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Outline of the talk 

1. Introduction.
2. Dark photons. Variations on dark photons.
3. Constraints on dark photons ++
4. g-2 and dark scalars
5. Conclusions.
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LHC can realistically pick up New Physics with aX ~ aSM , and mX
~  1TeV, but may have little success with aX ~10-6, and mX ~ GeV. 
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No New Physics at high energy thus far (?!)

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

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

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→ℓ+ℓ−X
)

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

ψ and Z ′
χ are theoretical

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

fixed by an E6 unification condition. The Z ′
SSM

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

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

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

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

the cf
u−cf

d planes, allowing a simple derivation of the mass limit

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

d plane (ℓ = e or

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

see [18,6]).

The discovery of a dilepton resonance at the LHC would

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

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

d plane. Angular

distributions can be used to measure several combinations

of Z ′ parameters (an example of how angular distributions

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

the original quark direction in a pp collider is unknown, the
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Let us classify possible connections between Dark sector and SM
H+H (l S2 + A S) Higgs-singlet scalar interactions (scalar portal)
BµnVµn “Kinetic mixing” with additional U(1)’ group
(becomes a specific example of Jµ

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

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

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

A  ¶µ a /f      axionic portal
……….

Neutral “portals” to the SM



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

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

§ Dark photon can “communicate” interaction between SM and 
dark matter. It represents a simple example of BSM physics. 6
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Figure 1: The interaction through the exchange by a mixed � � A⇥ propagator between the
SM particles and particles ⌅ charged under new U(1)⇥ group. In the limit of mA� ⇧ 0 the
apparent electromagentioc charge of ⌅ is e⇥.

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

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

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

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

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

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

V [8].

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

A� ; (e⇥g⇥)/m2
A� ⌅

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

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

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

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

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

L = L⌅,A + L⇤,A� � ⇥

2
Fµ⇥F

�
µ⇥ +

1

2
m2

A�(A�
µ)

2. (1.1)

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

L⌅,A = �1

4
F 2
µ⇥ + ⌅̄[�µ(i⌥µ � eAµ)�m⌅]⌅

L⇤,A� = �1

4
(F �

µ⇥)
2 + ⇤̄[�µ(i⌥µ � g�A�

µ)�m⇤]⇤, (1.2)

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

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

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

⇥ , the interaction term
can be rewritten as

� ⇥

2
Fµ⇥F

�
µ⇥ = A�

µ ⇥ (e⇥)JEM
µ , (1.3)

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

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

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

1. The mixing parameter ⇥ is dimensionless, and therefore can retain information about
the loops of charged particles at some heavy scale M without power-like decoupling.
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SM particles and particles ⌅ charged under new U(1)⇥ group. In the limit of mA� ⇧ 0 the
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In the simplest example, a new fermionic field charged under both U(1)’s will gener-
ate an additional contribution to the mixing angle that scales as �⇥ ⇤ g⇥e/(12⇤2) ⇥
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with electric charge q� = e⇥. For mV ⌥= 0, at |q2| < m2

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

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

3. If there are no states charged under U(1)⇥ (or they are very heavy), and mV is taken to
be zero, then the two sectors decouple even at non-zero ⇥. This leads to the suppression
of all interactions for a dark photon inside a medium, if mV becomes smaller than the
characteristic plasma frequency, and all processes with emission or aborption of dark
photons decouple as ⇤ m2
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Although this model was known to theorists and well-studied over the years (e.g. Refs.
[9,10]), a revival of interest to models based on kinetically-mixed A⇥ occurred in last 10 years,
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analyses of the past or existing experiments [11–20], and generated new dedicated experi-
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3

A – photon, A’ – “dark photon”, 
y - an electron, c - a DM state, 
g’ – a “dark” charge
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Dark photons ++

Let’s classify them into 3 cartegories
1. Dark photon: technically natural, UV complete, couple to a 

conserved current.      e =    
2. B-L, Lµ-Lt , and other anomaly free combinations: all of the 

above, but coupling constant gX is small – somewhat unusual. 
Strong constraints from neutrino physics. 

3. Models coupled to the tree-level conserved current broken by 
anomalies. E.g. gauged baryon number, or lepton number. 
Presumes cancellation of anomalies at high-energy. Nice low 
energy behaviour, weak constraints on gauged baryon number? 

4. Models coupled to a non-conserved current. (e.g. vector particle 
coupled to an axial-vector current)

§ Phenomenology-driven demand often force speculators to 
consider 3 and 4. (proton charge radius, 8Be decay anomaly)
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Search for dark photons, Snowmass study, 2013 
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FIG. 6. Parameter space for dark photons (A⇥) with mass mA0 > 1 MeV (see Fig. 7 for

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

21

Dark photon models with mass under 1 GeV, and mixing angles ~ 10-3

represent a “window of opportunity” for the high-intensity experiments, 
not least because of the tantalizing positive ~ (a/p)e2 correction to the 
muon g - 2.

“bumps in mll” 



Zooming in: A1, Babar, NA48 
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Dark Matter, Hadron Physics and Fusion Physics
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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.

References
[1] J.R. Batley et al., Eur. Phys. J. C52, 875 (2007).
[2] B. Holdom, Phys. Lett. B166, 196 (1986).
[3] M. Pospelov, Phys. Rev. D80, 095002 (2009).
[4] B. Batell, M. Pospelov and A. Ritz, Phys. Rev. D80,
095024 (2009).

[5] B. Batell, M. Pospelov and A. Ritz, Phys. Rev. D79,
115019 (2009).

[6] V. Fanti et al., Nucl. Instrum. Methods A574, 443
(2007).

[7] K.O. Mikaelian and J. Smith, Phys. Rev. D5, 1763
(1972).

[8] T. Husek, K. Kampf and J. Novotný, to be published.
[9] M. Hoferichter et al., Eur. Phys. J. C74, 3180 (2014).
[10] K.A. Olive et al. (Particle Data Group), Chin. Phys.
C38, 090001 (2014).

[11] H.-J. Behrend et al., Z. Phys. C49, 401 (1991).
[12] K. Kampf, M. Knecht and J. Novotný, Eur. Phys. J.
C46, 191 (2006).

[13] W.A. Rolke and A.M. López, Nucl. Instrum. Meth.
A458, 745 (2001).

[14] J.P. Lees et al., Phys. Rev. Lett. 113, 201801 (2014)
and references therein.

[15] H. Davoudiasl, H.-S. Lee and W.J. Marciano, Phys.
Rev. D89, 095006 (2014).

[16] G. Ruggiero, PoS(KAON13)032.

Latest results by NA48 exclude the remainder of parameter space 
relevant for g-2 discrepancy. 

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

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

Babar: e+e- à g V à g l+l-

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

NA48: p0 à g V à g e+e-
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Constraints on Z’ of Lµ - Lt
Experimental results

Hypothetical Z’ (any Z’ coupled to Lµ) contributes constructively to cross 
section.  

9

dent cross-section to the SM prediction is given by

⇥

⇥SM
⇧

1 +
�
1 + 4s2W + 2v2/v2⇤

⇥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

⇥CHARM�II/⇥SM = 1.58± 0.57 , (35)

⇥CCFR/⇥SM = 0.82± 0.28 , (36)

⇥NuTeV/⇥SM = 0.67± 0.27 . (37)

A weighted average gives

⇥exp/⇥SM = 0.83± 0.18 , (38)

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

v⇤ � 750 GeV . (39)

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

- g⇤ plane.

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

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

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

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

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

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

V. OUTLOOK AND CONCLUSIONS

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

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

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

coupled to leptons via any current that contains Lµ (such
as e.g. total lepton number). Generalizing this constraint
to other models and extending it to a wider range of the
Z ⇤ mass is the subject of our upcoming work [22].
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2 . (34)
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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 a�ected by Z ⇥ loops. Therefore, the
correction to the Z coupling to neutrinos is e�ectively
given by

gV ⇤

gSMV ⇤

=
gA⇤

gSMA⇤

=

����1 +
2

3

(g⇥)2

(4⌅)2
KF (mZ0)

���� . (33)

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

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

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

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

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

q

q

Z

µ

µ

Z �
µ

µ

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

�

N N

⇥

⇥

µ�

µ+

Z ⇥

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

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

Z0
4, the ratio of the total tri-

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

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

≈ 4

~8-fold enhancement of cross section
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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. 

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

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

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

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

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

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

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

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

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

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

N(trident, V—A) =78.1+ 3.9. (3)

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

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

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

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

cma(v trident) =(4.7+ 1.6)E,x10 Fe nucleus
at (E,) =160GeV. (5)
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In the neutrino-nucleon trident production calculation, we

included the Pauli suppression operative at small momentum
transfers.
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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

10
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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, 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 �⇥, ⇣ < t < s, and 4m2 < ⇣ < s. The inte-
gration over phase-space is best done first over the solid
angle, then over t and ⇣ (see also ref. [23]). Keeping only
leading order terms in the muon mass we find the follow-
ing expression for the inclusive SM cross-section,

⌃(SM) ⌥ 1

2

�
C2

V
+ C2

A

⇥ 2G2
F� s

9⇧2

⇧
log

⇤ s

m2

⌅
� 19

6

⌃
. (9)

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

We can obtain a similarly concise expression for the Z⇥

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

⌃(SM+Z0)

⌃(SM)
⌥

1 +
⇤
1 + 4 sin2 ⇥W + 2v2SM/v2

Z0

⌅2

1 +
�
1 + 4 sin2 ⇥W

⇥2 . (10)

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

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

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

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

⌃(inter) ⌥ GF↵
2

g⇥2CV�

3⇧2
log2

⇤ s

m2

⌅
. (12)

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

⌃(Z0) ⌥ 1

m2
Z0

g⇥4�

6⇧2
log

⇧
m2

Z0

m2

⌃
, (13)

while for mZ0 ⌅ m ⌅
↵
s it is

⌃(Z0) ⌥ 1

m2

7g⇥4�

72⇧2
log

⇧
m2

m2
Z0

⌃
. (14)

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

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

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

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

0.01 0.1 1 10 102 103

10�3

0.01

0.1

1

m Z ' �GeV⇥

g '

CCFR

�g�2⇥⇥ ⌃2⇤

Z⇧4⇥⌅LHC

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

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

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

⌃CHARM�II/⌃SM = 1.58± 0.57 , (15)

⌃CCFR/⌃SM = 0.82± 0.28 . (16)

(Corresponding results from NuTeV can also be used al-
beit with some caution due to a rather large di⇥erence
in the background treatment between the initial report
[29] and the publication [30].) These results strongly
constrain the gauged Lµ � L⇤ model, and more gen-
erally any new force that couples to both muons and
muon-neutrinos. Implementing the phase space integra-
tions that correspond to the signal selection criteria of
CCFR and CHARM-II, we arrive to the sensitivity plots
in Figs. 2 and 3. Our results show that the parameter
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derived from the production of a µ+µ�pair in ⌫µ scattering
(“Trident” production) [29, 30]. The region consistent with
the discrepancy between the calculated and measured anoma-
lous magnetic moment of the muon within 2� is shaded in red.

meinschaft (Germany), the Istituto Nazionale di Fisica
Nucleare (Italy), the Foundation for Fundamental Re-
search on Matter (The Netherlands), the Research Coun-
cil of Norway, the Ministry of Education and Science of
the Russian Federation, Ministerio de Economı́a y Com-
petitividad (Spain), the Science and Technology Facili-
ties Council (United Kingdom), and the Binational Sci-
ence Foundation (U.S.-Israel). Individuals have received
support from the Marie-Curie IEF program (European
Union) and the A. P. Sloan Foundation (USA).

⇤ Now at: Wuhan University, Wuhan 43072, China
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Babar + B. Shuve have looked 
for e+e-àµµµµ

• Absence of peaks in invariant mass improves constraints in 
210 MeV – 4 GeV window. 

• Below 2muon threshold, Lµ-Lt model is the most difficult: 
Z’àneutrinos. NA64 with muons, or LDMX?
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DM with a hint on self-interaction? 

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

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

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

Example of parameter space that creates a 
core and solves the problem (from Tulin, Yu, 
Zurek) for ad = 0.1

Some of the parameter space is within reach 
of B-factories.
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Dark matter bound states at B-factories
• If ad > 0.2, the sub-5 GeV Dark matter can increase the sensitivity to dark force 

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

2

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

(JPC = 1��), will be called ⇧D and ⇤D, respectively.
The condition for their existence has been determined nu-
merically [26] 2, 1.68mV < �Dm⌃, with �D = g2D/(4 ).
Their quantum numbers suggest the following production
mechanisms at colliders:

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

The last process represents the direct production of ⇤D

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

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

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

⌃), and
apply the projection operator,

⇥⇤ =

⌥
1

32 m3
⌃

R⇤D (0)( �p+m⌃)⇥5( �p�m⌃) , (3)

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

d⌦e+e�⇥⇤DV

d cos ⌃
=

4 ��2
D⌥

2[R⇤D (0)]
2(1 + cos2 ⌃)

m⌃s3/2(s� 4m2
⌃ +m2

V )
2

|p|3 , (4)

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

[s� (2m⌃ +mV )2][s� (2m⌃ �mV )2]/(2
�
s). We

neglect the binding energy for ⇧D, and set m⇤D ⌥ 2m⌃.
An analytic form for R⇤D (0), the wave function at

origin, is obtained using the Hulthén potential V (r) =
��D⇤e�⇥r/(1� e�⇥r) with ⇤ = ( 2/6)mV , which is
known as a good approximation of the Yukawa poten-
tial V (r) = ��De�mV r/r [29]. In that case, R⇤D (0) =

(4� ⇤2a20)
1/2a�3/2

0 , where a0 = 2/(�Dm⌃).
The scalar bound state ⇧D dominantly decays into two

dark photons, each subsequently decaying into a pair of

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

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

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

T +

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

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

⌦0|⌅†⌦µ�|⇤D↵ =
⌃

1

2 
R�D (0) �

µ
�D

, (5)

where �µ�D
is the polarization vector of ⇤D and R�D (0) ⌥

R⇤D (0) is the radial wave function at origin. Taking into
account the kinetic mixing between dark photon and the
photon, we derive the e⇠ective kinetic mixing term be-
tween ⇤D and the photon,

Le⇥ = �1

2
⌥⌥DFµ⇧⇤

µ⇧
D , ⌥D =

⌃
�D

2m3
⌃

R�D (0) . (6)

In the limit mV ⇧ �Dm⌃, the term ⌥D reduces to ⌥D =
�2
D/2. We obtain a di⇠erential cross section:

d⌦e+e�⇥��D

d cos ⌃
⌥ 2 �2⌥2⌥2D

s

�
1�

4m2
⌃

s

⇥

⇤
⇤

8s2(s2 + 16m4
⌃) sin

2 ⌃

(s� 4m⌃)2 (s+ 4m2
e � (s� 4m2

e) cos 2⌃)
2 � 1

⌅
, (7)

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

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

⌃/s factor, which
brings additional suppression of lighter dark matter. For
�D � 0.1 and m⌃ ⌅

�
s, the two processes have similar

cross-sections, and we will combine them to set the limit
on this model.

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

d�(⇤D ⌃ 3V )

dx1dx2
=

2�3
D [R�D (0)]

2

3 m2
⌃

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

(x2 � 2x1)2(x2 � 2x2)2(x2 + 2(x1 + x2 � 2))2
,(8)
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A model of dark sector where O(few GeV) mass dark matter particles ⌃ are supplied by a lighter
dark force mediator V , mV � m�, is motivated by the recently discovered mismatch between
simulated and observed shapes of galactic haloes. Such models, in general, provide a challenge for
direct detection e⇣orts and collider searches. We show that for a large range of coupling constants
and masses, the production and decay of the bound states of ⌃, such as 0�+ and 1�� states, ⇤D
and �D, is an important search channel. We show that e+e� ⇥ ⇤D + V or �D + ⇥ production
at B-factories for �D > 0.1 is su⌘ciently strong to result in multiple pairs of charged leptons and
pions via ⇤D ⇥ 2V ⇥ 2(l+l�) and �D ⇥ 3V ⇥ 3(l+l�) (l = e, µ,⇧). The absence of such
final states in the existing searches performed at BABAR and Belle sets new constraints on the
parameter space of the model. We also show that a search for multiple bremsstrahlung of dark force
mediators, e+e� ⇥ ⌃⌃̄+nV , resulting in missing energy and multiple leptons, will further improve
the sensitivity to self-interacting dark matter.

Introduction. Identifying dark matter is an open ques-
tion of central importance in particle physics and cos-
mology. In recent years, the paradigm of weakly inter-
acting dark matter supplied by a new force in the dark
sector came to prominence [1, 2], motivated by a vari-
ety of unexplained astrophysical signatures. It was later
shown [3, 4] that this model provides the best realization
of self-interaction dark matter [5], and helps to alleviate
tensions between observed and simulated shapes of dark
matter haloes (see, e.g. [6]).

It is of great phenomenological interests to check
whether such a dark force could be probed in labora-
tories. The simplest way for dark matter to interact
with the standard model (SM) sector is through a vector
or scalar mediators coupled to the SM fields via the ki-
netic mixing or the Higgs portals. For dark matter heav-
ier than 4-5 GeV, direct detection experiments provide
the strongest constraints on such models. High-energy
collider probes typically require more e�ective produc-
tion channels [7–11]. For dark matter lighter than 4-
5 GeV, the limits from direct detection experiments arise
from electron recoil and are much weaker. In this mass
range, strong CMB constraints on dark matter annihi-
lation naturally point to particle-antiparticle asymmetry
in the dark sector. Constituents of such a dark sector,
light dark matter and a light mediator, can be searched
for in meson decays [12], fixed target experiments [13],
mono-photon events at colliders [14], or via the produc-
tion/scattering sequence in proton [15] and electron [16]
beam dump experiments, or perhaps via new galactic
substructures and minihalos [17]. Most of the existing
searches of light particles [18] are insensitive to dark mat-
ter with m⇤ > mmediator, and therefore would not be able
to establish any candidate signal as coming specifically
from the dark force carrier.

In this Letter, we show that the presence of self-

interacting dark matter within the kinematic reach of ex-
isting colliders provides opportunities for the new search
channels. We outline such possibilities in the minimal
setup where the dark force carrier also mediates the in-
teraction between dark matter and the SM particles. A
light mediator gives an attractive force between ⇤ and ⇤̄
particles, leading to the formation of bound states, which
can be produced on-shell at colliders 1. In addition, the
production of continuum ⇤⇤̄ leads to final state radiation
(FSR) of light mediators. Both channels typically result
in a striking multi-lepton final state, that can be searched
for at B-factories and fixed target experiments. It is well
known that heavy flavor mesons and heavy quarkonia
were instrumental for uncovering a wealth of information
about the SM. Similarly, should a dark force exist, the
aforementioned channels may allow for genuine tests of
the detailed content of the dark sector.
Dark matter bound states production. We illustrate
these ideas in the well-studied example of the vector me-
diator model. The Lagrangian for dark matter and dark
photon is

L = LSM + ⇤̄i�µ(⌃µ � igDVµ)⇤�m⇤⇤̄⇤

�1

4
Vµ⇥V

µ⇥ � ⇥

2
Fµ⇥V

µ⇥ +
1

2
m2

V VµV
µ , (1)

where ⇥ is the kinetic mixing between the photon and
the vector field V . The dark matter particle ⇤ is a Dirac
fermion, neutral under the SM gauge group, but charged
under the dark U(1)D interaction that has a new vector
particle Vµ (sometimes called a "dark photon") as a force
carrier.

1 Weakly coupled dark matter bound states have been studied in
various contexts [19–25].
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FIG. 2. Left: Constraint on the dark photon parameter space from the BABAR dark Higgsstrahlung searches, adapted to the
production and decay of dark bound states ⇥D and �D. The solid purple curve corresponds to the current BABAR limit for the
parameters �D = 0.5, m� = 3.5GeV. The dashed purple curve shows the future reach of B-factories. Right: Current constraints
on the m� �mV plane for the SIDM scenario are shown with ⇤2 = 10�7 and di�erent values of �D. The green (blue) region is
favored for SIDM solving the galactic small-scale structure problems [3] for �D = 0.3 (0.5). The combined constraints via the
e+e� ⇥ (⇥DV, �D) ⇥ 3V channels are shown in thick purple curves, and the constraints via the e+e� ⇥ ⌅⌅̄ + 3V channel
are shown in thin blue curves. Allowed regions are in the arrow direction. Assuming no SM background, the constraints via
the e+e� ⇥ ⌅⌅̄ + 2V channel are shown in dot-dashed black curves for �D = 0.3, 0.4, 0.5 (bottom-up). The brown region is
excluded by CDMSlite [37] and LUX [38]. The region mV � 30MeV is ruled out by the XENON10 electron recoil analysis [39]
for �D = 0.3.

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

⇧pp(n)⇥�D
=

4⌅2�⇥2⇥2
D

s

⇤

q

Q2
q

⌅ 1

�

dx

x

�
⇧
fq/p(x)fq̄/p(n)

�⌃
x

⇥
+ fq̄/p(x)fq/p(n)

�⌃
x

⇥⌃
, (10)

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

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

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

current uncertainties in estimating the background, we
refrain from showing the potential reach of proton ex-
periments in Fig. 2, noting that in any case, it would
not cover the most interesting region for SIDM, namely
mV < 200 MeV.
Outlook. Among the various probes of dark sectors sug-
gested and conducted in recent years, only a few are
sensitive to both the dark force and dark matter at the
same time. We have pointed out that in case of relatively
strong self-interaction, the presence of dark force greatly
facilitates the discovery of the entire sector, as it leads
to the formation of dark bound states, and causes dark
FSR radiation that decay into multiple charged parti-
cles of the SM. The existing searches at BABAR and Belle
already limit this possibility, and further advance in sen-
sitivity can be made by searching for the missing energy
plus pairs of charged particles.
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3 pairs of charged particles appear “for free” once Upsilon_dark is produced. This is 
limited by previous searches of “dark Higgsstrahlung” by BaBar and Belle. An, 
Echenard, MP, Zhang, PRL, 2016
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Vector mediators coupled to non-conserved 
currents

§ Naïve model for the charge radius anomaly

§ New vector coupling to muons and no coupling to neutrinos will 
lead to breaking of SU(2)×U(1) and lead to a troublesome 
(Energy/mV) behavior of amplitudes. For example, in the decay of 
W-bosons (which is normally not a precision measurement!) we 
have a huge enhancement of the three-body rate. 

§ At even higher energies one will end up with strong coupling 
behavior, non-unitarity etc.

2

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

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

This paper is organized as follows. In the next section
we introduce a model for an intermediate-range force,
and determine the parameter range suggested by the rp
anomaly. In Sec. 3 we calculate the one loop contribution
to the muonium hyperfine structure. Section 4 contains
the calculation of the two-loop transfer of the parity vi-
olation in the muon sector to electrons. Section 6 com-
bines all the constraints on the model, and we reach our
conclusions in Sec. 7.

2. INTERMEDIATE-RANGE FORCE

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

Lint = �V⇥

�
⇤Jem

⇥ � ⌃̄µ(gV ⇥⇥ + gA⇥⇥⇥5)⌃µ

⇥

= �V⇥

�
e⇤⌃̄p⇥⇥⌃p � e⇤⌃̄e⇥⇥⌃e (1)

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

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

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

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

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

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

�r2
⇤⇤
µH

� �r2
⇤⇤
H
= �6⇤(⇤+ gV /e)

m2
V

+
6⇤2

m2
V

= �6⇤(gV /e)

m2
V

(2)

⇧ �0.06 fm2 ⇥ (20 MeV)2

m2
V

⇥ ⇤

(3⇥ 10�6)1/2
⇥ gV /e

0.06

Here we explicitly assume that the momentum transfer
in the µH system, �mµ, is smaller than the mass of the
mediator, mV . In the second line we have normalized
the coupling in such a way as to factor out the size of
the suggested correction for rp, which corresponds to a
relative shift of the squared radius of 0.06 fm2. At the
same time, we have normalized mV and ⇤ on their values
that correspond to the borderline of the constraint that
comes from combining the electron g � 2 measurement
with QED theory and the independent atomic physics
determination of �.
Equation (2) makes clear the fact that given the strong

constraints on ⇤ and mV , only relatively large values for
the muon-specific coupling gV are capable of correcting
the rp anomaly. At the same time, it is clear that the
muon g � 2 value will be in conflict with gV ⇤ 0.06 un-
less there is a significant degree of cancellation between
g2V - and g2A-proportional contributions. Fortunately, such
contributions are of the opposite sign and the possibility
of cancellation does exist. Moreover, since in the limit of
mV ⌅ mµ the contribution of the axial-vector coupling
to anomalous magnetic moment aµ is parametrically en-

5

Fig. 3) will lead to an asymmetry in muon pair produc-
tion cross section by longitudinally polarized electrons,

⌃L � ⌃R

⌃L + ⌃R
 ⇥gA. (16)

While the rate for such a process is rather low, new high
intensity polarized electron beam facilities can conceiv-
ably be used to search for such an e⇤ect.

muon pair

e

p

V

gA
gA

FIG. 3. Typical representatives of the muon pair production
by the electron-proton collision due to a new force. The parity
violation will come about due to the presence of gA vertex in
the interference with the pure QED diagrams.

5. W DECAYS

When gV ⌦= gA the decay W ⌥ µ⌅V can proceed and,
in fact, will give a very strong constraint on the model.
In the limit that gV ⌃ gA, as implied by (g � 2)µ, the
rate for this is, to leading order in mV /mW and mµ/mW ,

� (W ⌥ µ⌅V ) =
g2V

512
✏
2⇧3

GFm5
W

m2
V

(17)

= 1.74 GeV
⇥ gV
10�2

⇤2
⌅
10 MeV

mV

⇧2

.

(18)

This should be compared against the current experimen-
tal value for the W width, dominated by measurements
at the Tevatron,

�W = 2.085± 0.042 GeV. (19)

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

B (W ⌥ µ⌅V ) < 4.0% (20)

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

gV < 2.2⇥ 10�3
⇥ mV

10 MeV

⇤
. (21)

6. COMBINATION OF ALL CONSTRAINTS

Having completed the preliminary work with muonium
hfs and atomic PNC, we are now ready to compile the
constraints on the parameters of our model. Before we do
that, it is useful to recall that our model has four param-
eters, {mV , ⇥, gV , gA}, which enter in the observables
in the following combinations,

ae[mV ,⇥
2]; aµ[mV , (e⇥+ gV )

2, g2A];

⇥r2p[mV ,⇥gV ]; ⇥Ehfs[mV ,⇥(e⇥+ gV )]; (22)

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

The last entry here is the constraint imposed by the
agreement of the measured 2p�3d transition frequencies
in muonic magnesium and silicon with the corresponding
QED predictions [29].
Besides the indirect constraints on the model via ef-

fects induced by virtual V , there are, of course, direct
constraints from the production of V with subsequent
decay into e+e� pairs. Thus, searches for unexpected
spikes in the invariant mass of pairs impose additional
constraints on ⇥. The latest compilations (latest ref?)
show that below mV of 40 MeV, which is the region of
the most interest for us, g�2 of the electron still provides
the dominant constraints.

In order to present our results in the most concise form,
we choose to saturate the constraint coming from g � 2
of electron combined with atomic determination of �.
Taking the 2⌃ constraint on the maximal deviation of ae
(see, e.g., [30]), we arrive at maximum allowed ⇥ for a
given value of mV , Currently, this constraint is given by

|⇥ae| ⌅ 1.64⇥ 10�12 =� |⇥|max = 1.8⇥ 10�3 mV

20 MeV
.

(23)
The latter equation is valid in the scaling regime mV ⌃
me, but we do not assume it for our numerical treatment.
Using this value of ⇥max, we determine the required

value for gV , capable of fixing the ⇥r2p discrepancy ac-
cording to Eq. (2). Specifically, we require that the new
physics e⇤ect interpreted as ⇥r2

��
µH
� ⇥r2

��
H
is bounded

by 2⌃ of the CODATA value,

� 0.081 fm2 ⌅ ⇥r2
��
µH
� ⇥r2

��
H
⌅ �0.045 fm2. (24)

This creates the preferred value for gV , pictured as an
upper band in Fig. 4. For definitiveness we took ⇥ to be
positive, and for our numerical treatment do not assume
�mµ ⇧ mV .
As already stated, such values of gV are in contra-

diction with the muon g � 2 constraints. Requiring the
axial-vector and vector contributions to cancel within the
2⌃ band around the experimental mean,

1.27⇥ 10�9 ⌅ ⇥aµ(gV + e⇥) +⇥aµ(gA) ⌅ 4.47⇥ 10�9,
(25)

we plot the required values of |gA| as the lower band in
Fig. 4.
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Non-conserved currents will be sensitive to 
high-mass scales through loops

§ Another well know example are enhancement of non-conserved 
currents inside loops leading to FCNC. The key – access to 
momenta ~ mW and mt.

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

meson

For a non-conserved current, 
Amplitude  ~  GF m2

top

Application to an axial-vector coupling leads to 

6

di dj

X

W
W

+

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

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

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

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

1. Experimental constraints

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

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

m2
W
Fµ⌫ b̄L�

µ⌫sL [35] (since the photon

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

G. Baryon number coupled vector

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

§ Consider   L = gXXµ S (q gµ q) which is the coupling of a vector 
particle “X” to a baryon current. If we stay at the tree level, then 
the current is exactly conserved, and nothing would be wrong 
with such a U(1)baryon. 

§ However [and famously], this symmetry is broken by the triangle 
chiral anomaly (Adler++):

§ The vector X cannot stay massless, and a strong interaction will 
develop at scales (Preskill) unless such theory is 
UV completed, and anomaly is cancelled in full theory
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We derive new constraints on light vectors coupled to Standard Model (SM) fermions, when
the corresponding SM current is broken by the chiral anomaly. Cancellation of the anomaly by
heavy fermions results, in the low-energy theory, in Wess-Zumino type interactions between the
new vector and the SM gauge bosons. These interactions are determined by the requirement that
the heavy sector preserves the SM gauge groups, and lead to (energy/vector mass)2 enhanced rates
for processes involving the longitudinal mode of the new vector. Taking the example of a vector
coupled to baryon number, Z decays and flavour changing neutral current meson decays via the new
vector can occur with (weak scale/vector mass)2 enhanced rates. These processes place significantly
stronger coupling bounds than others considered in the literature, over a wide range of vector masses.

Introduction: Recent years have seen a resurgence
of interest in the possibility of extending the Standard
Model (SM) by including relatively light and very weakly
coupled states [1, 2]. New light vectors are a popular
candidate, having been proposed for purposes including
addressing experimental anomalies at low energies [3–8],
explaining puzzles such as baryon stability [9], or acting
as a mediator to a dark sector [10–12].

In this paper, we will consider light vectors with
dimension-4 couplings to SM states. Unless the SM
current that a vector couples to is conserved (i.e. the
electromagnetic (EM) or B � L current), there are
(energy/vector mass)2 processes involving the longitudi-
nal mode of the new vector. These make the SM +
vector e↵ective field theory (EFT) non-renormalisable,
requiring a cuto↵ at some scale / (vector mass / vec-
tor coupling). For a light, weakly coupled new vector,
such energy-enhanced processes can be the dominant pro-
duction mechanism in high-energy experiments, and can
place strong constraints on its coupling.

For models in which the SM current is broken by
tree-level processes — e.g. axial currents are broken by
fermion masses — such constraints have been considered
in a number of works [4, 13–15].1 In this Letter, we
point out they can also apply if a light vector X couples
to a current that is conserved at tree level, but broken
by the chiral anomaly (within the SM + X EFT), such
as the SM baryon number current. These loop-level, but
(energy/vector mass)2 enhanced, processes can place sig-
nificantly stronger constraints on light X than existing
constraints.

The only way to avoid such processes is for the UV
completion to introduce extra electroweak symmetry
breaking, which generally runs into strong experimental

1

In accompanying work [16], we identify processes which place

stronger constraints on vectors coupling to tree-level non-

conserved SM currents.

constraints. Conversely, cancelling the anomalies with
new heavy fermions, that obtain their masses from a SM-
singlet vacuum expectation value (VEV), always results
in enhanced longitudinal X emission, as we show and
exploit in the rest of this Letter.
Anomalous amplitudes: We will use the SM baryon

number current as our prototypical example — a light
vector coupled to this current has been considered in
many papers over the past decades, e.g. [8, 9, 17–21].
Within the SM, the baryon number current is conserved
at tree level, but violated by the chiral anomaly, which
gives a divergence [22]
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etc. If a new
light vector X is coupled to the baryon number current,
then the SM + X EFT is non-renormalisable, and must

be UV-completed at a scale <⇠ 4⇡mX
gX

/
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16⇡
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[23], where

g

X

and m

X

are the coupling strength and mass of X,
respectively.
In the simplest such UV completions, the anomalies

are cancelled by introducing new fermions with chiral
couplings to X, and vectorial couplings to the SM gauge
bosons. For example, the mixed anomalies can be can-
celled with one weak doublet of Dirac fermions, with
(Y,X

A

) = (� 1

2

,�3), and a weak singlet with (Y,X
A

) =
(�1, 3), where Y and X

A

are the hypercharge and axial
X charge respectively [24, 25]. The XXX anomaly can
then be cancelled by an additional SM-singlet fermion,
and all of the new fermions can obtain heavy masses from
a SM-singlet VEV.
Anomaly cancellation ensures that the theory is well-

behaved at very high energies. However, as reviewed
in [16, 26], triangle diagram amplitudes have both a
fermion-mass-independent ‘anomalous’ piece, and a piece
that depends on the mass of the fermions in the loop.
The mass-dependent parts of longitudinal triangle am-
plitudes are proportional to the fermion’s axial coupling;
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candidate, having been proposed for purposes including
addressing experimental anomalies at low energies [3–8],
explaining puzzles such as baryon stability [9], or acting
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In this paper, we will consider light vectors with
dimension-4 couplings to SM states. Unless the SM
current that a vector couples to is conserved (i.e. the
electromagnetic (EM) or B � L current), there are
(energy/vector mass)2 processes involving the longitudi-
nal mode of the new vector. These make the SM +
vector e↵ective field theory (EFT) non-renormalisable,
requiring a cuto↵ at some scale / (vector mass / vec-
tor coupling). For a light, weakly coupled new vector,
such energy-enhanced processes can be the dominant pro-
duction mechanism in high-energy experiments, and can
place strong constraints on its coupling.

For models in which the SM current is broken by
tree-level processes — e.g. axial currents are broken by
fermion masses — such constraints have been considered
in a number of works [4, 13–15].1 In this Letter, we
point out they can also apply if a light vector X couples
to a current that is conserved at tree level, but broken
by the chiral anomaly (within the SM + X EFT), such
as the SM baryon number current. These loop-level, but
(energy/vector mass)2 enhanced, processes can place sig-
nificantly stronger constraints on light X than existing
constraints.

The only way to avoid such processes is for the UV
completion to introduce extra electroweak symmetry
breaking, which generally runs into strong experimental
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constraints. Conversely, cancelling the anomalies with
new heavy fermions, that obtain their masses from a SM-
singlet vacuum expectation value (VEV), always results
in enhanced longitudinal X emission, as we show and
exploit in the rest of this Letter.
Anomalous amplitudes: We will use the SM baryon

number current as our prototypical example — a light
vector coupled to this current has been considered in
many papers over the past decades, e.g. [8, 9, 17–21].
Within the SM, the baryon number current is conserved
at tree level, but violated by the chiral anomaly, which
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and all of the new fermions can obtain heavy masses from
a SM-singlet VEV.
Anomaly cancellation ensures that the theory is well-

behaved at very high energies. However, as reviewed
in [16, 26], triangle diagram amplitudes have both a
fermion-mass-independent ‘anomalous’ piece, and a piece
that depends on the mass of the fermions in the loop.
The mass-dependent parts of longitudinal triangle am-
plitudes are proportional to the fermion’s axial coupling;



19

Cancellation of anomalies for a baryonic U(1)

Anomaly of the baryon current can be cancelled by a new sector that 
is heavier than the SM. There are two main ways of doing it (and 
possibilities in between)

Option 1

Anomaly is cancelled by a 
non-chiral sector charged 
under SM gauge group. 
“Vector-like fermions”

manomalon stays finite as SM 
vev à 0 

Chiral under U(1)X, get their 
masses due to vX. This is a 
preferred option so far. 

Option 2

Anomaly is cancelled by 
new fermions that are 
SM-like. Their mass is 
due to SM vev. 

Big implications to EW 
precision, huge 
modifications to Higgs 
physics. Are these 
models still alive?
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Wess-Zumino term and low-energy EFT

Combining the anomalous contributions and WZ term, we get full 
longitudinal X amplitude for such theory. Its form is independent 
on exact composition of the sector that cancels anomaly – only 
on the fact that anomaly-cancelling sector preserves SM gauge 
invariance.

One can confirm this by repeating the calculation with UV complete 
theory, where the result ( Mµnr ) emerges from the dependence of 
triangular diagrams on masses of anomaly-cancelling fermions.

3

A point to note is that the experimental di�culties
of adding extra EWSB are not necessarily visible within
the SM + X EFT, for small enough gX . (For example,
shifts of the W and Z masses controlled by g2X could still
be much smaller than the accuracy of precision EW ob-
servables.) Consequently, there may be UV completions
without anomaly-cancelling fermions, which result in a
SM-breaking low-energy EFT, without introducing ex-
perimental problems. In particular, such theories could
make it possible to have an arbitrarily light or massless
X coupling to an ‘anomalous’ fermion current. While
the rest of this paper will work under the assumption of
a SM-preserving low-energy EFT (before SM Higgsing),
this caveat should be kept in mind.

For UV completions with heavy anomaly-cancelling
fermions, a slight complication is that the new ‘UV’ de-
grees of freedom do not necessarily have to be heavier
than all of the SM states. For example, in the case of a
vector coupled to the SM baryon number current, if we
assume that anomalies are cancelled by SM-vector-like
fermions, then collider constraints require that they have
masses >⇠ 90GeV [22]. If they are only slightly heavier
than this, then for external momenta around the scale
of the SM EW boson masses, the mass of the fermions
in the loop will have an e↵ect on anomalous XL ampli-
tudes. In the following, we will assume that new states
contributing to the anomaly are heavy enough that such
momentum dependence can ignored, except where oth-
erwise stated.

Within the SM + X EFT, and assuming no additional
EWSB from the WZ terms, X must have a ‘Stuckel-
berg’ mass. That is, it cannot obtain all of its mass
from a SM-singlet VEV at low energy, since the chiral
anomalies break the U(1)X symmetry, and contribute
to its mass [23]. Within the UV-complete models, this
anomaly-induced mass will also be proportional to vX ,
which is the VEV that makes the anomaly-cancelling
fermions heavy. This ’would-be-anomalous’ mass contri-
bution is then a small loop correction to the main mass
term coming from the UV, mX ⇠ gXvX . This point ex-
tends to the other categories of vectors, coupling to non-
conserved SM currents, that we consider in later sections.
Throughout this paper, for simplicity, we assume for the
purposes of phenomenological calculations that there are
not additional light states coupling to X. Within the
SM + X EFT, the growth of amplitudes with energy
(as derived below) requires that the there are new states

at a scale <⇠ 4⇡mX

gX
/
⇣

3g2

16⇡2

⌘
. For small enough mX/gX ,

this scale will be small enough that our assumption of X
being the only relevant light BSM state in a given pro-

with masses dominantly coming from a SM-singlet VEV can re-
sult in WZ terms very di↵erent from the SM-preserving value
in the EFT. We do not come to the same conclusion, and sus-
pect that results of [21] come from ignoring the fermion-mass-
dependent parts of triangle diagrams, which we review in the
next section and in Appendxi C.

cess will not make sense. However, such large gX will
generally be constrained more directly.

C. Triangle diagram amplitudes

Using the regularisation scheme from Appendix C
that is symmetric between external legs, the longitudi-
nal XBB triangle amplitude is, summing over the SM
fermions in the loop,

�(p+ q)µMµ⌫⇢
SM =

AXBB

12⇡2
gXg02✏⌫⇢��p�q� , (3)

Mµ⌫⇢
SM ⌘

X

f

Xµ f

B⌫

p !

B⇢q !
,

where subscript is a label to indicate the amplitude that
came from loops of the SM fermions. As reviewed in Ap-
pendix C, since the SM fermions have vectorial couplings
to X, this amplitude does not depend on the masses of
the SM fermions.
The regularisation scheme being symmetric between

external legs means that we also have longitudinal B am-
plitudes, p⌫Mµ⌫⇢

SM = ABBX

12⇡2 gXg02✏µ⇢��p�q� etc (ignoring
the SM fermion masses). To get rid of these, and restore
the SM gauge symmetry within the SM + X EFT, we
need an explicit Wess-Zumino term, that will contribute
to the longitudinal amplitude in the following way,

L � ABBX

12⇡2
gXg02✏µ⌫⇢�XµB⌫@⇢B�,

�(p+ q)µMµ⌫⇢
WZ =

AXBB

6⇡2
gXg02✏⌫⇢��p�q�. (4)

Adding together the contributions from the WZ term and
from the SM fermion triangle diagrams and definining
total BBX amplitude Mµ⌫⇢ = Mµ⌫⇢

SM +Mµ⌫⇢
WZ , we obtain

�(p+ q)µMµ⌫⇢ =
ABBX

4⇡2
gXg02✏⌫⇢��p�q� ,

p⌫Mµ⌫⇢ = q⇢Mµ⌫⇢ = 0 (5)
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+ X

B

B

with the SM gauge symmetry now preserved.
The motivation for adopting a symmetric regularisa-

tion scheme is that it makes clear how this amplitude,
calculated within the SM + X EFT, relates to the cal-
culation within a UV theory. The simplest UV com-
pletion, as discussed above, cancels the anomalies by
introducing extra fermions which couple vectorially to
the SM gauge bosons, but axially to X. These obtain
heavy masses from a U(1)X -breaking, but SM-singlet,
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Non-decoupling of the longitudinal mode

§ In equivalent language, one can use a Stuckelberg substitution, 
Xµà × (gX/mX).

Previously obtained results are equivalent to the pseudoscalar
coupled to SM gauge bosons in the following way: 

There is no coupling to gg, but there are couplings to WW and Zg, 
which will result in serious phenomenological consequences

4

VEV. In this setup, the ‘anomalous’ contributions to
the XBB amplitude cancel between the new fermions
and the SM fermions, leaving only the fermion-mass-
dependent pieces. Since the SM fermions have vectorial
coupling to X, the mass dependence is only on the new
fermions, which have axial X couplings. The total longi-
tudinal amplitude is

� (p+ q)µMµ⌫⇢ =
1

2⇡2
✏⌫⇢��p�q�gXg02⇥ (6)
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where f runs over the new fermions, Yf is the hyper-
charge of f , Xf is the axial coupling of f to X, and the
mass-dependent ‘scalar integral’ [17] term is
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For m2
f � p2, q2, p · q we have, I00 ⇠ �1/2m2

f .
Anomaly cancellation in the UV requires that
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Hence, if the masses of the heavy fermions are
much greater than the external momenta, so that
I00(mf , p, q) ⇠ �1/(2m2

f ), then the total amplitude in
equation 7 is

�(p+ q)µMµ⌫⇢ ' 1

2⇡2
✏⌫⇢��p�q�gXg02

AXBB

2
(10)

giving the same result as the EFT calculation (equa-
tion 5). Equation 7 also illustrates how integrating out
the heavy fermions gives the WZ term from equation 4,
and how there will be ⇠ p/mf etc. corrections, corre-
sponding to higher-dimensional operators within the ef-
fective theory.

The amplitudes for XWW triangles will have similar
behaviour, with g0 replaced by g. An additional feature
is that, since SU(2)L is non-abelian, there are anomalous
XWWW box diagrams, corresponding to the XWWW
part of the WZ term L � � A

12⇡2 gXg2✏µ⌫⇢�XµW
a
⌫ D⇢W

a
� .

These have an analogous story of fermion mass depen-
dence in the UV theory.

D. Axion-like behaviour

By the usual Goldstone boson equivalence arguments,
the 1/mX -enhanced parts of amplitudes involving longi-
tudinal X are ' those for the corresponding Goldstone
(pseudo)scalar, '. Stated more precisely, we can take the
limit mX ! 0, gX ! 0 with f ⌘ mX/gX held constant,
decoupling the transverse X modes. Then, making the

substitution gXXµ 7! 1
f @µ' gives the same amplitudes

in the X and ' theories. For finite mX , they will be
equal up to O(mX/E), where E is some scale associ-
ated with the process. In particular, this equivalence will
work rather accurately for the production of X particles
in high Q2 collisions, or in the decays of particles with
large mass. On the contrary, it will not work well for the
decays of the X into lighter states.

In our case, the XL processes which are not suppressed
by mX all come from the anomalous couplings. In the '
theory, we can integrate by parts to write these couplings
as
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f
(g2W aW̃ a � g02BB̃) =
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�ieg2F̃µ⌫(W+
µ W�
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µ ) + . . .
⌘

(11)

where we have suppressed indices, and the dots cor-
respond to further terms of the form AW+W� and
ZW+W�.2 It is easy to see that energy-enhanced XL
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gitudinal emission processes involving sub-EW-scale mo-
menta are suppressed. Consequently, the relatively most
important e↵ects of the anomalous couplings arise either
in high-energy collisions — for example, on-shell Z decay
at LEP— or in virtual processes which can be dominated
by large loop momenta, such as rare meson decays.
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Axion-like behaviour: By the usual Goldstone bo-
son equivalence arguments, the 1/m
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-enhanced parts
of amplitudes involving longitudinal X are approxi-
mately equal to those for the corresponding Goldstone
(pseudo)scalar, '. In our case, the processes which are
not suppressed by m
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all come from the anomalous cou-
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Since there is no two-photon anomalous coupling, lon-
gitudinal emission processes involving sub-EW-scale mo-
menta are suppressed. Consequently, the relatively most
important e↵ects of the anomalous couplings arise either
in high-energy collisions — for example, on-shell Z decay
at LEP— or in virtual processes which can be dominated
by large loop momenta, such as rare meson decays.
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If X decays invisibly, then LEP searches for single pho-
tons at half the Z energy [30, 31] limit this branching
ratio to be <⇠ 10�6. The bounds for SM decays of X

are less stringent [32–34], though the large number of
Z bosons produced at hadron colliders should allow en-
hanced sensitivity to rare Z decays, as we discuss later.

FCNCs: The couplings of X to quarks, and the
anomalous XWW coupling, lead to flavour changing
neutral current (FCNC) interactions between quarks.
These e↵ects can be summarised by integrating out EW-
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of pentagon anomalies for an abelian vector [29]

scale states to obtain an e↵ective interaction,

L � g

XdidjXµ

d̄

j

�

µP
L

d

i

+ h.c.+ . . . (9)

d

i

d

j

X

u/c/t

W

W

= +

where we have taken a down-type FCNC for illustra-
tion, and have omitted other, higher-loop-order diagrams
(as well as X emission from external quark legs). The
solid XWW vertex indicates the sum of WZ terms and
fermion triangles (within a UV theory, it would simply
be the sum over triangles). If X is coupled to a fully-
conserved current, then g

Xdidj = 0, and the e↵ective in-
teraction is higher-dimensional; if X is coupled to a tree-
level conserved current (as we consider here), then only
the anomalous XWW coupling contributes to g
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In the calculation of g

didjX , while each individual di-
agram is divergent, these divergences cancel in the sum
over virtual quark generations, by CKM unitarity. As
a result, the integral is dominated by momenta ⇠ m
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and higher-dimensional couplings suppressed by the cut-
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where
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Compared to these e↵ective FCNC vertices, other e↵ec-
tive flavour-changing operators are higher-dimensional,
and so are suppressed by more powers of g

X

/m

X

and/or
1/m2

W

. Thus, despite equation 10 representing a 2-loop
contribution (within the UV theory), it is able to dom-
inate over 1-loop d
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X processes. For example, in the
B ! KX decay, we have
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which, for m

X

light enough to be emitted in the de-
cay, is � 1.3 Competing SM FCNC processes are also

3

The / m2

X (rather than / mX) relative suppression of 1-loop

emission comes from angular momentum conservation in the

pseudoscalar ! pseudoscalar + vector decay; for B ! K⇤X
decays, we would have M2�loop/M1�loop / m2

t /(mXmb) in-

stead.
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Z à g X decay 

§ At one loop, Z boson will decay to g X final state, and the 
emission of longitudinal scalar is mZ

2/mX
2 enhanced. (A=3/2 for 

the baryonic X). 

This corresponds to 

§ One can use previous LEP measurements for Zà gamma + 
invisible, as well as Tevatron Zà gamma + pi0. 

§ LHC will have huge sensitivity through studies of l-l+g final 
states. 
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Axion-like behaviour: By the usual Goldstone bo-
son equivalence arguments, the 1/m

X

-enhanced parts
of amplitudes involving longitudinal X are approxi-
mately equal to those for the corresponding Goldstone
(pseudo)scalar, '. In our case, the processes which are
not suppressed by m
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all come from the anomalous cou-
plings computed above. In the ' theory, we can integrate
by parts to write the interactions within the low-energy
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Since there is no two-photon anomalous coupling, lon-
gitudinal emission processes involving sub-EW-scale mo-
menta are suppressed. Consequently, the relatively most
important e↵ects of the anomalous couplings arise either
in high-energy collisions — for example, on-shell Z decay
at LEP— or in virtual processes which can be dominated
by large loop momenta, such as rare meson decays.
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< m

Z
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pling in (6) gives rise to Z ! �X decays, with width
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If X decays invisibly, then LEP searches for single pho-
tons at half the Z energy [30, 31] limit this branching
ratio to be <⇠ 10�6. The bounds for SM decays of X

are less stringent [32–34], though the large number of
Z bosons produced at hadron colliders should allow en-
hanced sensitivity to rare Z decays, as we discuss later.

FCNCs: The couplings of X to quarks, and the
anomalous XWW coupling, lead to flavour changing
neutral current (FCNC) interactions between quarks.
These e↵ects can be summarised by integrating out EW-
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where we have taken a down-type FCNC for illustra-
tion, and have omitted other, higher-loop-order diagrams
(as well as X emission from external quark legs). The
solid XWW vertex indicates the sum of WZ terms and
fermion triangles (within a UV theory, it would simply
be the sum over triangles). If X is coupled to a fully-
conserved current, then g

Xdidj = 0, and the e↵ective in-
teraction is higher-dimensional; if X is coupled to a tree-
level conserved current (as we consider here), then only
the anomalous XWW coupling contributes to g

Xdidj .
In the calculation of g

didjX , while each individual di-
agram is divergent, these divergences cancel in the sum
over virtual quark generations, by CKM unitarity. As
a result, the integral is dominated by momenta ⇠ m

t

,
and higher-dimensional couplings suppressed by the cut-
o↵ scale will give sub-leading contributions (in the UV
theory, the masses of the UV fermions in triangles will
be much larger than the external momenta of these tri-
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Compared to these e↵ective FCNC vertices, other e↵ec-
tive flavour-changing operators are higher-dimensional,
and so are suppressed by more powers of g
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. Thus, despite equation 10 representing a 2-loop
contribution (within the UV theory), it is able to dom-
inate over 1-loop d
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X processes. For example, in the
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cay, is � 1.3 Competing SM FCNC processes are also
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The / m2
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Axion-like behaviour: By the usual Goldstone bo-
son equivalence arguments, the 1/m

X

-enhanced parts
of amplitudes involving longitudinal X are approxi-
mately equal to those for the corresponding Goldstone
(pseudo)scalar, '. In our case, the processes which are
not suppressed by m

X

all come from the anomalous cou-
plings computed above. In the ' theory, we can integrate
by parts to write the interactions within the low-energy
theory as
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Since there is no two-photon anomalous coupling, lon-
gitudinal emission processes involving sub-EW-scale mo-
menta are suppressed. Consequently, the relatively most
important e↵ects of the anomalous couplings arise either
in high-energy collisions — for example, on-shell Z decay
at LEP— or in virtual processes which can be dominated
by large loop momenta, such as rare meson decays.
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, then the 'ZF̃ cou-
pling in (6) gives rise to Z ! �X decays, with width

�
Z!�X

' A2

384⇡5

g

2

X

g

2

g

02 m
3

Z

m

2

X

(7)

corresponding to a branching ratio

�
Z!�X

�
Z

' 10�7A2

✓
TeV

m

X

/g

X

◆
2

(8)

If X decays invisibly, then LEP searches for single pho-
tons at half the Z energy [30, 31] limit this branching
ratio to be <⇠ 10�6. The bounds for SM decays of X

are less stringent [32–34], though the large number of
Z bosons produced at hadron colliders should allow en-
hanced sensitivity to rare Z decays, as we discuss later.

FCNCs: The couplings of X to quarks, and the
anomalous XWW coupling, lead to flavour changing
neutral current (FCNC) interactions between quarks.
These e↵ects can be summarised by integrating out EW-
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where we have taken a down-type FCNC for illustra-
tion, and have omitted other, higher-loop-order diagrams
(as well as X emission from external quark legs). The
solid XWW vertex indicates the sum of WZ terms and
fermion triangles (within a UV theory, it would simply
be the sum over triangles). If X is coupled to a fully-
conserved current, then g

Xdidj = 0, and the e↵ective in-
teraction is higher-dimensional; if X is coupled to a tree-
level conserved current (as we consider here), then only
the anomalous XWW coupling contributes to g

Xdidj .
In the calculation of g

didjX , while each individual di-
agram is divergent, these divergences cancel in the sum
over virtual quark generations, by CKM unitarity. As
a result, the integral is dominated by momenta ⇠ m
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,
and higher-dimensional couplings suppressed by the cut-
o↵ scale will give sub-leading contributions (in the UV
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be much larger than the external momenta of these tri-
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Compared to these e↵ective FCNC vertices, other e↵ec-
tive flavour-changing operators are higher-dimensional,
and so are suppressed by more powers of g
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and/or
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. Thus, despite equation 10 representing a 2-loop
contribution (within the UV theory), it is able to dom-
inate over 1-loop d
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X processes. For example, in the
B ! KX decay, we have
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which, for m
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light enough to be emitted in the de-
cay, is � 1.3 Competing SM FCNC processes are also
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The / m2

X (rather than / mX) relative suppression of 1-loop

emission comes from angular momentum conservation in the

pseudoscalar ! pseudoscalar + vector decay; for B ! K⇤X
decays, we would have M2�loop/M1�loop / m2

t /(mXmb) in-

stead.
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FCNC amplitudes at two loop

§ Anomalous [two-loop] contributions to FCNC amplitudes are 
important

§ As anticipated, m2
top enhancement is there.

3

Axion-like behaviour: By the usual Goldstone bo-
son equivalence arguments, the 1/m
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-enhanced parts
of amplitudes involving longitudinal X are approxi-
mately equal to those for the corresponding Goldstone
(pseudo)scalar, '. In our case, the processes which are
not suppressed by m
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all come from the anomalous cou-
plings computed above. In the ' theory, we can integrate
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Since there is no two-photon anomalous coupling, lon-
gitudinal emission processes involving sub-EW-scale mo-
menta are suppressed. Consequently, the relatively most
important e↵ects of the anomalous couplings arise either
in high-energy collisions — for example, on-shell Z decay
at LEP— or in virtual processes which can be dominated
by large loop momenta, such as rare meson decays.
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If X decays invisibly, then LEP searches for single pho-
tons at half the Z energy [30, 31] limit this branching
ratio to be <⇠ 10�6. The bounds for SM decays of X

are less stringent [32–34], though the large number of
Z bosons produced at hadron colliders should allow en-
hanced sensitivity to rare Z decays, as we discuss later.

FCNCs: The couplings of X to quarks, and the
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where we have taken a down-type FCNC for illustra-
tion, and have omitted other, higher-loop-order diagrams
(as well as X emission from external quark legs). The
solid XWW vertex indicates the sum of WZ terms and
fermion triangles (within a UV theory, it would simply
be the sum over triangles). If X is coupled to a fully-
conserved current, then g

Xdidj = 0, and the e↵ective in-
teraction is higher-dimensional; if X is coupled to a tree-
level conserved current (as we consider here), then only
the anomalous XWW coupling contributes to g
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In the calculation of g
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Axion-like behaviour: By the usual Goldstone bo-
son equivalence arguments, the 1/m
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-enhanced parts
of amplitudes involving longitudinal X are approxi-
mately equal to those for the corresponding Goldstone
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Since there is no two-photon anomalous coupling, lon-
gitudinal emission processes involving sub-EW-scale mo-
menta are suppressed. Consequently, the relatively most
important e↵ects of the anomalous couplings arise either
in high-energy collisions — for example, on-shell Z decay
at LEP— or in virtual processes which can be dominated
by large loop momenta, such as rare meson decays.

Z ! �X decays: If m
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, then the 'ZF̃ cou-
pling in (6) gives rise to Z ! �X decays, with width
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If X decays invisibly, then LEP searches for single pho-
tons at half the Z energy [30, 31] limit this branching
ratio to be <⇠ 10�6. The bounds for SM decays of X

are less stringent [32–34], though the large number of
Z bosons produced at hadron colliders should allow en-
hanced sensitivity to rare Z decays, as we discuss later.

FCNCs: The couplings of X to quarks, and the
anomalous XWW coupling, lead to flavour changing
neutral current (FCNC) interactions between quarks.
These e↵ects can be summarised by integrating out EW-

2

the WWWW terms from Wa
µ⌫(

˜Wa
)

µ⌫
cancel, reflecting the lack

of pentagon anomalies for an abelian vector [29]

scale states to obtain an e↵ective interaction,
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where we have taken a down-type FCNC for illustra-
tion, and have omitted other, higher-loop-order diagrams
(as well as X emission from external quark legs). The
solid XWW vertex indicates the sum of WZ terms and
fermion triangles (within a UV theory, it would simply
be the sum over triangles). If X is coupled to a fully-
conserved current, then g

Xdidj = 0, and the e↵ective in-
teraction is higher-dimensional; if X is coupled to a tree-
level conserved current (as we consider here), then only
the anomalous XWW coupling contributes to g

Xdidj .
In the calculation of g

didjX , while each individual di-
agram is divergent, these divergences cancel in the sum
over virtual quark generations, by CKM unitarity. As
a result, the integral is dominated by momenta ⇠ m

t

,
and higher-dimensional couplings suppressed by the cut-
o↵ scale will give sub-leading contributions (in the UV
theory, the masses of the UV fermions in triangles will
be much larger than the external momenta of these tri-
angles). The coe�cient of the e↵ective vertex is
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where

F (x) ⌘ x(1 + x(log x� 1))

(1� x)2
' x (for x ⌧ 1) (11)

Compared to these e↵ective FCNC vertices, other e↵ec-
tive flavour-changing operators are higher-dimensional,
and so are suppressed by more powers of g

X

/m

X

and/or
1/m2

W

. Thus, despite equation 10 representing a 2-loop
contribution (within the UV theory), it is able to dom-
inate over 1-loop d

i

d

j

X processes. For example, in the
B ! KX decay, we have

M2�loop

/M1�loop / g

2

/(16⇡2)⇥ (m
t

/m

X

)2 (12)

which, for m

X

light enough to be emitted in the de-
cay, is � 1.3 Competing SM FCNC processes are also

3

The / m2

X (rather than / mX) relative suppression of 1-loop

emission comes from angular momentum conservation in the

pseudoscalar ! pseudoscalar + vector decay; for B ! K⇤X
decays, we would have M2�loop/M1�loop / m2

t /(mXmb) in-

stead.
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Comparison of one- and two-loop effects
§ I remind that 1-loop level the current is conserved, and so only 

derivative type operators, (b-s current)µ Xµn etc,  are induced 
(in the context of dark photon and 1-loop baryonic vector they 
were calculated in MP 2008, Batell et al 2014). There is no 
enhancement (only a suppression) of longitudinal X amplitude at 
one loop. 

§ For the BàKX decay, for example, 

This is >> 1. Neglecting one loop altogether, we calculate B and K 
decays to pX, KX, K*X etc final states. 
Exact signatures depend on what mX is. Low mass X decays through 
radiatively induced kinetic mixing. It also decays to p0g and 3p final 
states. 

4

VEV. In this setup, the ‘anomalous’ contributions to
the XBB amplitude cancel between the new fermions
and the SM fermions, leaving only the fermion-mass-
dependent pieces. Since the SM fermions have vectorial
coupling to X, the mass dependence is only on the new
fermions, which have axial X couplings. The total longi-
tudinal amplitude is
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where f runs over the new fermions, Yf is the hyper-
charge of f , Xf is the axial coupling of f to X, and the
mass-dependent ‘scalar integral’ [17] term is
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For m2
f � p2, q2, p · q we have, I00 ⇠ �1/2m2

f .
Anomaly cancellation in the UV requires that
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Hence, if the masses of the heavy fermions are
much greater than the external momenta, so that
I00(mf , p, q) ⇠ �1/(2m2

f ), then the total amplitude in
equation 7 is

�(p+ q)µMµ⌫⇢ ' 1
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giving the same result as the EFT calculation (equa-
tion 5). Equation 7 also illustrates how integrating out
the heavy fermions gives the WZ term from equation 4,
and how there will be ⇠ p/mf etc. corrections, corre-
sponding to higher-dimensional operators within the ef-
fective theory.

The amplitudes for XWW triangles will have similar
behaviour, with g0 replaced by g. An additional feature
is that, since SU(2)L is non-abelian, there are anomalous
XWWW box diagrams, corresponding to the XWWW
part of the WZ term L � � A

12⇡2 gXg2✏µ⌫⇢�XµW
a
⌫ D⇢W

a
� .

These have an analogous story of fermion mass depen-
dence in the UV theory.

D. Axion-like behaviour

By the usual Goldstone boson equivalence arguments,
the 1/mX -enhanced parts of amplitudes involving longi-
tudinal X are ' those for the corresponding Goldstone
(pseudo)scalar, '. Stated more precisely, we can take the
limit mX ! 0, gX ! 0 with f ⌘ mX/gX held constant,
decoupling the transverse X modes. Then, making the

substitution gXXµ 7! 1
f @µ' gives the same amplitudes

in the X and ' theories. For finite mX , they will be
equal up to O(mX/E), where E is some scale associ-
ated with the process. In particular, this equivalence will
work rather accurately for the production of X particles
in high Q2 collisions, or in the decays of particles with
large mass. On the contrary, it will not work well for the
decays of the X into lighter states.

In our case, the XL processes which are not suppressed
by mX all come from the anomalous couplings. In the '
theory, we can integrate by parts to write these couplings
as

AXBB
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where we have suppressed indices, and the dots cor-
respond to further terms of the form AW+W� and
ZW+W�.2 It is easy to see that energy-enhanced XL

emission processes will have the same leading rate as the
emission of an axion-like-particle (ALP) with these SM
gauge boson couplings. This means that we can use the
same processes that are used to search for light ALPs to
look for X.

Calculationally, we can include the loop-induced 1/m2
X

enhanced XL emission e↵ects in a tree-level calculation
by including the e↵ective term in the Lagrangian

AXBB

8⇡2
gX✏µ⌫⇢�Xµ
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g02B⌫@⇢B� � g2W a

⌫ D⇢W
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(12)

that reproduces (5). This Lagrangian will apply to sit-
uations when XL emission is enhanced, and the en-
ergy/momenta of external legs are small compared to
the heavy anomaly-cancelling physics that has been inte-
grated out. In the symmetric regularisation scheme 2/3
of this term comes from the UV-derived WZ term, and
1/3 from the anomalous SM fermion loops.

Since there is no two-photon anomalous coupling, lon-
gitudinal emission processes involving sub-EW-scale mo-
menta are suppressed. Consequently, the relatively most
important e↵ects of the anomalous couplings arise either
in high-energy collisions — for example, on-shell Z decay
at LEP— or in virtual processes which can be dominated
by large loop momenta, such as rare meson decays.

2 the WWWW terms from Wa
µ⌫(W̃

a)µ⌫ cancel, reflecting the lack
of pentagon anomalies for an abelian vector [24]
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Since there is no two-photon anomalous coupling, lon-
gitudinal emission processes involving sub-EW-scale mo-
menta are suppressed. Consequently, the relatively most
important e↵ects of the anomalous couplings arise either
in high-energy collisions — for example, on-shell Z decay
at LEP— or in virtual processes which can be dominated
by large loop momenta, such as rare meson decays.
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, then the 'ZF̃ cou-
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If X decays invisibly, then LEP searches for single pho-
tons at half the Z energy [30, 31] limit this branching
ratio to be <⇠ 10�6. The bounds for SM decays of X

are less stringent [32–34], though the large number of
Z bosons produced at hadron colliders should allow en-
hanced sensitivity to rare Z decays, as we discuss later.

FCNCs: The couplings of X to quarks, and the
anomalous XWW coupling, lead to flavour changing
neutral current (FCNC) interactions between quarks.
These e↵ects can be summarised by integrating out EW-
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the WWWW terms from Wa
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˜Wa
)

µ⌫
cancel, reflecting the lack

of pentagon anomalies for an abelian vector [29]
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where we have taken a down-type FCNC for illustra-
tion, and have omitted other, higher-loop-order diagrams
(as well as X emission from external quark legs). The
solid XWW vertex indicates the sum of WZ terms and
fermion triangles (within a UV theory, it would simply
be the sum over triangles). If X is coupled to a fully-
conserved current, then g

Xdidj = 0, and the e↵ective in-
teraction is higher-dimensional; if X is coupled to a tree-
level conserved current (as we consider here), then only
the anomalous XWW coupling contributes to g

Xdidj .
In the calculation of g

didjX , while each individual di-
agram is divergent, these divergences cancel in the sum
over virtual quark generations, by CKM unitarity. As
a result, the integral is dominated by momenta ⇠ m

t

,
and higher-dimensional couplings suppressed by the cut-
o↵ scale will give sub-leading contributions (in the UV
theory, the masses of the UV fermions in triangles will
be much larger than the external momenta of these tri-
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Compared to these e↵ective FCNC vertices, other e↵ec-
tive flavour-changing operators are higher-dimensional,
and so are suppressed by more powers of g
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. Thus, despite equation 10 representing a 2-loop
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X processes. For example, in the
B ! KX decay, we have
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which, for m
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light enough to be emitted in the de-
cay, is � 1.3 Competing SM FCNC processes are also
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The / m2

X (rather than / mX) relative suppression of 1-loop

emission comes from angular momentum conservation in the

pseudoscalar ! pseudoscalar + vector decay; for B ! K⇤X
decays, we would have M2�loop/M1�loop / m2

t /(mXmb) in-

stead.
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Resulting constraints on gauged 
baryon number

§ No additional Xà invisible channels.

§ Constraints can be improved via additional studies at LHC, B-
factories, and new experiments like SHiP. 
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Resulting constraints on gauged 
baryon number

§ With additional Xà invisible channels.

§ The baryonic force in this case is limited to be below weak 
interaction strength, (gX

2/mX
2) < GF. 
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Future searches, LHC
§ To be provocative, I’d say that the LHC may quickly become 

“intensity frontier machine”, as energy will remain the same, 
while dataset will be increased by at least ×10, and may be almost 
100. 

§ Billions of weak gauge bosons will be observed. Time to do the 
rare decays of the Z.

§ 7 TeV CMS analysis of
Z à mu mu gamma

§ Channels such as lepton pairs + gamma, jets + gamma, exclusive 
hadronic states (e.g. 3p + gamma) will have impact on Zà g X 
final state constraints.
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Figure 6: Distributions of the dimuon mass Mµµ (left) and the three-body mass
Mµµg (right). The dots with error bars represent the data, and the shaded bands represent
the POWHEG+PYTHIA prediction. The central panels display the ratio of data to the MC expec-
tation. The lower panels show the standard deviations of the measurements with respect to the
calculation. A bin-centering procedure has been applied.
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Sensitivity to a light Higgs-mixed 
scalar

Example: new particle admixed with a Higgs.

After (Higgs Field = vev + fluctuation h), the actual Higgs boson 
mixes with S. 

Mixing angle:

The model is technically natural as long as A not much larger than mS
Low energy:  new particle with Higgs couplings multiplied by q

New effects in Kaon and B-decays. Constraint: (mixing angle)2 < 
2×10-7, in the technically natural range of mixings. Above the di-
muon threshold the best constraints come from bump hunt, Bà
K(*)µµ performed by the LHCb. 
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scalar
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Compilation of constraints from G. Krnjaic 2015.

• NA62 and SHiP will improve sensitivity

NA62



Batell, Lange, McKeen, Pospelov, Ritz, 2016.

B-factory signal from the associated  t+t- + Scalar à t+t- µ+µ-

production will test the model below mS ~ 3.5GeV. Kaon decay studies 
are also warranted (K à µn l+l- including low mee)
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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 ⇥e� ⇥ me⇤⇤⇤/ev. On the right, the right-hand axis is A12 related
to ⇤⇤⇤ as in the text. The get the E137 and HPS regions, we just use the values taken from
the standard ⇥ vs. mV kinetic mixing plot.

E137

h⌃h�h�

Bs⌃⇧�⇧⇥

B�⌃K����⇥

perturbativity

tan ⌅⇤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
n⌅

Figure 2: Allowed regions of tan � and mh�
with ⇤⇤⇤ 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 ⌅ coupling
to the non-SM-like heavy higgs. The beam dump experiment E137 limits mh�

� 50 MeV in
this case.
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“Effective” mixing angle for electrons

Scalar that interacts mostly with leptons. One can still 
“fix” the g-2 discrepancy with such scalar. 



Conclusions
§ 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 helpful in explaining a number 
of puzzles in particle physics and astrophysics.

§ Many searches have resulted in tight constraints on new vector 
particles, in particular ruling out dark photons as a “fix” for the   
g-2 discrepancy. 

§ Strong constraints on vectors that couple to anomalous currents 
follow from the Z decay and FCNC with K and B mesons, due to 
(weak scale / mX)2 enhancement. 

§ Dark scalars mixed through SM Higgs are best constrained by B 
and K decay studies. “Leptonic” scalar better be studied using t.  31


