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b→s penguin decays are an excellent place to search for low-mass hidden-
sector particles (e.g., anything that mixes with the Higgs sector).
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Figure 1: Feynman diagram for the decay B0! K⇤0�, with �! µ+µ�.

range 2 < ⌘ < 5, designed for the study of particles containing b or c quarks [22, 23]. The44

trigger consists of a hardware stage, based on information from the calorimeter and muon45

systems, followed by a software stage, which applies a full event reconstruction [24]. The46

selection of B0! K⇤0� candidates in the software trigger requires the presence of a vertex47

identified by a multivariate algorithm [25] as consistent with the decay of a b hadron.48

Alternatively, candidates may be selected based on the presence of a displaced dimuon49

vertex, or the presence of a muon with large transverse momentum (pT) and large impact50

parameter (IP), defined as the minimum track distance with respect to any pp-interaction51

vertex (PV). Only tracks with segments reconstructed in the first charged-particle detector,52

which surrounds the interaction region and is about 1m in length [26], can satisfy these53

trigger requirements; therefore, the � boson is required to decay within this detector.54

Simulated events are used to define the event selection, and to determine the e�-55

ciency to trigger, reconstruct and select B0 ! K⇤0� decays. Simulated pp collisions56

are generated using Pythia [27] with an LHCb configuration [28]. Decays of hadronic57

particles are described by EvtGen [29], in which final-state radiation is generated using58

Photos [30]. The interaction of the generated particles with the detector, and its response,59

are implemented using the Geant4 toolkit [31] as described in Ref. [32].60

A search is conducted, following Ref. [33], by scanning the m(µ+µ�) distribution for an61

excess of � signal candidates over the expected background. All aspects of the search are62

fixed without examining the B0! K⇤0� candidates whose invariant mass is consistent with63

the known B0 mass [35]. The step sizes in m(�) are �[m(µ+µ�)]/2, where �[m(µ+µ�)] is64

the dimuon mass resolution. Signal candidates satisfy |m(µ+µ�)�m(�)| < 2�[m(µ+µ�)],65

while the background is estimated by interpolating the yields in the sidebands starting at66

3�[m(µ+µ�)] from m(�). After constraining [34] m(K+⇡�µ+µ�) to the known B0 mass,67

�[m(µ+µ�)] is less than 8MeV over the entire m(µ+µ�) range, and is as small as 2MeV68

near 2m(µ). The statistical test at each m(�) is based on the profile likelihood ratio of69

Poisson-process hypotheses with and without a signal contribution [36]. The uncertainty70

on the background interpolation is modeled by a Gaussian term in the likelihood (see71

Ref. [33] for details).72

The �! µ+µ� decay vertex is permitted, but not required, to be displaced from the73

2

Search for B→K*X, X→μμ by scanning m(μμ) and allowing (not requiring) 
non-zero τ(μμ). Strategy handles possible qq resonance contributions (MW 
[1503.04767]), and uses a novel “uniform BDT” (J.Stevens, MW [1305.7248]).

axion portal

|�iphys = cos ✓|�i+ sin ✓|Higgsi
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Figure 5: Exclusion regions at 95% CL: (left) constraints on the axion model of Ref. [20]; (right)
constraints on the inflaton model of Ref. [46]. The regions excluded by the theory [46] and by
the CHARM experiment [47] are also shown.

and inflaton fields, ✓, which exclude most of the previously allowed region.197

In summary, a search for the decay B0! K⇤0�, where � is a hidden-sector boson, is198

reported using 3.0 fb�1 of pp-collision data collected with the LHCb detector. No evidence199

for a signal is observed, and upper limits are placed on B(B0! K⇤0�)⇥ B(�! µ+µ�).200

This is the first dedicated search for a hidden-sector boson performed in a decay mediated201

by a b! s transition at leading order. Stringent constraints are placed on theories that202

predict the existence of additional scalar or axial-vector fields.203
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Figure 5: Exclusion regions at 95% CL: (left) constraints on the axion model of Ref. [20]; (right)
constraints on the inflaton model of Ref. [49]. The regions excluded by the theory [49] and by
the CHARM experiment [50] are also shown.

the sensitivity of this search. Constraints are placed on the mixing angle between the
Higgs and inflaton fields, ✓, which exclude most of the previously allowed region.

In summary, no evidence for a signal is observed, and upper limits are placed on
B(B0! K⇤0�)⇥ B(�! µ+µ�). This is the first dedicated search over a large mass range
for a hidden-sector boson in a decay mediated by a b! s transition at leading order, and
the most sensitive search to date over the entire accessible mass range. Stringent constraints
are placed on theories that predict the existence of additional scalar or axial-vector fields.

Acknowledgments

We express our gratitude to our colleagues in the CERN accelerator departments for
the excellent performance of the LHC. We thank the technical and administrative sta↵
at the LHCb institutes. We acknowledge support from CERN and from the national
agencies: CAPES, CNPq, FAPERJ and FINEP (Brazil); NSFC (China); CNRS/IN2P3
(France); BMBF, DFG, HGF and MPG (Germany); INFN (Italy); FOM and NWO (The
Netherlands); MNiSW and NCN (Poland); MEN/IFA (Romania); MinES and FANO
(Russia); MinECo (Spain); SNSF and SER (Switzerland); NASU (Ukraine); STFC (United
Kingdom); NSF (USA). The Tier1 computing centres are supported by IN2P3 (France),
KIT and BMBF (Germany), INFN (Italy), NWO and SURF (The Netherlands), PIC
(Spain), GridPP (United Kingdom). We are indebted to the communities behind the
multiple open source software packages on which we depend. We are also thankful for
the computing resources and the access to software R&D tools provided by Yandex LLC
(Russia). Individual groups or members have received support from EPLANET, Marie
Sk lodowska-Curie Actions and ERC (European Union), Conseil général de Haute-Savoie,
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axion portal

PeV 
scale!

Model-independent limits set. Can also look at constraints on specific models:

By far the strongest constraints on a scalar in the mass range 
2m(μ)<m<2m(tau) that mixes with the Higgs (SHiP will cover ~10-7-10-10). 

LHCb has also performed a similar search for Majorana neutrinos in B decays 
with same-sign muons [PRL 112 (2014) 131802].

We’ve already made important contributions -- what else can we do?



Dark Photons
The minimal dark photon scenario introduces a new U(1)’ gauge symmetry 
that is broken resulting in a massive vector A’ boson.

In the absence of any tree-level A’-SM coupling, the A’ picks up suppressed 
coupling to SM particles perturbatively by quantum effects.

A A’
X+

X-

ε ~ egD/16π2 ~ O(10-3)

A A’

ε ~ [egD/16π2]2 log(mGUT/mX) ~ O(10-5)

X

SM embedded in higher 
symmetry (e.g GUT)

A A’

4
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Dark Photons
✏2

⌘
↵
0 ↵

mA0 [GeV]

If it exists, the dark photon should kinetically mix with our photon. Dedicated 
worldwide effort to devise ways to search for dark photons.

Shaded: Existing bounds.
Lines: Proposed experiments.

N.b., existing bounds from 
supernovae go to 10-25. This plot 

truncated to (roughly) “naive 
interesting” region. Of course, nature 

may not be naive, and so beam 
dumps could be the best option.
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Dark Photons
The most experimentally favorable A’ decay mode is di-muon. The A’ rate can 
be inferred from the prompt Ɣ*→μμ rate making this a fully data-driven 
search at the LHC!

We estimated all contributions to 
the prompt di-muon spectrum for 
pT(μ) > 0.5 GeV, p(μ) > 10 GeV, 
and 2 < η(μ) < 5, to permit 
estimating the possible reach 
using A’→μμ at LHCb.

For concreteness, we considered 
only the 15/fb expected in Run 3 
(everything scales as √lumi).

“Mesons” and “DY/FSR” can 
produce A’, “BH” and “misID” 
cannot.

Ilten, Soreq, Thaler, MW, Xue 
[1603.08926]
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FIG. 2. Predicted reconstructed di-muon invariant mass spec-
trum with our prompt selection criteria applied after Run 3,
including the isolation criteria for mµµ > m�.

and we define two search regions based on the average `T
to the first tracking module (i.e. 6mm).

To estimate the reach for this A0 search using (9), we
need to know Bprompt(mµµ

) with the above selection cri-
teria applied. To our knowledge, LHCb has not pub-
lished such a spectrum, so we use Pythia 8.212 [65]
to simulate the various components of BEM.1 LHCb
has published measurements of � meson [68], charmo-
nium [69], bottomonium [70], and DY [71] production in
7 TeV pp collisions, and we find that Pythia accurately
reproduces these measurements. Therefore, we assume
that Pythia also adequately predicts their production at
14 TeV. The ALICE collaboration has published the low-
mass di-muon spectrum at

p
s = 7 TeV in a similar kine-

matic region as proposed for this search [56]. Within the
kinematic region used by ALICE, we find that Pythia
accurately describes the production of the ⌘(0) mesons,
but overestimates ! and ⇢ production by factor of two; we
therefore reduce the Pythia prediction for these mesons
to match the observed ALICE spectrum. We emphasize
that these Pythia modifications are made solely for il-
lustrative purposes in this Letter, and that the proposed
search strategy is fully data driven.

Including our selection criteria and modifications, the
prompt di-muon spectrum from Pythia is shown in

1
We caution the reader that the di-muon spectra published by

ATLAS [66] and CMS [67] do not impose prompt selection crite-

ria nor do they subtract fake di-muons. To estimate the reach at

those experiments, one would have to account for such e↵ects.

Fig. 2. The BEM background is dominated by meson
decays like ⌘ ! µ+µ�� at low invariant mass, and tran-
sitions to DY production pp ! �⇤ ! µ+µ� at larger
m

µµ

, with FSR being subdominant throughout. Note
the sharp change in the spectrum at m

µµ

= m
�

due
to the muon-isolation requirement. We also show in
Fig. 2 the expected non-EM background contamination
from BmisID and BBH. The misidentification background
is large and dominates for m

A

0 2 [1, 3] GeV, though
this is also the region where Pythia likely underesti-
mates di-muon production from excited meson decays
(e.g. ⇢(1450) ! µ+µ�) [57].

We also use Pythia to estimate backgrounds for the
displaced A0 searches, where the dominant contribution
comes from double semi-leptonic heavy-flavor decays of
the form b ! c µ±X followed by c ! µ⌥Y . Such decays
are highly suppressed by our consistent-decay-topology
requirements [57], but they still contribute at a large rate
because of the copious heavy-flavor production in high-
energy pp collisions. Semi-leptonic decays of charm and
beauty mesons, where one real muon and one fake muon
arise from the same secondary vertex, also contribute but
at a much lower rate. Decays of heavy-flavor hadrons
with two misID pions or with �⇤ ! µ+µ� are similarly
subdominant.

For the pre-module displaced region, we find ⇡ 104

background events per ±2�
mµµ mass bin. For the post-

module displaced region, relevant for long-lived dark pho-
tons with ⌧

A

0 � ⌧
D,B

, we estimate the background to
be ⇡ 25 candidates per mass bin by scaling the ob-
served combinatorial background in a published LHCb
K

S

! µ+µ� search [62] by the increase in luminosity
used in this analysis. In the post-module region, the
heavy-flavor background is on the order of few events
per bin, and the dominant contribution is from interac-
tions with the detector material. This contribution can
likely be reduced following a strategy similar to Ref. [48].

The estimated sensitivity of LHCb to inclusive A0 pro-
duction is shown in Fig. 1. For the prompt A0 search,
the measured di-muon spectrum will receive contamina-
tion from the signal process itself. To estimate S from
BEM, we use data in the neighboring sidebands and take
S/

p
Bprompt ⇡ 2 as a rough criterion for the exclusion

limit. This sideband method fails near narrow QCD reso-
nances, which would need a dedicated analysis. Figure 1
shows that for m

A

0 2 [2m
µ

,m
�

] one can probe ✏2 down
to 10�8–10�7 with the prompt search, improving on cur-
rent limits. The reach is limited at higher masses due
to BmisID, where the expected sensitivity is comparable
to the present bound. Going to higher masses where the
A0 production rate depends on model-dependent mixing
with the Z, LHCb can extend anticipated ATLAS and
CMS limits [45] for m

A

0 2 [10, 40] GeV.
For the displaced A0 search, the spectrum of A0 Lorentz

boost factors �
µµ

⌘ E
µµ

/m
µµ

can be inferred from
the prompt �⇤ ! `+`� spectrum in a given m

µµ

bin.
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Dark Photons
✏2

⌘
↵
0 ↵

mA0 [GeV]

Prompt search is a bump hunt.  Displaced has two regions: (pre-material) 
huge b→cμ(X),c→μ(Y) BKGD and (post-material) material interaction BKGD.

Inclusive A’ →μμ
Ilten, Soreq, Thaler, MW, Xue 

[1603.08926]

This is our prediction based on 
unofficial MC for Run 3. What 

about reality in Run 2?

N.b., also useful for searching for scalars 
[Haisch,Kamenik,1601.05110]
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New triggers produced for 2016 to do both the prompt and displaced di-muon 
searches (rely heavily on advances to the LHCb online system in Run 2). 

Prompt trigger 
output, no offline 
reconstruction!

In 2016, require pT(μ) > 1 GeV (instead of 0.5 GeV) due to limitations in the 
muon ID in the first software-trigger stage. Working to improve this for 2017. 
SM rate agrees with our prediction, which means that the potential A’ 
production rate does too. 8
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Dark Photons
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For the low-mass region, consider the decay D*0→D0A’(ee), which can 
potentially probe the region 2m(e) to ~142 MeV.  The SM decay D*0→D0Ɣ will 
occur within LHCb acceptance at almost 1 MHz in Run 3.

4

where the D

0 meson is a 1
2 (0

�) state [50]. As mentioned
above, D⇤0! D

0
e

+
e

� is the dominant background to the
pre-module displaced search as well as to the resonant
search. To our knowledge, this branching fraction has
not yet been measured; therefore, we will estimate the
rate for this decay using an operator analysis. This same
approach is used to determine the D

⇤0! D

0
A

0 rate.
To calculate these D

⇤0 ! D

0 transition amplitudes,
we must first determine the hD⇤0|Jµ

EM|D0i matrix ele-
ment. By parity, time reversal, and Lorentz invariance,
this transition dipole matrix element can be written in
the form

hD⇤0|Jµ

EM|D0i = µe↵(k
2) ✏µ↵��v

↵

k

�

✏

�

, (10)

where v

↵

is the four velocity of the D

⇤0 meson, k
�

is the
momentum flowing out of the current, and ✏

�

is the polar-
ization of the D

⇤0 meson. Here, µe↵ is a k-dependent ef-
fective dipole moment, whose value could be determined
using a simple quark model (see, e.g., Ref. [56]) or us-
ing a more sophisticated treatment with heavy meson
chiral perturbation theory (see, e.g., Ref. [57]). For our
purposes, we simply need to treat µe↵ as being roughly
constant over the range k2 2 [0,�m

2
D

], which is a reason-
able approximation given that �m

2
D

< ⇤2
QCD. (Indeed,

this relation is always satisfied in the heavy charm quark
limit, where �m

D

/ ⇤2
QCD/mc

.) The precise value of
µe↵ is irrelevant for our analysis since it cancels out when
taking ratios of partial widths.

Using Eq. (10), we estimate the decay rate for D

⇤0!
D

0
� within the SM and in the �m

D

⌧ m

D

limit to be

�(D⇤0! D

0
�) =

↵EM

3
µ

2
e↵�m

3
D

, (11)

where ↵EM = e

2
/4⇡. To calculate the D

⇤0 ! D

0
e

+
e

�

decay rate, the o↵-shell photon propagator must be in-
cluded. In the m

e

= 0 limit, the amplitude for this pro-
cess is

|M
D

⇤0
!D

0
e

+
e

� |2 = �2e4µ2
e↵

3


1� (k1 · v)2+(k2 · v)2

k1 · k2

�
,(12)

where k1 and k2 are the electron and positron momenta.
The ratio of partial widths is determined numerically to
be

�(D⇤0! D

0
e

+
e

�)

�(D⇤0! D

0
�)

= 6.4⇥ 10�3
. (13)

Since the dark photon also couples to J

µ

EM, we use
Eq. (10) to calculate the D

⇤0 ! D

0
A

0 decay rate. The
ratio of partial widths is

�(D⇤0! D

0
A

0)

�(D⇤0! D

0
�)

= ✏

2
⇣
1� m

2
A

0

�m

2
D

⌘3/2

, (14)

where we assume m

A

0
,�m

D

⌧ m

D

. This expression
has the expected kinetic-mixing and phase-space suppres-
sions. Since the D

⇤0 meson is treated as unpolarized in
Pythia, we ignore spin correlations in the subsequent
A

0! e

+
e

� decay.8

8 As a technical note, to generate D⇤0! D0A0 events, we reweight

C. Rare ⇡

0 Decays

To determine the D

⇤0 ! D

0
⇡

0(�A0) decay rate in
Eq. (4), we start by estimating the rate of the decay
⇡

0! �A

0 using the SM e↵ective Lagrangian

L =
↵EM

2⇡f
⇡

⇡

0
✏

µ⌫⇢�

F

µ⌫

F

⇢�

, (15)

where f

⇡

is the pion decay constant and the pion form
factor is ignored. The dark photon is accounted for by
making the replacement

F

µ⌫

! F

µ⌫

+ ✏F

0

µ⌫

, (16)

which leads to the ratio of partial widths

�(⇡0! �A

0)

�(⇡0 ! ��)
= 2✏2

✓
m

2
⇡

�m

2
A

0

m

2
⇡

◆3

. (17)

The same e↵ective Lagrangian can also be used for the
SM decay ⇡

0! �e

+
e

�. The amplitude is

|M
⇡

0
!�e

+
e

� |2 =
4↵3

EM

⇡f

2
⇡

m

2
�e

�

✓
m

4
⇡

0 + 2m4
�e

� +m

4
e

+
e

�

+ 2m2
�e

�m
2
e

+
e

� � 2m2
⇡

0(m2
�e

� +m

2
e

+
e

�)

◆
. (18)

The ratio of partial widths is obtained numerically to be

�(⇡0! �e

+
e

�)

�(⇡0! ��)
= 0.012, (19)

which agrees with the nominal value for this ratio [50].

D. Dark Photon Decays

Assuming the only allowed decay mode is A0! e

+
e

�,
the total width of the A

0 is

�
A

0 =
✏

2
↵EM

3
m

A

0

✓
1 + 2

m

2
e

m

2
A

0

◆s

1� 4
m

2
e

m

2
A

0
. (20)

In the lab frame, the mean flight distance of the dark
photon is approximately

`

A

0 ' 16mm
⇣
�boost

102

⌘✓
10�8

✏

2

◆✓
50 MeV

m

A

0

◆
, (21)

where �boost is the Lorentz boost factor. In Fig. 3 we
show some example spectra of A0 boost factors from sim-
ulated D

⇤0 ! D

0
A

0 decays, where both electrons are

a sample of D⇤0 ! D0� events from Pythia. In particular, we
implement D⇤0 ! D0A0 in the D⇤0 meson rest frame, boost to
match the D⇤0 kinematics from Pythia, and then boost the D0

decay products to account for the altered D0 momentum. A
similar strategy is employed for generating all other decays in
our study.
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FIG. 5. Distribution of me+e� with (solid, dashed) and
without (dotted) incorporating the D

⇤0 mass constraint for
mA0 = {10, 20, 50, 100}MeV. The solid curve shows better
performance than the dashed one because F-type D

0 candi-
dates have better momentum resolution than P-type ones.

IV. DISPLACED A

0 SEARCH (PRE-MODULE)

The A

0 typically has a large Lorentz boost factor, re-
sulting in the A

0 decay vertex being significantly dis-
placed from the pp collision for ✏

2 . 10�7. The com-
bined signature of a displaced D

0 decay vertex, a dis-
placed A

0 ! e

+
e

� vertex, m(D0
A

0) consistent with
m(D⇤0), and a consistent decay topology will result in
a nearly background-free search. This pre-module dis-
placed search is aimed at A

0 decay vertices that occur
within the beam vacuum upstream of the first VELO
module intersected by the A

0 trajectory.

A. Conversion and Misreconstruction Backgrounds

At LHCb, the first layer of material is the foil that sep-
arates the beam vacuum from the VELO vacuum. This
foil is corrugated to accommodate the VELO modules,
such that if the A

0 decays prior to the foil, it still ef-
fectively decays within the VELO tracking volume. The
average transverse distance that the A0 will travel before
hitting a VELO module is 6 mm [64], which, because
of the corrugated foil geometry, is roughly the average
transverse flight distance to the foil as well.

To e↵ectively eliminate backgrounds from � ! e

+
e

�

conversions in the foil, we require the A

0 decay vertex
to be reconstructed upstream of the foil. Furthermore,
each reconstructed electron must have an associated hit
in the first relevant VELO module given the location of

the reconstructed A

0 decay vertex. These hits are re-
quired to have at least one vacant VELO pixel between
them to avoid any charge-sharing issues, imposing an ef-
fective bu↵er distance between the A

0 decay vertex and
the foil:

D ⇡ 0.123mm

↵

e

+
e

�
, (25)

where ↵

e

+
e

� is the electron-positron opening angle. In
reality, the VELO pixels in Run 3 will be 55 ⇥ 55µm2

squares; the definition of D is based on treating the pix-
els as circles with 0.123mm being twice the e↵ective di-
ameter (the precise value used here has no impact on our
search). The pre-module A0 requirement can then be ap-
proximated by requiring the A0 transverse flight distance
to satisfy

`T < 6 mm�DT, DT = D sin ✓, (26)

where ✓ gives the A

0 flight direction. To remove A

0 tra-
jectories that first intersect the foil far from a module,
we require ⌘

A

0
> 2.6. We also impose ⌘

A

0
< 5 to avoid

possible contamination due to pp collisions that are not
properly reconstructed.10

Having suppressed conversion backgrounds, the dom-
inant background comes from prompt D

⇤0 ! D

0
e

+
e

�

events where the e

+
e

� vertex is misreconstructed as be-
ing displaced because of multiple scattering of the elec-
trons in the detector material. We estimate this back-
ground in a toy simulation of the Run 3 VELO, taking
scattering angle distributions from a Geant simulation
which includes non-Gaussian Molière scattering tails.11

Many of these fake A

0 vertices can be eliminated by re-
quiring a consistent decay topology, in particular that
the angle between ~p

A

0 and the vector formed from the pp
collision to the A

0 decay vertex is consistent with zero,
and the electrons travel within a consistent decay plane.

The remaining misreconstructed background events
have a consistent topology, so a cut on transverse flight
distance `T is required to ensure a significant displaced
A

0 vertex. To avoid fake displaced vertices from one
electron experiencing a large-angle scattering, we also re-
quire both the electron and positron to have a non-trivial
impact parameter (IP) with respect to the pp collision.
These requirements are summarized by

`T > n�

`T , IP
e

±
>

n

2
�IP, (27)

10 An A0 candidate may be accidentally formed from a prompt
e+e� pair produced in a pp collision if the event is not prop-
erly reconstructed. In particular, if a D0 meson is produced in
another pp collision upstream of that interaction point, the “dis-
placed” A0 would produce a consistent decay topology, albeit
with ⌘A0 ! 1.

11 It is likely that Geant overestimates the probability for large-
angle scatterings (see Ref. [70]). If so, our results are conserva-
tive, since these scattering tails e↵ectively define the reach for
the pre-module A0 search.

Ilten, Thaler, MW, Xue [1509.06765]

We required A’ decays before reaching 
material to suppress conversions.

A’Ɣ

Poor m(ee) resolution due to BREM can be greatly improved by performing a 
mass-constrained fit using known m(D*0) and well-measured D0. Cutting on 
m(D0ee) will suppress combinatorial BKGD. 
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Dark Photons
✏2

⌘
↵
0 ↵

mA0 [GeV]

Move to a triggerless detector readout in Run 3 will have a huge impact on 
low-mass BSM searches, including dark photons.

Inclusive A’ →μμ
Ilten, Soreq, Thaler, MW, Xue 

[1603.08926]

Radiative Charm Decays
Ilten, Thaler, MW, Xue 

[1509.06765]
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The D* mode is considerably more challenging than the di-muon search, and 
both the Run 2 hardware trigger and larger VELO RF foil material budget 
degrade the sensitivity of this search for Run 2.

A trigger was added in 2016 that can be used to look for D*→D0(Kπ)A’(ee) 
which can be used to perform a first search, and to produce more inclusive 
triggers for future running.
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A’Ɣ

Any SM process that can produce an off-shell gamma can also produce an 
A’, provided that Q2 = m(A’) is kinematically allowed in the SM process. 

There are many other potential channels we could use, though most require 
O(100/fb) of data, or don’t provide a way of improving the poor ee mass 
resolution. We have found a few possible candidates that may work in Run 2, 
and are investigating these now.
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4 Muons
A similar search involves looking for the decay of a particle (likely a scalar, or 
possibly a dark bound state) into a pair of new vector particles that then 
decay into leptons.

LHCb developed new triggers for this signature for 2016 with a muon pT 
threshold of 0.5 GeV (expect ~1.5/fb of this data this year).

V

V

X



N is expected to have a macroscopic lifetime, so LHCb can look for a pair of 
displaced hadron-μ (hμ) vertices consistent with a 2-body decay topology. 
New trigger added in July 2016 that requires a single hμ candidate with τ>1ps, 
can search for pair production offline (expect ~1/fb of this data this year).

14

RH Neutrinos

2

The scale of m⌫ is not measured directly, as neu-
trino oscillation experiments probe only the squared mass
splittings, �m2

⌫ . The actual values of m⌫ can vary from
massless (which is a viable option only for the lightest
mass eigenstate) to the upper bounds supplied by cos-
mology (m ⌫ . 0.23 eV) [12] and direct neutrino mass
searches, (m ⌫ e . 2 eV) [13]. For the heavier mass eigen-
states, a lower bound is given by the experimentally de-
termined squared mass splittings. For both the normal
and inverted hierarchy at least one mass eigenstate must
be heavier than

p
�(m2

⌫ )
atm ' 0.05 eV, giving a lower

bound on the mixing angle. From the see-saw relation in
Eq. (4), the expected value of the mixing angle is:

✓2s�s ⇠ 5 ⇥ 10�11 ⇥
✓

1 GeV

MN

◆
. (5)

This represents a well-motivated target for experimen-
tal searches for right-handed neutrinos. It must be em-
phasized, however, that more complicated mass genera-
tion schemes could produce significantly larger or smaller
✓s�s [14]2.

The mass of the heavy, sterile state MN is essentially
a free parameter of the model. Of particular interest to
us are masses that are kinematically accessible to cur-
rent experiments, MN . TeV; the RH neutrino can be
directly produced in SM interactions, but the production
rate scales like |✓|2. In this mass range, Eq. (5) suggests
that the RH neutrinos are produced in SM interactions
only very rarely, making the see-saw mechanism very dif-
ficult to test in direct experiments. Current sensitivity to
✓s�s only exists in the window of 1 MeV to a few hundred
MeV, in which ✓s�s is strongly disfavored by the combi-
nation of Big Bang Nucleosynthesis (BBN) and cosmic
microwave background (CMB) data [18].

The prospects for discovering RHNs satisfying Eq. (5)
are significantly improved if they can be produced
through interactions other than the mixing angle ✓. For
example, if the RHN and SM fields are both charged un-
der a new “dark force”, then N pairs can be produced
via this gauge interaction independently of the value of
✓ [19–25], as shown in Fig. 13. Indeed, this coupling of
N to the dark force is mandatory in the simplest gauge
extension of the SM, in which the SM is supplemented by
a new U(1)B�L local symmetry [28] with coupling g0 and
vector boson V ; anomaly cancelation requires the exten-
sion of the SM with three additional RHNs. Because g02

can exceed |✓|2 by many orders of magnitude, the new

2 In particular, MD and therefore ✓ are in fact complex matrices,
and a cancellation between real and imaginary parts can result
in ✓T✓ ⌧ ✓†✓; in other words, the mixing angles can be much
larger than näıvely expected by Eq. (5). This occurs in models
with approximate lepton number conservation [15, 16] such as
the inverse see-saw [17].

3 In other models, RHN can also be pair produced via a new scalar
[26] or singly produced via a new right-handed W boson [27].

V

q

q̄

N

1

N

FIG. 1: Production of right-handed neutrinos, N , via a new
gauge interaction at hadron colliders or proton beam dumps.

N

⇡±

µ⌥

N

⌫µ/µ

Z/W

FIG. 2: (Left): Right-handed neutrinos (N) decay via the
electroweak interactions due to mixing with LH neutrinos;
they also decay to the Higgs via Yukawa couplings (not
shown). (Right): At low masses, MN . GeV, the exclusive
hadronic decays of N , such as N ! ⇡±µ⌥, are relevant.

gauge interaction allows for the discovery of N even for
the tiny mixing angles predicted by Eq. (5).

Although N can be pair produced through new gauge
interactions at colliders and beam-dump experiments,
the RHNs can only decay through its tiny mixing with
SM neutrinos (see Fig. 2); consequently, the N width is
expected to be very small. For RHN masses within range
of current colliders, MN . 200 GeV, the decays of N oc-
cur on macroscopic distance scales for mixing angles con-
sistent with Eq. (5) [21, 23]. This gives rise to spectacular
signatures at accelerator experiments, such as displaced
vertices at the Large Hadron Collider (LHC) and visible
decays of N at the new planned SHiP facility [14, 29]. We
perform here a quantitative study of the possible long-
lived particle searches that have sensitivity to RHNs with
a new dark force4. In addition to enhancing the detection
prospects for RHN that would otherwise be out of reach
of direct experimental probes, the sensitivity of the LHC
and SHiP to long-lived particle signatures is su�ciently
good that the process pp ! V ! NN can serve as the
primary discovery mode of the new U(1) gauge interac-
tion. For concreteness, we focus on the well-motivated
case of a B � L gauge symmetry, but many of our con-
clusions can be carried over to other examples.

4 Displaced vertex searches have also been found to be useful in
discovering RHNs produced via mixing with LH neutrinos at the
LHC [30, 31] and future colliders [32, 33].
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phasized, however, that more complicated mass genera-
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�s�s [14]2.
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a free parameter of the model. Of particular interest to
us are masses that are kinematically accessible to cur-
rent experiments, M� . TeV; the RH neutrino can be
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�s�s only exists in the window of 1 MeV to a few hundred
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nation of Big Bang Nucleosynthesis (BBN) and cosmic
microwave background (CMB) data [18].

The prospects for discovering RHNs satisfying Eq. (5)
are significantly improved if they can be produced
through interactions other than the mixing angle �. For
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der a new “dark force”, then N pairs can be produced
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FIG. 1: Production of right-handed neutrinos, N , via a new
gauge interaction at hadron colliders or proton beam dumps.
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FIG. 2: (Left): Right-handed neutrinos (N) decay via the
electroweak interactions due to mixing with LH neutrinos;
they also decay to the Higgs via Yukawa couplings (not
shown). (Right): At low masses, MN . GeV, the exclusive
hadronic decays of N , such as N ! ⇡±µ⌥, are relevant.

gauge interaction allows for the discovery of N even for
the tiny mixing angles predicted by Eq. (5).

Although N can be pair produced through new gauge
interactions at colliders and beam-dump experiments,
the RHNs can only decay through its tiny mixing with
SM neutrinos (see Fig. 2); consequently, the N width is
expected to be very small. For RHN masses within range
of current colliders, M� . 200 GeV, the decays of N oc-
cur on macroscopic distance scales for mixing angles con-
sistent with Eq. (5) [21, 23]. This gives rise to spectacular
signatures at accelerator experiments, such as displaced
vertices at the Large Hadron Collider (LHC) and visible
decays of N at the new planned SHiP facility [14, 29]. We
perform here a quantitative study of the possible long-
lived particle searches that have sensitivity to RHNs with
a new dark force4. In addition to enhancing the detection
prospects for RHN that would otherwise be out of reach
of direct experimental probes, the sensitivity of the LHC
and SHiP to long-lived particle signatures is su�ciently
good that the process pp ! V ! NN can serve as the
primary discovery mode of the new U(1) gauge interac-
tion. For concreteness, we focus on the well-motivated
case of a B � L gauge symmetry, but many of our con-
clusions can be carried over to other examples.

4 D�������� ������ �������� ���� ���� ���� ����� �� �� ������ ��
����������g � � N� �������� ��� � ����g � ��� L� ��������� �� ���
L� � ���������� ������ ��������� ��������

(K±)

A new gauge (e.g. B-L) mediator (V) could be produced via pp →V then 
decay into a pair of right-handed neutrinos. At low mass, the N will often 
decay into a muon and a hadron (pion or kaon).

Batell, Pospelov, Shuve [1604.06099]



Summary

LHCb has unique capabilities that make it uniquely sensitive 
to certain classes of dark-sector models.
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We propose an inclusive search for dark photons A0 at the LHCb experiment based on both
prompt and displaced di-muon resonances. Because the couplings of the dark photon are inherited
from the photon via kinetic mixing, the dark photon A0 ! µ+µ� rate can be directly inferred
from the o↵-shell photon �⇤ ! µ+µ� rate, making this a fully data-driven search. For Run 3 of
the LHC, we estimate that LHCb will have sensitivity to large regions of the unexplored dark-
photon parameter space, especially in the 210–520 MeV and 10–40 GeV mass ranges. This search
leverages the excellent invariant-mass and vertex resolution of LHCb, along with its unique particle-
identification and real-time data-analysis capabilities.

Dark matter—firmly established through its interac-
tions with gravity—remains an enigma. Though there
are increasingly stringent constraints on direct couplings
between visible matter and dark matter, little is known
about the dynamics within the dark sector itself. An
intriguing possibility is that dark matter might interact
via a new dark force, felt only feebly by standard model
(SM) particles. This has motivated a worldwide e↵ort
to search for dark forces and other portals between the
visible and dark sectors (see [1] for a review).

A particularly compelling dark-force scenario is that
of a dark photon A0 which has small SM couplings via
kinetic mixing with the ordinary photon through the op-
erator ✏

2F
0

µ⌫

Fµ⌫ [2–7]. Previous beam dump [7–21], fixed
target [22–24], collider [25–27], and rare meson decay
[28–37] experiments have already played a crucial role
in constraining the dark photon mass m

A

0 and kinetic-
mixing strength ✏2. Large regions of the m

A

0–✏2 plane,
however, are still unexplored (see Fig. 1). Looking to
the future, a wide variety of innovative experiments have
been proposed to further probe the dark photon param-
eter space [38–48], though new ideas are needed to test
m

A

0 > 2m
µ

and ✏2 2 [10�7, 10�11].
In this Letter, we propose a search for dark photons

via the decay

A0 ! µ+µ� , (1)

at the LHCb experiment during LHC Run 3 (sched-
uled for 2021–2023). The potential of LHCb to discover
dark photons was recently emphasized in [48], which
exploits the exclusive charm decay mode D⇤ ! D0A0

with A0 ! e+e�. Here, we consider an inclusive ap-
proach where the production mode of A0 need not be
specified. An important feature of this search is that it
can be made fully data driven, since the A0 signal rate
can be inferred from measurements of the SM prompt
µ+µ� spectrum. The excellent invariant-mass and vertex
resolution of the LHCb detector, along with its unique
particle-identification and real-time data-analysis capa-
bilities [50, 51], make it highly sensitive to A0 ! µ+µ�.
We derive the LHCb sensitivity for both prompt and dis-

placed A0 decays, and show that LHCb can probe other-
wise inaccessible regions of the m

A

0–✏2 plane.
The A0 is a hypothetical massive spin-1 particle that,

after electroweak symmetry breaking and diagonalizing
the gauge kinetic terms, has a suppressed coupling to
the electromagnetic (EM) current Jµ

EM [2–7]:

L
�A

0 �� 1

4
F 0

µ⌫

F 0µ⌫ +
1

2
m2

A

0A0µA0

µ

+ ✏ eA0

µ

Jµ

EM . (2)

There is also a model-dependent coupling to the weak Z
current (see e.g. [52]), which appears at O(m2

A

0/m2
Z

). We
provide nearly model-independent sensitivity estimates
for the mass range m

A

0 . 10 GeV by ignoring the cou-
pling to the Z. We include model-dependent Z-mixing
e↵ects for m

A

0 & 10 GeV, adopting the parameters of
[53, 54].
The partial widths of A0 to SM leptons are

�
A

0
!`

+
`

� = ✏

2
↵EM
3 m

A

0

⇣
1 + 2 m

2
`

m

2
A0

⌘r
1� 4 m

2
`

m

2
A0

, (3)

where ` = e, µ, ⌧ and m
A

0 > 2m
`

. Because the A0

couples to Jµ

EM, the branching fraction of A0 to SM
hadrons can be extracted from the measured value of
R

µ

⌘ �
e

+
e

�
!hadrons/�e

+
e

�
!µ

+
µ

� (taken from [55])

�
A

0
!hadrons = �

A

0
!µ

+
µ

�R
µ

(m2
A

0) . (4)

In particular, (4) already includes the e↵ect of the A0

mixing with the QCD vector mesons ⇢, !, �, etc. It is
also possible for the A0 to couple to non-SM particles
with an invisible decay width �

A

0
!invisible, in which case

the total A0 width is

�
A

0 =
X

`

�
A

0
!`

+
`

� + �
A

0
!hadrons + �

A

0
!invisible . (5)

Below, we consider �
A

0
!invisible = 0, though our analysis

can be easily adapted to handle non-vanishing invisible
decay modes.
To estimate the A0 ! µ+µ� signal rate, we follow the

strategy outlined in [7]. Consider the signal production
process in proton-proton (pp) collisions

S : pp ! XA0 ! Xµ+µ�, (6)
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2

FIG. 1. Previous and planned experimental bounds on dark photons (adapted from [1]) compared to the anticipated LHCb
reach for inclusive A0 production in the di-muon channel (see the text for definitions of prompt, pre-module, and post-module).
The red vertical bands indicate QCD resonances which would have to be masked in a complete analysis. The LHCb D⇤

anticipated limit comes from [48], and Belle-II comes from [49].

where X is any (multiparticle) final state. Ignoring
O(m2

A

0/m2
Z

) and O(↵EM) corrections, this process has
the identical cross section to the prompt SM process
which originates from the EM current

BEM : pp ! X�⇤ ! Xµ+µ�, (7)

up to di↵erences between the A0 and �⇤ propagators and
the kinetic-mixing suppression. Interference between S
and BEM is negligible for a narrow A0 resonance. There-
fore, for any selection criteria on X, µ+, and µ�, the
ratio between the di↵erential cross sections is
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where m
µµ

is the di-muon invariant mass, for the case
�
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0 ⌧ |m
µµ
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0 | ⌧ m
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0 . The ✏4 factor arises because
both the A0 production and decay rates scale like ✏2.

To obtain a signal event count, we integrate over an
invariant-mass range of |m
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0 | < 2�
mµµ , where

�
mµµ is the detector resolution on m
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. The ratio of
signal events to prompt EM background events is
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neglecting phase space factors for N
`

leptons lighter
than m

A

0/2. This expression already accounts for the

A0 ! µ+µ� branching-fraction suppression when R
µ

is
large. Despite the factor of ✏4 in (8), the ratio in (9) is
proportional to ✏2 because of the ✏2 scaling of �

A

0 .
We emphasize that (9) holds for any final state X (and

any kinematic selection) in the m
A

0 ⌧ m
Z

limit for tree-
level single-photon processes. In particular, it already in-
cludes µ+µ� production from QCD vector mesons that
mix with the photon. This allows us to perform a fully
data-driven analysis, since the e�ciency and acceptance
for the (measured) prompt SM process is the same as
for the (inferred) signal process, excluding A0 lifetime-
based e↵ects. The dominant component of BEM at small
m

A

0 comes from meson decays M ! µ+µ�Y , especially
⌘ ! µ+µ��, and is denoted as B

M

(which includes feed-
down contributions from heavier meson decays). There
are also two other important components: final state
radiation (FSR) and Drell-Yan (DY) production. Non-
prompt �⇤ production is small and only considered as a
background.
Beyond BEM, there are other important sources of

backgrounds that contribute to the reconstructed prompt
di-muon sample, ordered by their relative size:

• B⇡⇡

misID: Two pions (and more rarely a kaon and
pion) can be misidentified (misID) as a fake di-
muon pair, including the contribution from in-flight
decays. This background can be deduced and sub-
tracted in a data-driven way using prompt same-

Inclusive Production

Production in Charm Decays

assumed to be zero 
when setting limits

4

where the D

0 meson is a 1
2 (0

�) state [50]. As mentioned
above, D⇤0! D

0
e

+
e

� is the dominant background to the
pre-module displaced search as well as to the resonant
search. To our knowledge, this branching fraction has
not yet been measured; therefore, we will estimate the
rate for this decay using an operator analysis. This same
approach is used to determine the D

⇤0! D

0
A

0 rate.
To calculate these D

⇤0 ! D

0 transition amplitudes,
we must first determine the hD⇤0|Jµ

EM|D0i matrix ele-
ment. By parity, time reversal, and Lorentz invariance,
this transition dipole matrix element can be written in
the form

hD⇤0|Jµ

EM|D0i = µe↵(k
2) ✏µ↵��v

↵

k
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�

, (10)

where v

↵

is the four velocity of the D

⇤0 meson, k
�

is the
momentum flowing out of the current, and ✏

�

is the polar-
ization of the D

⇤0 meson. Here, µe↵ is a k-dependent ef-
fective dipole moment, whose value could be determined
using a simple quark model (see, e.g., Ref. [56]) or us-
ing a more sophisticated treatment with heavy meson
chiral perturbation theory (see, e.g., Ref. [57]). For our
purposes, we simply need to treat µe↵ as being roughly
constant over the range k2 2 [0,�m

2
D

], which is a reason-
able approximation given that �m

2
D

< ⇤2
QCD. (Indeed,

this relation is always satisfied in the heavy charm quark
limit, where �m

D

/ ⇤2
QCD/mc

.) The precise value of
µe↵ is irrelevant for our analysis since it cancels out when
taking ratios of partial widths.

Using Eq. (10), we estimate the decay rate for D
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� within the SM and in the �m

D

⌧ m

D

limit to be

�(D⇤0! D

0
�) =

↵EM

3
µ

2
e↵�m

3
D

, (11)

where ↵EM = e

2
/4⇡. To calculate the D
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decay rate, the o↵-shell photon propagator must be in-
cluded. In the m
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= 0 limit, the amplitude for this pro-
cess is
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where k1 and k2 are the electron and positron momenta.
The ratio of partial widths is determined numerically to
be
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. (13)

Since the dark photon also couples to J

µ

EM, we use
Eq. (10) to calculate the D

⇤0 ! D

0
A

0 decay rate. The
ratio of partial widths is
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where we assume m

A

0
,�m

D

⌧ m

D

. This expression
has the expected kinetic-mixing and phase-space suppres-
sions. Since the D

⇤0 meson is treated as unpolarized in
Pythia, we ignore spin correlations in the subsequent
A

0! e

+
e

� decay.8

8 As a technical note, to generate D⇤0! D0A0 events, we reweight

C. Rare ⇡

0 Decays

To determine the D

⇤0 ! D

0
⇡

0(�A0) decay rate in
Eq. (4), we start by estimating the rate of the decay
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0 using the SM e↵ective Lagrangian
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where f

⇡

is the pion decay constant and the pion form
factor is ignored. The dark photon is accounted for by
making the replacement
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which leads to the ratio of partial widths
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The same e↵ective Lagrangian can also be used for the
SM decay ⇡
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�. The amplitude is
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The ratio of partial widths is obtained numerically to be

�(⇡0! �e

+
e

�)

�(⇡0! ��)
= 0.012, (19)

which agrees with the nominal value for this ratio [50].

D. Dark Photon Decays

Assuming the only allowed decay mode is A0! e

+
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�,
the total width of the A

0 is
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In the lab frame, the mean flight distance of the dark
photon is approximately

`

A

0 ' 16mm
⇣
�boost

102

⌘✓
10�8

✏

2

◆✓
50 MeV

m

A

0

◆
, (21)

where �boost is the Lorentz boost factor. In Fig. 3 we
show some example spectra of A0 boost factors from sim-
ulated D

⇤0 ! D

0
A

0 decays, where both electrons are

a sample of D⇤0 ! D0� events from Pythia. In particular, we
implement D⇤0 ! D0A0 in the D⇤0 meson rest frame, boost to
match the D⇤0 kinematics from Pythia, and then boost the D0

decay products to account for the altered D0 momentum. A
similar strategy is employed for generating all other decays in
our study.
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FIG. 4. Same as Fig. 1 of the main text, but with an extended ✏2 range and without the exclusion regions due to narrow
resonances.

From [1603.08926]
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Roughly how the reach scales with luminosity (from [1603.08926]). 
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FIG. 3. Same as Fig. 1 of the main text, but scaling the 15 fb�1 baseline up to 50 fb�1 and 500 fb�1, for both the D⇤ ! D0A0

search [48] and the inclusive di-muon search (this work). For reference, the green dashed line shows where the A0 lifetime is the
same as the LHCb di-muon lifetime resolution and the orange dashed line shows where the average A0 transverse displacement
matches the distance at which the muons from A0 ! µ+µ� decays likely no longer have enough hits in the LHCb VELO.

• Search strategy: Here, we considered the reach as-
suming three distinct search regions: prompt, pre-
module, post-module. One could optimally com-
bine these regions following [73] which should im-
prove the reach in the low-mass region.

• Semi-inclusive search: Instead of using the in-
clusive di-muon spectrum, a similar search could
be done in semi-inclusive hadron decays such as
M ! `+`�Y , more in the spirit of [48]. Depending
on the channel, one could use the invariant mass of
the M or Y system as a constraint to help control
fake muon backgrounds.

• Di-electron search. To cover the mass range m
A

0 2
[2m

e

, 2m
µ

], one could pursue a similar inclusive
search strategy for the di-electron final state. That
said, the di-electron mass resolution is significantly
degraded by Bremsstrahlung radiation and multi-
ple scattering [48]. In [48], the m

ee

resolution could
be improved by imposing the kinematic constraints
from charm meson decays, which is not an option
in an inclusive search. For the displaced A0 search,
these same e↵ects degrade the vertex resolution,

and e+e� pairs from photon conversion are a chal-
lenging background in the post-module region. For
these reasons, we suspect that A0 ! e+e� is best
probed using an exclusive (or semi-inclusive) strat-
egy, but it would be worth testing the fully inclusive
approach on LHCb data.

• Luminosity: Our study is based on 15 fb�1 of data
collected by LHCb, which is a conservative esti-
mate of what is expected in Run 3. LHCb expects
to collect at least 50 fb�1 of data in Runs 3 and 4
combined, and may eventually collect 10–30 times
more data than considered in this study. The im-
pact on the dark photon reach from scaling up the
LHCb luminosity is shown in Fig. 4.

Extended Reach Plot

To better show the array of proposed dark photon ex-
periments, in Fig. 4 we show the same reach plot from
the main text, but with an extended ✏2 range including
supernova bounds (SN) [78, 79].


