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works great but it is not a 

complete picture 
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γ

A’→ e⁺e⁻
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rare meson decays
example: 

π⁰→ γ A’, A’→ e⁺ e⁻
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sions. Constraints from past experiments and from neu-
trino emission by SN 1987A are presented in Section III.
In Section IV, we describe the five new experimental sce-
narios and estimate the limiting backgrounds. We con-
clude in Section V with a summary of the prospects for
new experiments. More detailed formulas, which we use
to calculate our expected search reaches, and a more de-
tailed discussion of some of the backgrounds, are given
in Appendices A, B, and C .

II. THE PHYSICS OF NEW U(1) VECTORS IN
FIXED TARGET COLLISIONS

A. Theoretical Preliminaries

Consider the Lagrangian

L = L
SM

+ ✏

Y

F

Y,µ⌫

F

0
µ⌫

+
1
4
F

0,µ⌫

F

0
µ⌫

+ m

2

A

0A
0µ

A

0
µ

, (3)

where L
SM

is the Standard Model Lagrangian, F

0
µ⌫

=
@

[µ

A

0
⌫]

, and A

0 is the gauge field of a massive dark U(1)0

gauge group [1]. The second term in (3) is the kinetic
mixing operator, and ✏ ⇠ 10�8 � 10�2 is naturally gen-
erated by loops at any mass scale of heavy fields charged
under both U(1)0 and U(1)

Y

; the lower end of this range
is obtained if one or both U(1)’s are contained in grand-
unified (GUT) groups, since then ✏ is only generated by
two-or three-loop GUT-breaking e↵ects.

A simple way of analyzing the low-energy e↵ects of the
A

0 is to treat kinetic mixing as an insertion of p

2

g

µ⌫

�p

µ

p

⌫

in Feynman diagrams, making it clear that the A

0 couples
to the electromagnetic current of the Standard Model
through the photon. This picture also clarifies, for ex-
ample, that new interactions induced by kinetic mixing
must involve a massive A

0 propagator, and that e↵ects
of mixing with the Z-boson are further suppressed by
1/m

2

Z

. Equivalently, one can redefine the photon field
A

µ ! A

µ+✏A

0µ as in [37], which removes the kinetic mix-
ing term and generates a coupling eA

µ

J

µ

EM

� ✏eA

0
µ

J

µ

EM

of the new gauge boson to electrically charged particles
(here ✏ ⌘ ✏

Y

cos ✓

W

). Note that this does not induce
electromagnetic millicharges for particles charged under
the A

0. The parameters of concern in this paper are ✏

and m

A

0 .
We now explain the orange stripe in Figure 1 — see

[3, 4, 5] for more details. In a supersymmetric theory,
the kinetic mixing operator induces a mixing between
the D-terms associated with U(1)0 and U(1)

Y

. The hy-
percharge D-term gets a vacuum expectation value from
electroweak symmetry breaking and induces a weak-scale
e↵ective Fayet-Iliopoulos term for U(1)0. Consequently,
the Standard Model vacuum can break the U(1)0 in the
presence of light U(1)0-charged degrees of freedom, giving
the A

0 a mass,

m

A

0 ⇠ p✏g

D

p
g

Y

m

W

g

2

, (4)
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�

FIG. 2: A

0 production by bremsstrahlung o↵ an incoming
electron scattering o↵ protons in a target with atomic number
Z.
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FIG. 3: (a) �

⇤ and (b) Bethe-Heitler trident reactions that
comprise the primary QED background to A

0 ! `

+
`

� search
channels.

where g

D

, g

Y

, and g

2

are the the U(1)0, U(1)
Y

, and
Standard Model SU(2)

L

gauge couplings, respectively,
and m

W

is the W-boson mass. Equation (4) relates
✏ and m

A

0 as indicated by the orange stripe in Figure
1 for g

D

⇠ 0.1 � 1. This region is not only theoret-
ically appealing, but also roughly corresponds to the
region in which the annual modulation signal observed
by DAMA/LIBRA can be explained by dark matter,
charged under the U(1)0, scattering inelastically o↵ nuclei
through A

0 exchange. We therefore include these lines for
reference in our plots.

B. A

0 Production in Fixed-Target Collisions

A

0 particles are generated in electron collisions on a
fixed target by a process analogous to ordinary pho-
ton bremsstrahlung, see Figure 2. This can be reli-
ably estimated in the Weizsäcker-Williams approxima-
tion (see Appendix A for more details) [38, 39, 40].
When the incoming electron has energy E

0

, the di↵er-
ential cross-section to produce an A

0 of mass m

A

0 with
energy E

A

0 ⌘ xE

0

is

d�

dxd cos ✓

A

0
⇡ 8Z

2

↵

3

✏

2

E

2

0

x

U

2

Log

⇥

(1� x +

x

2

2
)� x(1� x)m2

A

0

�
E

2

0

x ✓

2

A

0

�

U

2

�
(5)

where Z is the atomic number of the target atoms,
↵ ' 1/137, ✓

A

0 is the angle in the lab frame between the
emitted A

0 and the incoming electron, the Log (⇠ 5� 10
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real time data analysis (trigger-less) for Run 3

particle identification

muons detection:

dimuon invariant mass (mμμ) resolution:

4 MeV, mμμ<1 GeV

0.4% mμμ, mμμ>1 GeV

time resolution: στ∼50fs (almost constant in proper lifetime)
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A’→μ⁺μ⁻ -

inclusive search (do not need to specify the production)

fully data driven

both prompt and displaced searches

Run 3 - integrated luminosity of 15 fb-1
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inclusive dark photon at LHCb

P. Ilten, YS, J. Thaler, M. Williams, W. Xue, 1603.08926
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p p

VELO
(vertex locator)

transverse 
distance

22 mm

6 mm

interaction point

ℓT

pre-module 

μ⁺
μ⁻

A’
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p p

VELO
(vertex locator)

transverse 
distance

22 mm

6 mm

interaction point

ℓT
post-module 

μ⁺μ⁻

A’
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⌧A0 = h�⌧ i

h`T i = 22mm

2mµ

displaced 
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pp→ X A’ → X μ⁺ μ⁻S - signal:
μ⁺

μ⁻
A’

X

p p

Bjorken, Essig, Schuster, 
Toro, 0906.0580

includes mixing with 
vector mesons
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pp→ X A’ → X μ⁺ μ⁻

pp→ X γ* → X μ⁺ μ⁻

S - signal:

BEM - background from EM processes:

μ⁺

μ⁻
A’

X

γ*

p p

meson decays 
final state radiation 
Drell Yan

μ⁺

μ⁻X

p p
Bjorken, Essig, Schuster, 

Toro, 0906.0580

includes mixing with 
vector mesons
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FIG. 1. Previous and planned experimental bounds on dark photons (adapted from Ref. [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 Ref. [48], and Belle-II comes from Ref. [49].

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

A0/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

d�pp!XA0
!Xµ+µ�

d�pp!X�⇤
!Xµ+µ�

= ✏4
m4

µµ

(m2
µµ �m2

A0)2 + �2
A0m2

A0
, (8)

where mµµ is the di-muon invariant mass, for the case
�A0 ⌧ |mµµ �mA0 | ⌧ mA0 .

To obtain a signal event count, we integrate over an
invariant-mass range of |mµµ � mA0 | < 2�mµµ , where
�mµµ is the detector resolution on mµµ. The ratio of
signal events to prompt EM background events is

S

BEM
⇡ ✏4

⇡

8

m2
A0

�A0�mµµ

⇡ 3⇡

8

mA0

�mµµ

✏2

↵EM(N` +Rµ)
, (9)

neglecting phase space factors for N` leptons lighter than
mA0/2. This expression already accounts for the A0 !
µ+µ� branching-fraction suppression when Rµ is large.

We emphasize that (9) holds for any final state X (and
any kinematic selection) in the mA0 ⌧ mZ limit for tree-
level single photon processes. In particular, it already
includes 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
mA0 comes from meson decays M ! µ+µ�Y , denoted
as BM . There are also two other important components:
final state radiation (FSR) and Drell-Yan (DY).
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-
sign di-muon candidates [56, 57].

• B⇡µ
misID: A fake di-muon pair can also arise from

one real muon (primarily from charm or beauty de-
cays) combined with one misID pion or kaon. This
background can be subtracted similarly to B⇡⇡

misID.

• BBH: The Bethe-Heitler (BH) background played

Bjorken, Essig, Schuster, 
Toro, 0906.0580

differential relation:
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d�pp!XA0
!Xµ+µ�

d�pp!X�⇤
!Xµ+µ�

= ✏4
m4

µµ

(m2
µµ �m2

A0)2 + �2
A0m2

A0
, (8)

where mµµ is the di-muon invariant mass, for the case
�A0 ⌧ |mµµ �mA0 | ⌧ mA0 .

To obtain a signal event count, we integrate over an
invariant-mass range of |mµµ � mA0 | < 2�mµµ , where
�mµµ is the detector resolution on mµµ. The ratio of
signal events to prompt EM background events is

S

BEM
⇡ ✏4

⇡

8

m2
A0

�A0�mµµ

⇡ 3⇡

8

mA0

�mµµ

✏2

↵EM(N` +Rµ)
, (9)

neglecting phase space factors for N` leptons lighter than
mA0/2. This expression already accounts for the A0 !
µ+µ� branching-fraction suppression when Rµ is large.

We emphasize that (9) holds for any final state X (and
any kinematic selection) in the mA0 ⌧ mZ limit for tree-
level single photon processes. In particular, it already
includes 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
mA0 comes from meson decays M ! µ+µ�Y , denoted
as BM . There are also two other important components:
final state radiation (FSR) and Drell-Yan (DY).
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-
sign di-muon candidates [56, 57].

• B⇡µ
misID: A fake di-muon pair can also arise from

one real muon (primarily from charm or beauty de-
cays) combined with one misID pion or kaon. This
background can be subtracted similarly to B⇡⇡

misID.

• BBH: The Bethe-Heitler (BH) background played

Bjorken, Essig, Schuster, 
Toro, 0906.0580

�e+e�!hadrons

�e+e�!µ+µ�

�A0

mA0
⇡ ✏2↵EM

3
(N` +Rµ)

 number of leptons with 
mass below mA’/2

differential relation:

per mass bin:
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an important role in the analysis of Ref. [7]. This is
a subdominant process at the LHC due in part to
the small e↵ective photon luminosity function. We
verified that BBH is small using a parton shower
generator (see below), and it will be neglected in
estimating the reach.

True displaced di-muon pairs, which arise from beauty
decays, are rarely reconstructed as prompt at LHCb.
Such backgrounds, however, are dominant in the dis-
placed search discussed below.

Summarizing, the reconstructed prompt di-muon sam-
ple contains the following background components:

Bprompt = BM +BFSR +BDY| {z }
BEM

+B⇡⇡
misID +B⇡µ

misID| {z }
BmisID

. (10)

After subtracting BmisID from Bprompt [56, 57], we can
use (9) to infer S from BEM for any mA0 and ✏2.

We now present an inclusive search strategy for dark
photons at LHCb. The LHCb experiment will upgrade
to a triggerless detector-readout system for Run 3 of the
LHC [58], making it highly e�cient at selecting A0 !
µ+µ� decays in real time. Therefore, we focus on Run 3
and assume an integrated luminosity of (see Ref. [48])

Z
L dt = 15 fb�1. (11)

The trigger system currently employed by LHCb is e�-
cient for many A0 ! µ+µ� decays included in our search.
We estimate that the sensitivity in Run 2 will be equiv-
alent to using about 10% of the data collected in Run 3.
Therefore, inclusion of Run 2 data will not greatly impact
the reach by the end of Run 3, though a Run 2 analysis
could explore much of the same mA0�✏2 parameter space
in the next few years.

The LHCb detector is a forward spectrometer covering
the pseudorapidity range 2 < ⌘ < 5 [59, 60]. Within this
acceptance, muons with three-momentum p > 5 GeV are
reconstructed with near 100% e�ciency with a momen-
tum resolution of �p/p ⇡ 0.5% and a di-muon invariant
mass resolution of [60, 61]

�mµµ ⇡
⇢

4 MeV mµµ < 1 GeV
0.4%mµµ mµµ > 1 GeV

. (12)

For the displaced A0 search, the vertex resolution of
LHCb depends on the Lorentz boost factor of the A0;
we therefore use an event-by-event selection criteria in
the analysis below. That said, it is a reasonable approx-
imation to use a fixed A0 proper-lifetime resolution [60]

�⌧ ⇡ 50 fs , (13)

except near the di-muon threshold where the opening
angle between the muons is small.

To suppress fake muons, our strategy requires muon
candidates have (transverse) momenta (pT > 0.5 GeV)
p > 10 GeV, and are selected by a neural-network muon-
identification algorithm [62] with a muon e�ciency of
✏2µ ⇡ 0.50 and a pion fake rate of ✏2⇡ ⇡ 10�6 [57]. To a
good approximation, the neural-network performance is
independent of the kinematics. Such a low pion misID
rate is a unique feature of LHCb and is vital for probing
the low-mA0 region in A0 ! µ+µ� decays.
To further suppress BmisID for mA0 > m� ' 1.0 GeV,

we require muons to satisfy an isolation criterion based
on clustering the final state with the anti-kT jet algo-
rithm [63] with R = 0.5 in FastJet 3.1.2 [64]; muons
with pT (µ)/pT (jet) < 0.75 are rejected, excluding the
contribution to pT (jet) from the other muon if it is con-
tained in the same jet. The di-muon isolation e�ciencies
obtained from simulated LHCb data (see below) are 50%
for FSR, DY, and BH, 25% for meson decays (dominantly
from charmonium states), and 1% for fake pions (⇡⇡ and
⇡µ have similar e�ciencies).
The baseline selection for the LHCb inclusive A0 search

is therefore:

1. two opposite-sign muons with ⌘(µ±) 2 [2, 5],
p(µ±) > 10 GeV, and pT (µ±) > 0.5 GeV;

2. a reconstructedA0 ! µ+µ� candidate with ⌘(A0) 2
[2, 5], pT (A0) > 1 GeV, and passing the isolation
criterion for mA0 > m�;

3. an A0 ! µ+µ� decay topology consistent with ei-
ther a prompt or displaced A0 decay [48, 57].

Following a similar strategy to Ref. [48], we use the recon-
structed muon impact parameter (IP) and A0 transverse
flight distance `T to define three non-overlapping search
regions:

1. Prompt: IPµ± < 2.5�IP;

2. Displaced (pre-module): `T 2 [5�`T , 6mm];

3. Displaced (post-module): `T 2 [6mm, 22mm].

The resolution on IP and `T are taken from Ref. [48] (see
also [65]) replacing the electrons from that study with
muons. The displaced A0 search is restricted to `T <
22mm to ensure at least three hits per track in the vertex
locator (VELO), 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 [66]
to simulate the various components of BEM.1 LHCb

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

ATLAS [67] and CMS [68] 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.

“good” “bad”
scales as signal does not 

scale as signal
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displaced backgrounds

pre-module:

main backgrounds: b→ cμ± X, c→ μ± Y

10000 background events per mass bin

post-module:

mostly material interactions, rescaled from KS→ μ⁺μ⁻ 
search

25 background events pre mass bin

backgrounds from misidentifications are subdominants

16
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possible improvements

event selection: multivariate analysis, low pT

semi-inclusive search: M→ℓ⁺ℓ⁻ Y, (D*0 example)

di-electron search: mA’∈[2me,2mμ], mass 
resolution is degraded by Bremsstrahlung

luminosity: Run 4 and 5, (50fb-1 and 500fb-1)

19



D*0→D0A’ search

D*0 → D0A’→ D0 e+e- 

mA’∈[2me , 142MeV]

prompt and displaced searches

improved mass resolution by kinematical fit to 
very narrow D*0- (improve the Bremsstrahlung)
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Prompt Search

• 5 ×1012  D*0 → D0 + γ  

• Displaced D0  and Prompt A’
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Figure 1: Gravitational loop corrections to scalar masses. Similar diagrams exist at two loops attaching graviton lines to
one-loop diagrams involving renormalizable couplings of φ. These pictures are an oversimplification: the blobs must include
enough structure to make the lack of a shift symmetry on φ manifest.
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2

FIG. 1. Current bounds on dark photons with visible decays
to SM states, adapted and updated from Ref. [19]. The upper
bounds are from prompt-A0 searches while the wedge-shaped
bounds are from beam-dump searches and supernova consid-
erations. The LHCb search region in Fig. 2 covers most of the
gap between these bounds for mA0 . 100 MeV, with a reach
extending to mA0 . 140 MeV. Anticipated limits from other
planned experiments are shown in Fig. 9.

The range of m
A

0 values that is in principle accessible
in this search is m

A

0 2 [2m
e

,�m

D

], where [50]

�m

D

⌘ m

D

⇤0 �m

D

0 = 142.12± 0.07 MeV. (3)

The proximity of �m

D

to m

⇡

0 leads to phase-space sup-
pression of the decay D

⇤0 ! D

0
⇡

0, which results in a
sizable branching fraction of about 38% for the decay
D

⇤0 ! D

0
�.4 The small value of �m

D

, however, also
leads to typical electron momenta of O(GeV) within the
LHCb acceptance. Therefore, the planned upgrade to
a triggerless-readout system employing real-time calibra-
tion at LHCb in Run 3 [51]—which will permit identi-
fication of relatively low-momentum e

+
e

� pairs online
during data taking—will be crucial for carrying out this
search.

To cover the desired dark photon parameter space, we
employ two di↵erent search strategies, shown in Fig. 2.
The displaced search, relevant at smaller values of ✏

2,
looks for an A

0! e

+
e

� decay vertex that is significantly
displaced from the pp collision. This search benefits from
the sizable Lorentz boost factor of the produced dark

4 This explains why we choose the decay D⇤0 ! D0A0 instead of
D⇤(2010)+! D+A0, since the corresponding branching fraction
D⇤+! D+� is only 1.6%.
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(g � 2)
µ

> 5�(g � 2)e

FIG. 2. Potential bounds from LHCb after Run 3, for both
the displaced (pre-module, solid blue) and resonant (dashed
blue) searches. Also shown is an alternative displaced search
strategy (post-module, dotted blue) that looks for A0 vertices
downstream of the first tracking module.

photons and the excellent vertex resolution of LHCb.
Our main displaced search looks for A

0 decays within
the beam vacuum upstream of the first tracking mod-
ule (i.e. pre-module), where the dominant background
comes from misreconstructed prompt D

⇤0 ! D

0
e

+
e

�

events.5 Because the A

0 gains a transverse momentum
kick from pp collisions, the A

0 flight trajectory intersects
the LHCb detector, making it possible to identify dis-
placed e

+
e

� pairs with smaller opening angles than the
HPS experiment [52]. We also present an alternative dis-
placed search for A0 decays downstream of the first track-
ing module (i.e. post-module), where the dominant back-
ground comes from D

⇤0 ! D

0
� events with � ! e

+
e

�

conversion within the LHCb material.
The resonant search, relevant at larger values of ✏

2,
looks for an A

0 ! e

+
e

� resonance peak over the con-
tinuum SM background. This search benefits from the
large yield of D⇤0 ! D

0
A

0 decays during LHC Run 3,
which is larger than the A

0 yield in fixed-target exper-
iments like MAMI/A1 [30, 31] and APEX [32]. Fur-
thermore, the narrow width of the D

⇤0 meson, which
is less than the detector invariant-mass resolution, pro-
vides kinematical constraints that can be used to im-
prove the resolution on m

e

+
e

� . This resonant search can
also be employed for non-minimal dark photon scenarios

5 We thank Natalia Toro for extensive discussions regarding this
background.
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summary

we proposed an inclusive search strategy for dark photon 
at the LHCb experiment in the di-muon channel

due to the kinetic mixing, the signal can be directly 
inferred from the γ*→μ⁺μ⁻ rate, enabling a data-driven 
search

we show that both prompt and displaced searches are 
sensitive to interesting regions in the mA’-ε2 plane, which 
is difficult to probe in other experiments

24
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prompt backgrounds
subtracting fake pions by using the same-sign sample:
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SUPPLEMENTAL MATERIAL

Here, we provide a more detailed discussion on the fol-
lowing aspects of our proposed A0 search at LHCb: how
to subtract the misidentified di-muon background; how
to estimate the LHCb muon-identification performance
from Ref. [62]; what the consistent-decay-topology re-
quirements are in our analysis; and how the sensitivity
of LHCb to A0 ! µ+µ� could be improved.

Fake Di-Muon Subtraction

Most fake muons come from misidentified pions, with a
subdominant contribution from misidentified kaons and
protons. For simplicity, we denote all misID particles
as pions below, though the argument presented is com-
pletely general. The following logic will allow us to use
data-driven methods to subtract the fake di-muon back-
ground.
We first consider the double-misID case where two pi-

ons are each misidentified as muons. The number of
same-sign (SS) ⇡±⇡± pairs from a pp collision is related
to the number of pions that satisfy our kinematic require-
ments by

n⇡⇡

±±

=
n⇡

±

(n⇡

±

� 1)

2
, (14)

while the number of opposite-sign (OS) ⇡+⇡� pairs is

n⇡⇡

+�

= n⇡

+n
⇡

�

. (15)
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In the n⇡

±

! 1 limit, and assuming equal acceptance for
SS and OS pairs with the same invariant mass, we obtain
the simple relationship

n⇡⇡

+�

⇡ 2
p
n⇡⇡

++n
⇡⇡

��

⇡ n⇡⇡

++ + n⇡⇡

��

, (16)

where the right-most relationship assumes n⇡

+ ⇡ n⇡

�

,
which is a good approximation in pp collisions. There-
fore, the total number of SS pion pairs in a data sample
is

N⇡⇡

+�

⇡ N⇡⇡

++ +N⇡⇡

��

, (17)

where N
xy

⌘ P
n
xy

and the sum is over all collisions in
the sample.

Next, we consider the single-misID case where one true
muon is combined with a misidentified prompt pion. This
true muon dominantly comes from a displaced heavy-
flavor decay which is mis-reconstructed as prompt. In
this case, the combinatorics only enter for the pion, and
in the full data sample we find

N⇡µ

+�

⇡ N⇡µ

++ +N⇡µ

��

. (18)

Combining the double- and single-misID cases to-
gether, one expects

B⇡⇡

misID +B⇡µ

misID ⇡ N++ +N
��

, (19)

where the lack of superscripts on N
±±

denotes that we do
not need to separate these into ⇡⇡ and ⇡µ categories ex-
perimentally. This simple estimate, based on taking the
asymptotic limit and assuming charge-symmetric pion
samples, could easily be improved in an actual analysis,
since the true combinatorics can be determined from the
data. The small correction required to account for the
di↵erence in acceptance between SS and OS pairs can be
obtained reliably from simulation. We expect that (19)
is accurate to ⇡ 10% and that a highly-accurate misID
subtraction can be performed using the data.

Finally, we note that an alternative approach is also
possible using OS ⇡⇡ samples directly with the pion
misID rate measured in data, along with OS µ⇡ samples
where the muon is displaced. The actual analysis could
use both methods and check their consistency to assess
the systematic uncertainty in the fake-muon background
subtraction.

Muon Identification

For small m
A

0 , most A0 ! µ+µ� decays produce low-
p
T

muons. Since high-energy pp collisions produce many
low-p

T

pions, there are many possible ⇡+⇡� pairs per
collision that could result in a double misID of ⇡+⇡�

as µ+µ�. Furthermore, the decay-in-flight probability of
⇡ ! µ is inversely proportional to momentum. There-
fore, the low-mass A0 ! µ+µ� signal is obscured by

the enormous double-misID ⇡+⇡� background if muon
identification is based soley on whether the particle is
a muon when it reaches the muon system. Our base-
line selection requires p

T

(µ) > 0.5 GeV, p(µ) > 10 GeV,
and ⌘(µ) 2 [2, 5]. By convolving the pion momentum
spectrum obtained from Pythia with the decay-in-flight
probability given by the pion lifetime, we obtain an es-
timate that ⇡ 1% of all pions satisfying these kinematic
requirements will be identified as muons by the muon
system. This results in B⇡⇡

misID = O(100) ⇥ BEM in the
low-m

A

0 region.
One way to reduce the double-misID background is

to increase the muon p
T

threshold. At low-m
A

0 , how-
ever, the signal is predominantly produced via ⌘ ! A0�,
so increasing the muon p

T

threshold greatly reduces the
potential signal yield. For example, increasing the muon
p
T

threshold from 0.5 GeV, as in our nominal proposed
search, to 2 GeV reduces the low-m

A

0 yield by a factor of
⇡ 100. That said, such an approach may prove viable at
ATLAS and CMS as they plan to collect 200 times more
luminosity by the end of the HL-LHC era than LHCb
will collect in Run 3, making it plausible that the low-
m

A

0 reach estimate in this letter could be representative
of the ultimate ATLAS/CMS sensitivity.

Instead of raising the muon p
T

threshold, here we take
advantage of the unique particle-identification features
of LHCb. The LHCb detector employs two ring-imaging
Cherenkov (RICH) detectors to identify charged parti-
cles with momenta from O(1 � 100 GeV). The primary
motivation for incorporating such detector systems into
LHCb was to provide hadronic particle-identification ca-
pabilities to facilitate studying Cabbibo-suppressed weak
decays. For our purposes, these systems are also very
powerful tools for lepton identification. For p . 5 GeV,
the RICH detectors are capable of identifying electrons
and muons without the need for additional information
from the calorimeter or muon systems. By combining the
information of the RICH detectors with all other LHCb
subsystems into a neural network (NN), LHCb is able
to greatly reduce the pion (and kaon) misID probabili-
ties [62].

To our knowledge, the only published performance of
the LHCb muon-identification NN is from a search for the
decay ⌧ ! 3µ [62]. The muon kinematic requirements in
that analysis are similar to ours, and so we estimate the
NN performance directly from Ref. [62]. Specifically, we
assume the 2012 performance and a requirement that re-
moves the lowest two bins in NN response (see Fig. 2d
of Ref. [62]). The e�ciency to identify a true di-muon
pair is taken to be "(⌧ ! 3µ)2/3 ⇡ 54%, which we re-
duce to 50% to account for other selection criteria applied
to A0 ! µ+µ� candidates. Since the ⌧ ! 3µ selection
only used displaced tracks, the background sample domi-
nantly contains at least one true muon. Assuming that all
background candidates are µ⇡⇡ gives "(⇡⇡) ⇡ 10�6; this
value includes the probability of decay-in-flight ⇡ ! µ

number of same(opposite) 
sign events per bin
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Most fake muons come from misidentified pions, with a
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protons. For simplicity, we denote all misID particles
as pions below, though the argument presented is com-
pletely general. The following logic will allow us to use
data-driven methods to subtract the fake di-muon back-
ground.
We first consider the double-misID case where two pi-

ons are each misidentified as muons. The number of
same-sign (SS) ⇡±⇡± pairs from a pp collision is related
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ments by
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SUPPLEMENTAL MATERIAL

Here, we provide a more detailed discussion on the fol-
lowing aspects of our proposed A0 search at LHCb: how
to subtract the misidentified di-muon background; how
to estimate the LHCb muon-identification performance
from Ref. [62]; what the consistent-decay-topology re-
quirements are in our analysis; and how the sensitivity
of LHCb to A0 ! µ+µ� could be improved.

Fake Di-Muon Subtraction

Most fake muons come from misidentified pions, with a
subdominant contribution from misidentified kaons and
protons. For simplicity, we denote all misID particles
as pions below, though the argument presented is com-
pletely general. The following logic will allow us to use
data-driven methods to subtract the fake di-muon back-
ground.
We first consider the double-misID case where two pi-

ons are each misidentified as muons. The number of
same-sign (SS) ⇡±⇡± pairs from a pp collision is related
to the number of pions that satisfy our kinematic require-
ments by

n⇡⇡

±±

=
n⇡

±

(n⇡

±

� 1)

2
, (14)

while the number of opposite-sign (OS) ⇡+⇡� pairs is

n⇡⇡

+�

= n⇡

+n
⇡

�

. (15)
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In the n⇡

±

! 1 limit, and assuming equal acceptance for
SS and OS pairs with the same invariant mass, we obtain
the simple relationship

n⇡⇡

+�

⇡ 2
p
n⇡⇡

++n
⇡⇡

��

⇡ n⇡⇡

++ + n⇡⇡

��

, (16)

where the right-most relationship assumes n⇡

+ ⇡ n⇡

�

,
which is a good approximation in pp collisions. There-
fore, the total number of SS pion pairs in a data sample
is

N⇡⇡

+�

⇡ N⇡⇡

++ +N⇡⇡

��

, (17)

where N
xy

⌘ P
n
xy

and the sum is over all collisions in
the sample.

Next, we consider the single-misID case where one true
muon is combined with a misidentified prompt pion. This
true muon dominantly comes from a displaced heavy-
flavor decay which is mis-reconstructed as prompt. In
this case, the combinatorics only enter for the pion, and
in the full data sample we find

N⇡µ

+�

⇡ N⇡µ

++ +N⇡µ

��

. (18)

Combining the double- and single-misID cases to-
gether, one expects

B⇡⇡

misID +B⇡µ

misID ⇡ N++ +N
��

, (19)

where the lack of superscripts on N
±±

denotes that we do
not need to separate these into ⇡⇡ and ⇡µ categories ex-
perimentally. This simple estimate, based on taking the
asymptotic limit and assuming charge-symmetric pion
samples, could easily be improved in an actual analysis,
since the true combinatorics can be determined from the
data. The small correction required to account for the
di↵erence in acceptance between SS and OS pairs can be
obtained reliably from simulation. We expect that (19)
is accurate to ⇡ 10% and that a highly-accurate misID
subtraction can be performed using the data.

Finally, we note that an alternative approach is also
possible using OS ⇡⇡ samples directly with the pion
misID rate measured in data, along with OS µ⇡ samples
where the muon is displaced. The actual analysis could
use both methods and check their consistency to assess
the systematic uncertainty in the fake-muon background
subtraction.

Muon Identification

For small m
A

0 , most A0 ! µ+µ� decays produce low-
p
T

muons. Since high-energy pp collisions produce many
low-p

T

pions, there are many possible ⇡+⇡� pairs per
collision that could result in a double misID of ⇡+⇡�

as µ+µ�. Furthermore, the decay-in-flight probability of
⇡ ! µ is inversely proportional to momentum. There-
fore, the low-mass A0 ! µ+µ� signal is obscured by

the enormous double-misID ⇡+⇡� background if muon
identification is based soley on whether the particle is
a muon when it reaches the muon system. Our base-
line selection requires p

T

(µ) > 0.5 GeV, p(µ) > 10 GeV,
and ⌘(µ) 2 [2, 5]. By convolving the pion momentum
spectrum obtained from Pythia with the decay-in-flight
probability given by the pion lifetime, we obtain an es-
timate that ⇡ 1% of all pions satisfying these kinematic
requirements will be identified as muons by the muon
system. This results in B⇡⇡

misID = O(100) ⇥ BEM in the
low-m
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0 region.
One way to reduce the double-misID background is

to increase the muon p
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threshold. At low-m
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0 , how-
ever, the signal is predominantly produced via ⌘ ! A0�,
so increasing the muon p

T

threshold greatly reduces the
potential signal yield. For example, increasing the muon
p
T

threshold from 0.5 GeV, as in our nominal proposed
search, to 2 GeV reduces the low-m

A

0 yield by a factor of
⇡ 100. That said, such an approach may prove viable at
ATLAS and CMS as they plan to collect 200 times more
luminosity by the end of the HL-LHC era than LHCb
will collect in Run 3, making it plausible that the low-
m

A

0 reach estimate in this letter could be representative
of the ultimate ATLAS/CMS sensitivity.

Instead of raising the muon p
T

threshold, here we take
advantage of the unique particle-identification features
of LHCb. The LHCb detector employs two ring-imaging
Cherenkov (RICH) detectors to identify charged parti-
cles with momenta from O(1 � 100 GeV). The primary
motivation for incorporating such detector systems into
LHCb was to provide hadronic particle-identification ca-
pabilities to facilitate studying Cabbibo-suppressed weak
decays. For our purposes, these systems are also very
powerful tools for lepton identification. For p . 5 GeV,
the RICH detectors are capable of identifying electrons
and muons without the need for additional information
from the calorimeter or muon systems. By combining the
information of the RICH detectors with all other LHCb
subsystems into a neural network (NN), LHCb is able
to greatly reduce the pion (and kaon) misID probabili-
ties [62].

To our knowledge, the only published performance of
the LHCb muon-identification NN is from a search for the
decay ⌧ ! 3µ [62]. The muon kinematic requirements in
that analysis are similar to ours, and so we estimate the
NN performance directly from Ref. [62]. Specifically, we
assume the 2012 performance and a requirement that re-
moves the lowest two bins in NN response (see Fig. 2d
of Ref. [62]). The e�ciency to identify a true di-muon
pair is taken to be "(⌧ ! 3µ)2/3 ⇡ 54%, which we re-
duce to 50% to account for other selection criteria applied
to A0 ! µ+µ� candidates. Since the ⌧ ! 3µ selection
only used displaced tracks, the background sample domi-
nantly contains at least one true muon. Assuming that all
background candidates are µ⇡⇡ gives "(⇡⇡) ⇡ 10�6; this
value includes the probability of decay-in-flight ⇡ ! µ
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threshold from 0.5 GeV, as in our nominal proposed
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0 yield by a factor of
⇡ 100. That said, such an approach may prove viable at
ATLAS and CMS as they plan to collect 200 times more
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will collect in Run 3, making it plausible that the low-
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from the calorimeter or muon systems. By combining the
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ties [62].
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the LHCb muon-identification NN is from a search for the
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that analysis are similar to ours, and so we estimate the
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T
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threshold from 0.5 GeV, as in our nominal proposed
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0 yield by a factor of
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m

A

0 reach estimate in this letter could be representative
of the ultimate ATLAS/CMS sensitivity.

Instead of raising the muon p
T

threshold, here we take
advantage of the unique particle-identification features
of LHCb. The LHCb detector employs two ring-imaging
Cherenkov (RICH) detectors to identify charged parti-
cles with momenta from O(1 � 100 GeV). The primary
motivation for incorporating such detector systems into
LHCb was to provide hadronic particle-identification ca-
pabilities to facilitate studying Cabbibo-suppressed weak
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the RICH detectors are capable of identifying electrons
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from the calorimeter or muon systems. By combining the
information of the RICH detectors with all other LHCb
subsystems into a neural network (NN), LHCb is able
to greatly reduce the pion (and kaon) misID probabili-
ties [62].

To our knowledge, the only published performance of
the LHCb muon-identification NN is from a search for the
decay ⌧ ! 3µ [62]. The muon kinematic requirements in
that analysis are similar to ours, and so we estimate the
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