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The energy frontier

๏ Energy frontier exploration has 
greatly advanced particle physics
• Often guided by indirect signs in 

lower energy processes
• Example: CPV → third family

๏ The LHC is our front runner
• Discovery of the Higgs 
• Exploration of the multi-TeV range
• So far no hint of new heavy objects
• Lower limits up to several TeV

๏ What if the new particles have 
smaller couplings to the SM?
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Dark Forces
๏ Astrophysics + Cosmology → there 

must be Dark Matter
• Dark = only gravitational effect detected 
→ does not interact e.m. or strongly

• No candidate particle in the SM

๏ The weak solution:
• Dark Matter interact via the weak force
• Then its mass should be above the weak 

scale (100 GeV)

๏ Alternative solution:
• Dark Matter interacts via new force 
• Couples indirectly to ordinary matter 

(through quantum loops)
• Very small couplings, lighter masses
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Dark Forces
๏ Small coupling
• Small cross section
• Need high luminosity
• Could have escaped previous 

experiments (intensity frontier)
๏ Lighter mass
• Cheap to produce at LHC
• Production mostly in the 

forward region
• Comes with large background 

of SM particles
๏ Small coupling + Light mass
• Can have sizeable lifetime!
• Displaced vertex signature
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Dijets : TLA spectrum

Level-1 Trigger
� Reduced Granularity

Reconstruction

High-Level-Trigger
� Cell-level jet

reconstruction
� No tracks/muons

Offline
� Cell-level reconstruction
� Full event information

𝐸் > 100 (75) GeV  

𝑝் > 380 GeV  

Trigger Jets Offline Jets

Dijet Rate:
∼30 MHz

𝑚௝௝

Ev
en

ts

1 TeV530 (400) GeV
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All dijet searches
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LHCb vs ATLAS/CMS

๏ Lower luminosity (low pile-up)
• ~1/8 of ATLAS/CMS in Run 1
• ~1/20 of ATLAS/CMS in Run 2

๏ Capable of very soft triggers!
• At hardware level (L0):
‣Muons with pT > 1.5 GeV
‣Calo deposits with ET > 3 GeV

• At Software level (HLT):
‣Displaced vertex triggers

‣Real-time calibration in Run 2:
‣Allowed “real time analysis” i.e.  

keep only interesting part of event
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Complimentary kinematical coverage to CMS & ATLAS.

LHCb Detector
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CMS

LHCb has a large and diverse non-flavor-physics program, including HI running, HF jets, vector 
boson production, etc. I cannot hope to cover even a decent fraction of it in this talk! 

see http://lhcbproject.web.cern.ch/lhcbproject/Publications/LHCbProjectPublic/Summary_all.html
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Dark photons phenomenology

๏ Dark photon ( ) mediates dark matter ( ) interaction
• If  then invisible decay  dominant

• If  then visible decay  dominant

๏ Production from mixing with virtual photon
• Can oscillate to a dark photon with probability 

๏ Dark photon lifetime proportional to 
• Light, rarely produced dark photons are displaced

A′ χ
m(A′ ) > 2mχ A′ → χχ
m(A′ ) < 2mχ A′ → ℓ+ℓ−

ϵ2

1/(ϵ2mA′ )

9

A A’

Kinetic mixing
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Visible  → LHCbA′ 
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Prompt µµ trigger
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Prompt µµ trigger
๏ Removed prescale thanks to real-time alignment 

and reduced event size (turbo stream)

12

Prompt A’
Major hurdles: suppressing misidentified (non-muon) backgrounds and reducing the 
event size enough to record the prompt-dimuon sample. Accomplished these by moving 
to real-time calibration in Run 2—but hardware trigger is still there, and ~10% efficient. 
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Figure 7: Mass spectrum selected by the prompt-like A0
!µ+µ� trigger.
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Figure 8: Example min[�2
IP(µ

±)]1/2 distributions with fit results overlaid for prompt-like candi-
dates near (left) m(A0) = 0.5, (middle) 5, and (right) 50GeV. The square root of min[�2

IP(µ
±)]

is used in the fits to increase the bin occupancies at large min[�2
IP(µ

±)] values.
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Figure 9: Comparison of the results presented in this Letter to existing constraints from previous
experiments (see Ref. [1] for details about previous experiments).
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Figure 1: Prompt-like mass spectrum, where the categorization of the data as prompt µ+µ�,
µQµQ, and hh+ hµQ is determined using the fits described in the text.

to 0.7GeV at m(µ+µ�) = 70GeV.
The prompt-like A0 search strategy involves determining the observed A0

!µ+µ� yields
from fits to them(µ+µ�) spectrum, and normalizing them using Eq. 1 to obtain constraints
on "2. To determine n�⇤

ob[m(A0)] for use in Eq. 1, binned extended maximum likelihood
fits are performed using the dimuon vertex-fit quality, �2

VF(µ
+µ�), and min[�2

IP(µ
±)]

distributions, where �2
IP(µ) is defined as the di↵erence in �2

VF(PV) when the PV is
reconstructed with and without the muon track. The �2

VF(µ
+µ�) and min[�2

IP(µ
±)] fits

are performed independently at each mass, with the mean of the n�⇤

ob[m(A0)] results used
as the nominal value and half the di↵erence assigned as a systematic uncertainty.

Both fit quantities are built from features that approximately follow �2 probability
density functions (PDFs) with minimal mass dependence. The prompt-dimuon PDFs are
taken directly from data at m(J/ ) and m(Z), where prompt resonances are dominant
(see Fig. 1). Small pT-dependent corrections are applied to obtain the PDFs at all other
masses. These PDFs are validated near threshold, at m(�), and at m(⌥ (1S)), where the
data predominantly consist of prompt dimuons. The sum of the hh and hµQ contributions,
which each involve misidentified prompt hadrons, is determined using same-sign µ±µ±

candidates that satisfy all of the prompt-like criteria. A correction is applied to the
observed µ±µ± yield at each mass to account for the di↵erence in the production rates of
⇡+⇡� and ⇡±⇡±, since double misidentified ⇡+⇡� pairs are the dominant source of the
hh background. This correction, which is derived using a prompt-like dipion data sample
weighted by pT-dependent muon-misidentification probabilities, is as large as a factor of
two near m(⇢) but negligible for m(µ+µ�) & 2GeV. The PDFs for the µQµQ background,
which involves muon pairs produced in Q-hadron decays that occur displaced from the
PV, are obtained from simulation. These muons are rarely produced at the same spatial
point unless the decay chain involves charmonium. Example min[�2

IP(µ
±)] fit results are

provided in Ref. [61], while Fig. 1 shows the resulting data categorizations. Finally, the
n�⇤

ob[m(A0)] yields are corrected for bin migration due to bremsstrahlung, and the small
expected Bethe-Heitler contribution is subtracted [52].

The prompt-like mass spectrum is scanned in steps of �[m(µ+µ�)]/2 searching for
A0

!µ+µ� contributions. At each mass, a binned extended maximum likelihood fit is
performed using all prompt-like candidates in a ±12.5�[m(µ+µ�)] window around m(A0).
The profile likelihood is used to determine the p-value and the confidence interval for

3

trigger output

final prompt A’ sample (isolation applied above 1.1 GeV, backgrounds determined)

N.b.,  bump 
hunt follows 
MW, 
1705.03587. 
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Measuring Nγ*
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from fits to them(µ+µ�) spectrum, and normalizing them using Eq. 1 to obtain constraints92

on "2. To determine n�⇤

ob[m(A0)] for use in Eq. 1, binned extended maximum likelihood93
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distributions, where �2
IP(µ) is defined as the di↵erence in �2

VF(PV) when the PV is95

reconstructed with and without the muon track. The �2
VF(µ
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±)] fits96

are performed independently at each mass, with the mean of the n�⇤

ob[m(A0)] results used97

as the nominal value and half the di↵erence assigned as a systematic uncertainty.98

Both fit quantities are built from features that approximately follow �2 probability99

density functions (PDFs) with minimal mass dependence. The prompt-dimuon PDFs are100

taken directly from data at m(J/ ) and m(Z), where prompt resonances are dominant101

(see Fig. 1). Small pT-dependent corrections are applied to obtain the PDFs at all other102

masses. These PDFs are validated near threshold, at m(�), and at m(⌥ (1S)), where the103

data predominantly consist of prompt dimuons. The sum of the hh and hµQ contributions,104

which each involve misidentified prompt hadrons, is determined using same-sign µ±µ±
105

candidates that satisfy all of the prompt-like criteria. A correction is applied to the106

observed µ±µ± yield at each mass to account for the di↵erence in the production rates107

of ⇡±⇡⌥ and ⇡±⇡±, since double misidentified ⇡±⇡⌥ pairs are the dominant source of108

the hh background. This correction, which is derived using a prompt-like dipion data109

sample weighted by pT-dependent muon-misidentification probabilities, is as large as a110

factor of two near m(⇢) but negligible for m(µ+µ�) & 2GeV. The PDFs for the µQµQ111

background, which involves muons produced displaced from the PV and rarely at the112

same spatial point, are obtained from simulation. Example min[�2
IP(µ

±)] fit results are113

provided in Ref. [59], while Fig. 1 shows the resulting data categorizations. Finally, the114

n�⇤

ob[m(A0)] yields are corrected for bin migration due to bremsstrahlung, and the small115

expected Bethe-Heitler contribution is subtracted [50].116

The prompt-like mass spectrum is scanned in steps of �[m(µ+µ�)]/2 searching for117

A0
!µ+µ� contributions. At each mass, a binned extended maximum likelihood fit is118

performed using all prompt-like candidates in a ±12.5�[m(µ+µ�)] window around m(A0).119

The profile likelihood is used to determine the p-value and the confidence interval for120

nA0
ob[m(A0)], from which an upper limit at 90% confidence level (CL) is obtained. The signal121

PDFs are fixed using a combination of simulated A0
!µ+µ� decays and the widths of the122
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Figure 9: Comparison of the results presented in this Letter to existing constraints from previous
experiments (see Ref. [1] for details about previous experiments).
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the hh background. This correction, which is derived using a prompt-like dipion data109

sample weighted by pT-dependent muon-misidentification probabilities, is as large as a110

factor of two near m(⇢) but negligible for m(µ+µ�) & 2GeV. The PDFs for the µQµQ111

background, which involves muons produced displaced from the PV and rarely at the112

same spatial point, are obtained from simulation. Example min[�2
IP(µ

±)] fit results are113

provided in Ref. [59], while Fig. 1 shows the resulting data categorizations. Finally, the114

n�⇤

ob[m(A0)] yields are corrected for bin migration due to bremsstrahlung, and the small115

expected Bethe-Heitler contribution is subtracted [50].116

The prompt-like mass spectrum is scanned in steps of �[m(µ+µ�)]/2 searching for117

A0
!µ+µ� contributions. At each mass, a binned extended maximum likelihood fit is118

performed using all prompt-like candidates in a ±12.5�[m(µ+µ�)] window around m(A0).119

The profile likelihood is used to determine the p-value and the confidence interval for120

nA0
ob[m(A0)], from which an upper limit at 90% confidence level (CL) is obtained. The signal121

PDFs are fixed using a combination of simulated A0
!µ+µ� decays and the widths of the122

3

Using templates 
for min[χ2IP] 
(small mass dep)

→ the  we want to measure 
→ muons from heavy flavour decays  
→ mis-identified pions as muons

N γ*

m(A') = 50 GeVm(A') = 0.5 GeV m(A') = 5 GeV



Martino Borsato - Heidelberg U.

Visible  limitsA′ 

14

2−10 1−10 1 10
6−10

5−10

4−10

3−10

2−10

m(A0) [ GeV ]

" (g � 2)e

E774

E141

E137

Orsay

KEK

NA64

⌫-CAL I
CHARM

PS191
NOMAD

NA48/2 BaBar
BaBar

KLOE

KLOE

A1
APEXHPS

LHCb

LHCb

LHCb

CMS

Figure S5: Comparison of the results presented in this Letter to existing constraints from previous
experiments in the few-loop " region (see Ref. [98] for details about previous experiments).
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Displaced Vertices at LHCb
๏ Currently only within VELO 
• Displacement < 20 cm (but with boost)

๏ Could extend to upstream tracker 
• Displacement < 200 cm
• Worse vertex and p resolution  

(m(ππ) resolution 2⨉ larger)
• Not yet available in trigger

15

how	long	is	long-lived	in	LHCb?	

‘reconstructable’	decay-lengths	are:	

•  within	VELO:	ideally	<~	50	cm	(in	reality	more	like	~20cm)	

•  up	to	TT:	<~200	cm	(but	not	in	trigger)		

tracks	with	VELO	hits	

tracks	without	VELO	hits:	
•  worse	mom	and	vtx	resolu-on	

•  not	available	in	trigger	

VELO	

TT-tracker	 T-tracker	
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Figure 27: Distribution of the invariant mass of K0
S ! ⇡+⇡� candidates with a decay vertex

at a significant distance to the PV, for long tracks (left) and downstream tracks (right). A
mass resolution of 3.5MeV/c2 is achieved for the candidates reconstructed from long tracks and
7MeV/c2 for those using downstream tracks.

the VELO acceptance, but before the magnet, the daughter particles are reconstructed as
downstream tracks from hits in the TT and T stations. As the resolution on the track
direction reconstructed in the layers of the TT is not as good as in the VELO, the invariant
mass resolution for the downstream category is worse than for the short-lived category, as
shown in Figure 27. For K0

S momenta typical of B decay products, about two thirds of the
reconstructed K0

S decays are found using downstream tracks, illustrating the importance
of the downstream tracking for physics performance.

3 Neutral particle reconstruction

Neutral particle reconstruction is based on information provided by the four systems (SPD,
PS, ECAL and HCAL), which together form the calorimeter. The SPD and the PS both
consist of a plane of scintillator tiles, separated from each other by a thin lead layer, while
the ECAL and HCAL have shashlik and sampling constructions, respectively. In all four
cases, the light produced in the organic scintillators is transmitted to photomultiplier tubes
(PMT) by optical fibres [24, 69]. In general, the detected signal pulses are longer than
the nominal read-out window of 25 ns, and this must be taken into account to minimise
spill-over e↵ects. In the ECAL and HCAL detectors, this is performed by first clipping
the signal to fit within the read-out window. In the PS and SPD detectors, the e↵ects of
spill-over are removed by subtracting a fraction of the signal integrated in the previous
clock cycle.

The SPD uses a single bit for each cell to indicate whether or not it was traversed by a
charged particle, with a discriminator comparing the energy deposited in the given cell

39

KS->ππ	w/	VELO	 KS->ππ	w/o	VELO	

250mra
d

100mrad

M1

M3
M2

M4 M5

RICH2
HCAL

ECAL
SPD/PS

Magnet

T1T2
T3

z5m

y

5m

�5m

10m 15m 20m

TTVertex
Locator

RICH1

Fig. 2.2: Cross section of the LHCb detector [100]. The y and z axes of the default reference frame are defined in the figure.
The x axis is perpendicular to the plane of the page oriented with the standard right-hand rule.35

PV

๏ Heavy Flavour displaced decays
• τ(B)~1.5 ps, βγ~10 ⇒ few mm

๏ Thin VELO envelope
• < 5 mm: background mainly from 

heavy-flavour background
• > 5 mm: background mainly from 

material interaction

Backgrounds in VELO
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Figure 6. Example comparisons between the (filled bins) reconstructed SV locations and (red lines) the ma-
terial map for: (top) x versus z near y= 0 mm; (middle) same as the top but zoomed in on the 0 < z < 100 mm
region; (bottom left) x versus y near the left-half r sensor at z = 34.4 mm; and (bottom right) x versus y near
the right-half f sensor at z = 49.3 mm. For visual clarity: in the top panel, the red vertical lines denote the
center of each sensor, while in the bottom panels only the edges of the sensors are shown; and in all panels,
only the nominal RF-foil position is shown; i.e. the red RF-foil curves do not display its thickness.

– 7 –

VELO modules

VELO envelopeLHCb-DP-2018-002

https://inspirehep.net/record/1663389
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VELO material map
๏ VELO material map 
• based on material interactions 

from hadrons produced in beam-
gas collisions

• Assign probability of material 
interaction hypothesis to each µµ

16
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Figure 3. Reconstructed SVs in the Run 1 data sample showing the zr plane integrated over f , where the a
positive (negative) r value denotes that the SV is closest to material in the right (left) half of the VELO. The
bins are 0.1 mm⇥1 mm in size.

good quality. Futhermore, the SVs are required to be inconsistent with originating from the beam-67

spot in the xy-plane, and only events with exactly one SV are used. In total, 14M and 38M SVs are68

used to build the Run 1 and Run 2 maps, respectively. Figures 2 and 3 presents some displays of69

the reconstructed SV locations.70

3. Material Maps71

Separate VELO material maps are constructed for Run 1 and Run 2. The z positions of the sensors72

are determined by fitting the observed SV z distributions near each nominal module location. In73

these fits, the SVs are required to have r > 7 mm and satisfy x >�1.5 mm (x < 1.5 mm) for the left74

(right) VELO half. These requirements highly suppress contributions from material interactions75

in the RF-foil and from beam-induced backgrounds. Since the manufacturing tolerance of the76

sensor wafers is only 0.05 mm, the nominal wafer shapes in the transverse plane are used for the77

sensors. The x and y positions of each sensor, which are nominally at the xbeam and 0, are fitted78

simultaneously to the observed xy positions using SVs near each sensor in z. Only SVs that are79

inconsistent with originating from an interaction in the RF-foil are used in these fits. Figure 480

shows the shifts with respect to the nominal positions of each module. The largest shifts observed81

in z are ⇡ 0.6 mm in two of the pile-up sensors, while all standard sensors are consistent with82

their expected nominal positions to . 0.3 mm. Furthermore, the fitted z positions are found to be83

consistent in Run 1 and Run 2. The y positions are all found to be consistent with the expected84

values in both run periods; however, the modules are found to be shifted by O(0.1 mm) in x.85

The shape of the RF-foil in the xy-plane is roughly a semi-circle about the origin that transi-86

tions into straight lines that extend out away from the origin at fixed x values. The parametrization87

employed here describes these transitions using additional semi-circles (interpolation using bicubic88

splines was also tried, but found to provide a worse description of the data). The xy distributions89

of SVs are fit in 1 mm wide slices in z, where SVs consistent with originating from a module are90

removed, and in each of the 1066 slices four parameters are determined. The z dependence of each91
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Figure 7. The normalized photon conversion p-value distribution obtained using a subsample of data from
an LHCb long-lived dark-photon search [7]. The data are consistent with the photon-conversion hypoth-
esis. Some example dark-photon distributions are also shown for lifetimes of 1 and 10 ps, showing good
separation between potential exotic signals and photon conversions.

with an SV location at least 5 mm from the beam line and with m(µ+µ�)< 0.25GeV to suppress
heavy-flavor and double-misidentified KS ! p+p� backgrounds. The data are consistent with the
photon-conversion hypothesis. The search presented in Ref. [7] applied a mass-dependent criterion
on D that reduced the contribution from conversions to a negligible level, while maintaining good
signal efficiency. This procedure makes it possible to perform nearly background-free searches for
many proposed types of long-lived exotic particles.

5. Summary

In summary, a study of the LHCb VELO material based on secondary hadronic interactions was
presented, and a high-precision map of the VELO material was built. The analysis used secondary
interactions of hadrons produced in beam-gas collisions collected during special run periods where
helium or neon gas was injected into the beam-crossing region. Material interactions occur along
the entire length of the VELO in such events, rather than just near the pp-interaction region. Using
this material map, along with properties of a reconstructed SV and its constituent tracks, a p-value
can be assigned to the hypothesis that the SV originates from a material interaction. This approach
was recently used to veto photon conversions to µ+µ� in a search for dark photons at LHCb [7].
The procedure makes it possible to perform nearly background-free searches for many proposed
types of long-lived exotic particles.
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Displaced dark photon
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Figure 3: Expected reconstructed and selected long-lived A0
!µ+µ� yield.

misidentified as muons. A p-value is assigned to the photon-conversion hypothesis for each
long-lived A0

!µ+µ� candidate using properties of the decay vertex and muon tracks,
along with a high-precision three-dimensional material map produced from a data sample
of secondary hadronic interactions [101]. A m(A0)-dependent requirement is applied to
these p-values to reduce conversions to a negligible level. The remaining backgrounds are
highly suppressed by the decay topology requirement applied in the trigger. Furthermore,
since muons produced in b-hadron decays are often accompanied by additional displaced
tracks, events are rejected if they are selected by the inclusive heavy-flavor software
trigger [102,103] independently of the presence of the A0

!µ+µ� candidate. In addition,
boosted decision tree classifiers are used to reject events containing tracks consistent with
originating from the same b-hadron decay as the signal muon candidates [104].

The long-lived A0 search is also normalized using Eq. (1); however, ✏A0
�⇤ [m(A0), ⌧(A0)] is

not unity, in part because the e�ciency depends on the decay time, t. The kinematics are
identical for A0

!µ+µ� and prompt �⇤
!µ+µ� decays for m(A0) = m(�⇤); therefore, the

t dependence of ✏A0
�⇤ [m(A0), ⌧(A0)] is obtained by resampling prompt �⇤

!µ+µ� candidates
as long-lived A0

!µ+µ� decays, where all t-dependent properties, e.g. min[�2
IP(µ

±)], are
recalculated based on the resampled decay-vertex locations (the impact of background
contamination in the prompt �⇤

!µ+µ� sample is negligible). This approach is validated
using simulation, where prompt A0

!µ+µ� decays are used to predict the properties of
long-lived A0

!µ+µ� decays. The relative uncertainty on ✏A0
�⇤ [m(A0), ⌧(A0)] is estimated

to be 5%, which arises largely due to limited knowledge of how radiation damage a↵ects
the performance of the VELO as a function of the distance from the pp interaction
region. The looser kinematic, muon-identification, and hardware-trigger requirements
applied to long-lived A0

!µ+µ� candidates, cf. prompt-like candidates, also increase the
e�ciency. This t-independent increase in e�ciency is determined using a control data
sample of dimuon candidates consistent with originating from the PV, but otherwise
satisfying the long-lived criteria. The nA0

ex [m(A0), "2] values obtained using these data-
driven ✏A0

�⇤ [m(A0), ⌧(A0)] values, along with the expected prompt-like A0
!µ+µ� yields in

Fig. 1, are shown in Fig. 3.
The long-livedm(A0) spectrum is also scanned in discrete steps of �[m(µ+µ�)]/2 looking

for A0
! µ+µ� contributions [95]; however, discrete steps in ⌧(A0) are also considered

5

๏ Much lower background
• No long-lived SM particle decaying to µµ
• Main background from  

conversions in the VELO vetoed
γ → μμ
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Figure S5: Comparison of the results presented in this Letter to existing constraints from previous
experiments in the few-loop " region (see Ref. [98] for details about previous experiments).
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Dark Photons below 2mμ
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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 (predictions assume 15/fb).

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

[1603.08926]
Radiative Charm Decays @ LHCb

Ilten, Thaler, MW, Xue 
[1509.06765]

See talk by W.Xue 
on Tu evening

A’→µµ at LHCb
Ilten, Soreq, Thaler, Williams, Xue [1603.08926]

A’→ee at LHCb
Ilten, Thaler, Williams, Xue [1509.06765] 

Additional Figures487

310 410 510

210

310

410

510

610

710

 
 

m(µµ) [ GeV ]

C
an

d
id
at
es
/
�
[m

(µ
µ
)]
/
2

LHCb
p
s = 13TeV

µ+µ�

µ±µ±

prompt-like sample

pT(µ) > 1GeV, p(µ) > 20GeV

Figure 7: Mass spectrum selected by the prompt-like A0
!µ+µ� trigger.

IP
2χmin 

C
an

di
da

te
s /

 0
.4

0

10000

20000
LHCb

1/2)]µ(IP
2χmin[

0 0.5 1 1.5 2

Pu
ll

2−
0
2

IP
2χmin 

C
an

di
da

te
s /

 0
.4

0

500

1000

1500
LHCb

1/2)]µ(IP
2χmin[

0 0.5 1 1.5 2

Pu
ll

2−
0
2

IP
2χmin 

C
an

di
da

te
s /

 0
.4

0

50

100

150

200 LHCb µµprompt 
QµQµ

Qµh+hh

1/2)]µ(IP
2χmin[

0 0.5 1 1.5 2

Pu
ll

2−
0
2

Figure 8: Example min[�2
IP(µ

±)] distributions with fit results overlaid for prompt-like A0
!µ+µ�

candidates near (left) m(A0) = 0.5, (middle) 5, and (right) 50GeV.

2−10 1−10 1 10
12−10

11−10

10−10

9−10

8−10

7−10

6−10

5−10

4−10

m(A0) [ GeV ]

"2

LHCb

LHCb

Previous Experiments

90% CL exclusion regions on [m(A0), "2]

Figure 9: Comparison of the results presented in this Letter to existing constraints from previous
experiments (see Ref. [1] for details about previous experiments).
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Run 3 reach for dark photons


