum Eq. (3) requires
a proper UV completion, probably in the form of new
particles at the EW scale charged under the SM gauge
group. On the other hand, if a UV-complete model is
found that represents a consistent generalization of (3),
the light scalar solution to the muon g − 2 problem de-
serves additional attention. Another impetus for study-
ing very light beyond-SM scalars comes from the existing
discrepancy of the muon- and electron-extracted charge
radius of the proton [12].

This works presents a detailed study of the light scalars
with enhanced coupling to leptons, and UV-completes
Eq. (3) via the “leptonic Higgs portal”. It also ex-
plores a great variety of phenomenological consequences
of the model. The phenomenology of a light scalar cou-
pled to leptons in many ways resembles the dark photon
phenomenology, but with couplings to individual flavors
proportional to their masses. As a result, at any given
energy the production of such a scalar is most efficient
using the heaviest kinematically accessible lepton. We
identify the most important search modes for the scalar
that could decisively explore its low mass regime. Our
main conclusion is that an elementary scalar with cou-
pling to leptons, �, scaling as m� can be very efficiently
probed, and in particular the whole mass range consis-
tent with the solution of the muon g− 2 discrepancy can
be accessed through the analysis of existing data and in
upcoming experiments.

Our full model is based on the lepton-specific two Higgs
doublet model with an additional light scalar singlet. The
mixing of the singlet with components of the electroweak
doublets results in the effective Lagrangian of Eq. (3). It
also gives us the possibility to include additional observ-
ables and constraints due to the fact that S receives small
but nonvanishing couplings to the SM quarks and gauge
bosons. We note that the UV completion presented in
this work is not unique. For an alternative way of UV
completing the same model with the use of vector-like
fermions at the weak scale see Ref. [13]. While many
aspects of the low-energy phenomenology based on the
effective Lagrangian (3) are similar in both approaches,
the UV-dependent effects are markedly different (espe-
cially for the flavor-changing observables).

This paper is organized as follows. In the next sec-
tion we discuss light scalars coupled to leptons and a
possbile UV completion of such models via the leptonic
Higgs portal. In Sec. 3 we group the set of constraints

and sensitivity levels to light scalars coupled to leptons
that are independent from the UV completion (result-
ing muon decays, leptonic kaon decays, electron beam
dumps and high-intensity e+e− colliders). In Sec. 4 we
analyze the set of constraints tied to the specific way
of UV-completing the model. These include rare B and
Higgs decays. We reach our conclusions in Sec. 5.

2. LEPTONIC HIGGS PORTAL

In this section, we discuss a concrete UV-completion of
the low-energy Lagrangian in Eq. (3). A simple starting
point to couple a singlet field S to the SM is through the
Higgs portal,

Lint = (AS + λS2)H†H, (4)

where H is the SM Higgs doublet and A,λ are coupling
constants. The trilinear term induces mixing between the
singlet and the ordinary Higgs boson h after electroweak
symmetry breaking, where H = (v+h)/

√
2. The mixing

angle is given by

θ =
Av

m2
h −m2

S
, (5)

and the coupling of the light, mostly singlet scalar S to
SM fermions is simply their SM Yukawa coupling times
this mixing angle. Low mass singlets are constrained by
B and K meson decays (see, e.g. a collection of theoret-
ical and experimental studies in Refs. [14–21]), and for
mS < 4 GeV the mixing angle is limited to |θ| < 10−3.
Significant further advances in sensitivity to θ are possi-
ble with the planned SHiP experiment [22]. Therefore,
there is no room for accommodating θ ∼ O(1), and con-
sequently no large correction to the muon g−2 is allowed
in this simple model.
To circumvent this obstacle, we modify the SM not

only by adding a singlet but also introducing a second
Higgs doublet that mixes with the singlet. In particu-
lar, we are interested in the so-called “lepton-specific”
representation of a generic two Higgs doublet model
(L2HDM) [23–26]. Calling the two doublets with SM
Higgs charge assignments Φ1 and Φ2, we assume that
Φ1 couples exclusively to leptons, while Φ2 couples to
quarks. Moreover, we assume that all physical compe-
nents of Φ1,2 are at the weak scale or above. Taking
�Φ2�/�Φ1� ≡ tanβ very large as well as arranging for
the physical bosons of Φ1 to be heavier than those of
Φ2, we arrive at the “almost SM-like” limit, but with
the set of heavier Higgses that couple to leptons with
couplings enhanced by tanβ. Then the mixing term
A12(Φ

†
1Φ2 +Φ†

2Φ1)S will most efficiently mix S with Φ1,
resulting in the light scalar S coupling to leptons with
strength

g� =
m�

v
× tanβ × θ�, (6)

4

ψ

φ
S h H

� δ13/cβ −sα/cβ cα/cβ

q δ23/sβ cα/sβ sα/sβ

W , Z δ13cβ + δ23sβ sin (β − α) cos (β − α)

TABLE I. Values of ξ
φ
ψ for φ = S, h1, h2, ψ = �, q, W , Z in

the L2HDM+S.

Defined this way, ξ
φ

ψ,V
= 1 is a coupling of SM Higgs

strength. In Table I, we show these couplings in terms of

the angles α and β.

We assume that h has SM-like couplings to the gauge

bosons and quarks, which means that cos (β − α) � 0

and cosα � sinβ. Furthermore, if tanβ � 1, then H

and S will couple much more strongly to leptons than

to quarks. This can be accomplished by choosing α � 0

(and negative) and β � π/2. In this case, we can make

h arbitrarily SM-like, consistent with the observations of

the ATLAS and CMS experiments, while allowing mH

and tanβ to vary (ignoring questions of fine tuning for

now).

Given this pattern of masses and couplings, we can find

the singlet mixing angles,

δ13 � −vA12

m
2
H

, δ23 � −vA12

m
2
h

�
1 + ξ

h

�

�
1− m

2
h

m
2
H

��
cotβ,

(24)

or

ξ
S

�
� −vA12

m
2
H

tanβ, (25)

ξ
S

q
� −vA12

m
2
h

�
1 + ξ

h

�

�
1− m

2
h

m
2
H

��
cotβ. (26)

Recall that the Yukawa couplings of S are g�,q =

ξ
S

�,q
m�,q/v.

We can re-express the shift of the mass of the light-

est scalar from Eq. (19) due to electroweak symmetry

breaking in terms of its more physical parameters,

m
2
S
� m

2
0 −

�
mHξ

S

�

tanβ

�2

. (27)

Strong cancellation between δm
2
S

and m
2
0 to obtain a

GeV-scale value of mS represents a (mild) fine-tuning

in this theory. We have checked that the hierarchy of

the mass scales, mS � mh,Hl is indeed possible without

inducing an instability of the corresponding minimum in

the scalar potential.

3. CONSTRAINTS ON LIGHT SCALAR DUE
TO ITS COUPLINGS TO LEPTONS

We subdivide all possible constraints on light scalar

S into two groups. The first, model independent, group

FIG. 1. Branching ratios for S → γγ, e
+
e
−
, µ

+
µ
−
, τ

+
τ
−

as

a function of mS .

relies exclusively on couplings to leptons, Eq. (3), comes

mostly from low and medium energy processes, and does

not use any of the additional particles brought in by the

UV completion. We present the second, model dependent,
group of constraints in the next Section.

Although we introduced the notation g� = ξ
S

�
m�/v in

describing a particular UV completion in Sec. 2, we will

make use of this parameterization when presenting re-

sults in this Section on ξ
S

�
, i.e. normalizing g� on the SM

Higgs Yukawa coupling.

A. Lifetimes and decay modes of S

We will concentrate on the mass range from 1 MeV to

a few GeV for mS . (A region from ∼ 200 keV to 2me � 1

MeV may represent an interresting ”blind spot” [27, 28],

but is not treated in this paper.) In this mass range, the

dominant decay modes of S are to leptons, with partial

width given by

Γ
S→��

= g
2
�
× mS

8π

�
1− 4m

2
�

m
2
S

�3/2

. (28)

Depending on the coupling strength and the boost of

produced S, the decay length of S can be macroscopic,

or rather prompt. For example, at mS = 1 GeV the

proper decay length is

cτ(mS = 1GeV) � 3× 10
−6

cm×
�

1

ξ
S

�

�2

, (29)

and the decay is very prompt.

The γγ channel may become noticeable (up to ∼ 20%

just below mS = 2mµ) due to the loop-induced cou-

pling to photons. In our model, the scaling g� ∝ m� al-

lows for unambiguous determinations of the correspond-

ing branching ratios. We plot the branching ratios of S

as a function of its mass in Fig. 1 noting that the decay is

always dominated by the heaviest kinematically allowed

lepton pair.



Compillation of constraints 

Batell, Lange, McKeen, Pospelov, Ritz, 1606.04943 

B-factory signal from the associated  ττ + Scalar à ττµµ production is a 
new suggested search  

Simplified model are far less constrained than the full UV-complete one 
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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
to ξ�� as in the text. The get the E137 and HPS regions, we just use the values taken from
the standard κ vs. mV kinetic mixing plot.

E137

h�h�h�

Bs�Μ�Μ�

B��K�����

perturbativity

tan Β�200

mh�126 GeV
mH�200 GeV
mH��300 GeV

0.01 0.1 1 10 100
1

10

100

103

104

mh� �GeV�

ta
nΒ

Figure 2: Allowed regions of tan β and mh�
with ξ�� fixed to the value that brings the

theoretical prediction for (g − 2)µ into agreement with experiment, i.e. we live in the green
band in the above plots. We also show the limit from the perturbativity of the τ coupling
to the non-SM-like heavy higgs. The beam dump experiment E137 limits mh�

� 50 MeV in
this case.
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What else can be done with muons ?  

•  Precision g-2 

•  Precision EDM (currently a very weak bound) 

•  LFV, including µ à e γ, and µ à 3e.  

•  Parity tests in NC (will be discussed at a muonic atom workshop 
tomorrow) 

•  Search for ligth particles in muon capture and decay 

•  Muon beam dump experiments 

•  …. 
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A new muon beam dump to look for light      
New Physics 

Advantages: 

•  Much of light NP was motivated by muon g-2 – makes sense to use 
muons to check on it. 

•  Haven’t been done in a dedicated experiment – easy to break into 
new territory in some models. 

•  Fermilab wants to do muon physics (which hopefully will go 
beyond 2 existing experiments) + beams are well suited for a beam 
dump (good energy range, high intensity, pulsed). 

Disadvantages: 

•  Far smaller POTs than in e or p beam dumps. Need models with    
gµ >> ge, gq. (E.g. not good for “dark photons”) 

•  … 
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Muon beam dump with a few GeV muon beam 

With Chien-Yi Chen and Yiming Zhong. 

         1.5 m W target       A few m decay channel 

    3GeV muon beams  1. 

    107 muons/second 

        detector 

 

        Electrons or photons from  
          delayed decays 

 

Back to the model with scalars coupled to muons ! 
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FIG. 1: Various constraints in the (gµ,ms) parameter space. The red curve is the constraint from the displaced decay of a

dark scalar in a muon beam dump experiment with beam energy 3 GeV. Here the WW approximation is used.
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FIG. 2: The dominant backgrounds are (a) offshell decay of the SM photon into dimuon, (b) Bethe-Heitler trident reaction

and (c) vector mesons decay into dimuon.

III. MUON BEAM DUMP EXPERIMENTS

IV. BACKGROUNDS

There are three dominant SM backgrounds as shown in Fig. 2. The offshell decay of the SM photon into two muons,

Bethe-Heitler production, and the vector mesons decay into dimuon.

A. Mesonic Form factor
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Muon beam dump with a few GeV muon beam 

We study the same “simplified model”  

 

and consider the case of two coupling choices with mS < 210 MeV  

Case A:   Mass proportionality,   S à ee 

Case B:   “Only muons”, g e, τ = 0, gµ ≠  0.  S à γ γ  

 

Typical lifetimes for ES = 3 GeV :  

 

 

 

Will g-2 motivated region be covered?    

Muon Beam Dump Experiment to Probe the Dark Sector

Chien-Yi Chen and Maxim Pospelov
Department of Physics and Astronomy, University of Victoria, Victoria, BC V8P 5C2, Canada and

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

Yi-Ming Zhong
Boston University, USA

(Dated: September 29, 2016)

A persistence of several anomalies in muon physics (muon g − 2, muonic hydrogen Lamb shift)
may be pointing to a light particle solution to these problems. We analyze a subset of these
solutions that have scalar particles S with sizeable couplings to muons, and a suppressed coupling
to electrons. A novel way to search for such particles would be a muon beam dump in a few GeV
energy range with short distance between the beam dump and a detector. The muon beams available
at Fermilab present an attractive opportunity for exploring mS < 2mµ part of the parameter space,
and potentially covering many relevant candidate models. We also consider a model with multiple
dark states with quasi-continuum spectrum. These models are not amenable to the ”bump hunt”
searches, but can also be probed in the beam dump experiments.

I. INTRODUCTION

Light new physics, treated in all generality, becomes an actively prusued topic of the ”intensity” frontier physics
[1–3]. Coupled with a lack of new physics at the LHC, and firm evidence of new physics in the dark matter and
neutrino sectors is in part responsible for new efforts in pursuit of light very weakly coupled particles. Motivations
for such searches may be coming down from the top-down arguments (see e.g. [4]), but a big role is played by the
existing anomalous observations in particle physics, astrophysics and cosmology (see e.g. [5–7]).

The current ∼ 3.5σ discrepancy between the predicted and observed value of the muon anomalous magnetic moment
[8] will be scrutinized in the upcoming new experiments at Fermilab and JPARC [9, 10]. At this point it is not clear
whether the resolution of the current tension is a result of a statistical fluctuation, experimental error, unaccounted
theoretical contributions to g − 2 etc. With new measurements and new Standard Model (SM) calculations based on
lattice QCD [11] one hopes to significantly reduce this rather wide number of options. Lamb shifts of muonic atoms,
such as muonic hydrogen and deuterium [12–14], present another formidable puzzle. When interpreted in terms of
the charge radius of the proton, these measurements disagree with the electron scattering and hydrogen spectroscopy
extracted values of rp [15] by ∼ 7σ.

In this paper, we are interested in the scenarios where the deficit of the theoretical predictions of g−2 is compensated
by a contribtuion from New Physics (NP). Although the overall size of g − 2 discrepancy, aexpµ − a

theor
µ ∼ +3× 10−9

is on the order of the corresponding contributions from the weak sector of the SM, the NP correcting the anomalous
magnetic moment does not have to reside at the weak scale. Indeed, it is well know that a theoretical deficit can be
compensated by loops of very light particles [16–18]. One such candidate model, the dark photon, has been searched
for in a vzriety of experiments, with recent results ruling out the most minimal version as a cause of the g − 2
discrepancy. Some other candidate models still survive the existing constraints, including the Lµ − Lτ gauged model
and its variations [19, 20].

In this paper, we would like to examine the scalar models tuned to explain the muon g − 2 discrepancy [21, 22].
We will employ a simplified framework, with a relevant Lagrangian given by

Leff =
1

2
(∂µS)

2
−

1

2
m

2
S
2
−

�

�=e,µ,τ

g�S�̄�. (1)

Notice that this is an effective Lagrangian that does not respect the full gauge symmetry of the SM. The SU(2)×U(1)
generalization of it is given by the following dimension five effective operators,

O5 =
1

Λ
(L̄E)HS, (2)

where H is the SM Higgs doublet, and L, E are the lepton doublets and singlets. The two papers discussing the
phenomenology of this model, Refs [21, 22], choose different types of UV completion for this operator, based on the
vector-like fermions or multiple Higgses. The latter UV completion generates strong constraints in the mass range
mS > 2mµ due to recent search of the peaking structures in the di-muon mass with B → K(µ+

µ
−) decays at the

LHCb [23]. The mass range below the di-muon threshold remains largely unexplored. In that mass range, it is
expected that the new light particles can be relatively long-lived, and thus amenable to new beam dump searches.

In this paper we investigate the potential of the beam dump experiments, specificually muon beam dump to access
the unexplored part of the parameter space of (1), potentially responsible for the muon g− 2 discrepancy. We explore
different choice of couplings in (1), and show that the exisitng muon beams at Fermilab provide a great opprtunity
ot explore mS in the interval from a few to 210 MeV.

We also address the question of multiple states in the dark sectors. The multiplicity of dark states Nd can be
large, as may occur in the models with extra dimensions where the dark forces are allowed to live [24–26], or in
models with some conformal dynamics, where the new states are continuously spread over the invariant mass [27].
The qualitative difference occur in the pghenomenology of such models. The effects of virual dark force particles
(such as corrections to g − 2) can be enhanced. Therefore, smaller individual couplings can be responsible for the
same size of the corrections. Moreover, the mass step, ∆md, can lead to overlapping resonances within a detector
mass resolution, undermining the ”bump hunt” searches. This type of models with, e.g. a tower of dark photons, will
escape current direct searches at NA48/2, BaBar etc, but can be a source of sizeable corrections in g− 2. It is easy to
see that such models generically lead to longer lifetimes of individual states, and therefore can be subjected to tighter
displaced decay bounds. We provide the analysis of such constraints, and point to their potential improvement with
the planned experiments, including the NA64 [28].

The strcuture of the paper is as follows. In the next section we calculate the physics reach of the muon beam dump
experiments in the energy range of a few GeV. In Section 3, we provide the assessement of sensitivity in the 3µ final
state channel. In section 4 we introduce constraints on a tower of dark sector force carriers. We reach our conclusion
in section 5.

II. MODELS WITH LIGHT DARK SCALAR

In the model introduced in the previous section, Leff = 1
2 (∂µS)

2 − 1
2m

2S2 −
�

�=e,µ,τ g�S�̄�, couplings g� are free
parameters. We motivate ourselves by the muon g − 2 problem, and therefore have some expectation for the size of
mµ due to the one-loop contribution of S-particles to aµ,

∆aµ =
g2µ
8π2

� 1

0
dz

(1− z)2(1 + z)

(1− z)2 + z(mS/mµ)2
. (3)

For example, for the choice of gµ = 5× 10−4 and mS = 100 MeV, the correction to g − 2 is ∆aµ = 1.6× 10−9, which
will bring the theoretical and experimental values for the muon anomalous magnetic moment within 2σ.

The rest of the couplings are undetermined, and in this paper, we will consider two choices for couplings that lead
to important differences in phenomenology of S:

• Choice A: Mass proportionality, g� ∼ m�. In particular, it implies that the couplings between scalar and electron
is ∼ 200 times less than with muon. Despite that, below the dimuon threshold, the dominant decay channel is
S → e+e−.

• Choice B: Only muons, ge = gτ = 0, and gµ �= 0. This is the most collider and conventional beam dumps
unfriendly case, that still can be relevant for muon g − 2.

Choice A can be explicitly constructed using the leptonic Higgs doublet model completion of Ref. [22]. In that model,
the lepton flavor conservation and gl ∼ ml proportionality are automatic, as only one Yukawa matrix determines lepton
masses and couplings to S. Case B is in some sense more artificial, but minimal, where only one coupling is introduced
that is necessary to correct muon g − 2 in this model.

In both models, in the mass range from 2mµ to 2mτ , the scalar would decay to di-muons with almost no discernalbe
corrections from other decay modes. Between 2me and 2mµ, the mass range that we concentrate on in this paper,
the decays are dominated by diphotons and e+e− pairs, S → γγ and S → e+e−,

ΓS = Γe+e− + Γγγ , (4)

with

Γe+e− =
ms

8π
(ge)

2
�
1− 4m2

e

m2
s

�3/2

. (5)

2

The decays to photons are induced by loops of e, µ and τ leptons, and can be easily adopted from the Higgs

literature upon the appropriate rescaling.

Γγγ =
α2m3

S

64π3

�

l=e,µ,τ

g2l
m2

l

|τl [1 + (1− τl)f(τl)]|2 , (6)

where τl = 4m2
l /m

2
S . The invariant function f(τ) reads,

f(τ) =





arcsin

2
�√

τ−1
�
, τ > 1

− 1
4

�
log

�
1+

√
1−τ

1−
√
1−τ

�
− iπ

�2
, τ ≤ 1

. (7)

These expressions allow to derive the decay length of scalars,

LS =
ES

mS

�

1− m2
S

E2
S

× Γ
−1
S , (8)

for parameter choices outlined above. In particular, taking a fiducial choice of parameters, and the energy of scalars

as 3 GeV, we find

LS = 25 cm×
�
5× 10

−4

gµ

�2

×
�
100 MeV

mS

�2

, Case A, (9)

LS = 20 m×
�
5× 10

−4

gµ

�2

×
�
100 MeV

mS

�2

, Case B. (10)

These decay lengths give a good motivation to search for S in the beam dump experiments.

**************

There has been a study on the axion bremsstralung[29] using muon beam dump in the literature. In this section

we present a detailed analysis of the potential reach of dark scalars in a muon beam dump experiment. The decay

lengths of S is as follows,

and Es = xEµ is the energy of S. Here we focus on the mS < 2mµ regime, where S → ee is the only possible decay

channel. In addition, since the coupling of S to electrons is proportional to me, the dark scalar S can potentially be

very long-lived.

A. Models with a spectrum of hidden U(1) gauge bosons

We consider another type of models where dark photons exist with a fixed mass interval. In this case searches for a

narrow resonance is not easy as collectively they would look like a very broad bump in the invariant mass distribution

and therefore it is very challenging to perform a bump hunt analysis. However, one can still use the displaced decay

of the dark photons to look for them. An example of this type of models is the warped extra dimension model with

an addition U(1) gauge boson that can propagates in the RS Bulk [24–26, 30, 31]. The hidden sector couples to the

SM via gauge kinetic mixing. The displaced decay of the dark photons can potentially provide a way to look for the

lower KK modes of the dark U(1) gauge boson.

B. Model with Lµ − Lτ gauge symmetry

In this section we discuss a model with U(1)Lµ−Lτ gauge symmetry and the gauge boson (Z �
) is the dark mediator.

We study the potential constraints from dark photon bremsstralung in a muon beam dump experiment and then

compare them with bounds otained from the nutrino trident channel [19].

LZ� = − 1
4 (Z

�
)αβ (Z

�
)
αβ

+
1
2m

2
Z�Z

�
αZ

�α
(11)

+g�Z�
α

�
�̄2γ

α�2 − �̄3γ
α�3 + µ̄Rγ

αµR − τ̄Rγ
ατR

�
.

Here, g� is the U(1)Lµ−Lτ gauge coupling, the field-strength is (Z
�
)αβ = ∂αZ�

β − ∂βZ�
α, the electroweak doublets

associated with left-handed muons and taus are �2 = (νµ, µL) and �3 = (ντ , τL), and the right-handed electroweak

singlets are µR and τR . The origin of the vector boson mass is not directly relevant for our work, and thus we suppress

any additional pieces in (11) related to the corresponding Higgs sector.

3
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Muon beam dump with a few GeV muon beam 

Muon momentum = 3 GeV, 2.5 m W target, 3 m decay channel, 
 3×1014  POT,  no background. 

Case A: decay to electrons   Case B: decay to photons 

 

 

 

 

 

 

 

Excellent reach in parameter space. Almost complete coverage.  
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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.  New results from MiniBoone and NA64 further constrain models 
with invisible decays of dark photons.	


4.  Scalar models coupled to muons, and correcting g-2 discrepancy, 
are limited but not excluded (due to smaller coupling to electrons). 
In the mass range mscalar < 2 mµ there is a possibility to search for 
new light states via muon beam dump experiments. Fermilab 
beams can give very good sensitivity to this type of light new 
physics. 	
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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…  



Future big project: SHiP project at CERN 
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!"#$%&'()%*+,'&*#-,.%/)0%1-2+.%/345% 6%

The SHiP experiment 
( as implemented in Geant4 ) 

See e.g. A. Golutvin presentation, CERN SHiP symposium, 2015	




SHiP sensitivity to vector and scalar portals 
§  SHiP will collect 2 × 1020 protons of 400 GeV dumped on target	

§  Sensitivity to dark vectors is via the unflavored meson decays, 

and through direct production, pp à… V à…… l+l-	

§  Sensitivity to light scalar mixed with Higgs is via B-meson 

decays, b à s + Scalar à … µ+µ-	
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�g�2�e BaBar, NA48�2, PHENIX
�g�2�Μ � 2Σ�g�2�Μ � 5Σ
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Figure 5: Summary of constraints on the dark photon model. The limits at � ∼ 10−7; mA� >
200 MeV range come from old experiments, and can be improved with SHiP. The g−2 region
of interest is shown as a green band. The projected SHiP sensitivity contour is derived using
three modes of production: mesons, bremsstrahlung, and QCD production.

V (B) was derived in [33]. The full analysis of constraints on {α(B),mV } plane has not been
performed yet.

Some cases of other exotic particles produced in association with V have been constrained
in experiment. BaBar studies have placed limits on dark Higgsstrahlung [124], by exploiting
A�h� production with subsequent decays of h� to 2A� and eventually to pairs of charged SM
particles. The ensuing constraints are quite strong (reaching down to � ∼ few × 10−4 at
αD ∼ α), but applicable only to mh� > 2mA� region of parameter space. Another study
at KLOE [125] have searched for missing energy signature from h� decays outside of the
detector, and reached the constraints at the level of � ∼ few×10−3. Constraints on the most
motivated case, mh� � mA� , are more difficult to obtain because they involve stable h� on
the scale of the detector.

5.2 Production and detection of light vector portal DM

New constraints on vector portals occur when direct production of light dark matter states
χ opens up. The missing energy constraints on dark photons derived from e+e− colliders
were analyzed in [50]. Invisible decays of A� are usually harder to detect, except K+ →
π+A� → π++missing energy, where the competing SM process, K+ → π+νν̄ is extremely
suppressed [49]. Also, fixed targets experiments sensitive to the missing energy decays of
vector states have been proposed recently [126,127].

20

Details can be found in the white paper, 1505.01865, Alekhin et al.   


