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Dark sector→LHCb

๏ Dark sector = light masses, small couplings, 
displaced vertices, invisible signatures

๏ Why searching at LHCb?
• Huge production rates in forward LHC region
• Precise low-  trigger for soft signatures
• Real-time identification of displaced vertices 

(at first trigger level in the upgrade!)
• Huge boost in forward region  
→ increased flight distance

pT
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๏ Heavy neutral leptons (GeV)

๏ Light scalars (GeV)

๏ Visible dark photons



Heavy neutral leptons
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HNL in B decays
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Predictions from
 JH
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https://inspirehep.net/literature/1674321
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HNL searches in GeV range
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Mainly limited by  
HNL lifetime
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B→HNL in future LHCb
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Predictions from
 JH

EP 11 (2018) 032

Predictions from
 JH

EP 11 (2018) 032
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(X)
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PV

๏ Future LHCb strategy:
• Include  and  

• Include partially reconstructed  decays
• Include  decays downstream of the Vertex Locator 

(10x longer decay time)
• Search in all lepton flavours (also ?)
• Search both LNC and LNV decays

Bc → ℓN Bq → XℓN
N

N

τ

Future 
Prosp

ect
s

https://inspirehep.net/literature/1674321
https://inspirehep.net/literature/1674321


Light scalars

7



Martino Borsato - Heidelberg U. 8

Light scalar from b→s
Phys Rev Lett 115 161802 (2015) 

Phys Rev D 95, 071101(R)  (2017)
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๏ Use peaks in reconstructed  and  to reduce background 
๏ Upper limits down to 10−10  on BR(B+→K+χ) ⨉ BR(χ→µµ)

mB m(μμ)

Prompt-like  
SM background

https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.115.161802
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.95.071101
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Light scalar from b→s
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FIG. 2: Constraints on the Higgs portal from (gray regions) published LHCb searches using Run 1 data [3, 4]. The solid lines
show our projections for Run 3 from (blue) � ! µ+µ� and (red) � ! h+h�, where h = ⇡ or K. The dashed lines show the
corresponding Run 6 projections. N.b., these results assume the quartic coupling is negligible.
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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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±)]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
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±)]

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. 

Dimuon spectrum from trigger output

Visible  → LHCbA′￼

๏ Started inclusive  searches in Run 2
• Leveraging the online-analysis capabilities 

introduced in 2015 
→ no pre-scale down to threshold 

• Great prospects for upcoming upgrade

A′￼→ μ+μ−

2mμ

11

PRL 120 (2018) no.6, 061801
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Visible  → LHCbA′￼

12

Analysis strategy:

๏ inherits production mode of off-shell photon 
→ Can normalise to  continuum 
→ just need to separate non  background

‣ No need for efficiencies from simulation  
(only if displaced vertex)

γ* → μμ
γ*

γ*/A'

γ*/A'

The possibility that dark matter particles may interact via unknown forces, felt only1

feebly by Standard Model (SM) particles, has motivated substantial e↵ort to search for2

dark-sector forces (see Ref. [1] for a review). A compelling dark-force scenario involves3

a massive dark photon, A0, whose coupling to the electromagnetic current is suppressed4

relative to that of the ordinary photon, �, by a factor of ". In the minimal model, the5

dark photon does not couple directly to charged SM particles; however, a coupling may6

arise via kinetic mixing between the SM hypercharge and A0 field strength tensors [2–7].7

This mixing provides a potential portal through which dark photons may be produced8

if kinematically allowed. If the kinetic mixing arises due to processes whose amplitudes9

involve one or two loops containing high-mass particles, perhaps even at the Planck10

scale, then 10�12 . "2 . 10�4 is expected [1]. Fully exploring this few-loop range of11

kinetic-mixing strength is an important goal of dark-sector physics.12

Constraints have been placed on visible A0 decays by previous beam-dump [7–21],13

fixed-target [22–24], collider [25–27], and rare-meson-decay [28–37] experiments. The14

few-loop region is ruled out for dark photon masses m(A0) . 10MeV (c = 1 throughout15

this Letter). Additionally, the region "2 & 5⇥10�7 is excluded for m(A0) < 10.2GeV, along16

with about half of the remaining few-loop region below the dimuon threshold. Many ideas17

have been proposed to further explore the [m(A0), "2] parameter space [38–49], including18

an inclusive search for A0
!µ+µ� decays with the LHCb experiment, which is predicted19

to provide sensitivity to large regions of otherwise inaccessible parameter space using data20

to be collected during Run 3 of the LHC (2021–2023) [50].21

A dark photon produced in proton-proton, pp, collisions via �–A0 mixing inherits the22

production mechanisms of an o↵-shell photon with m(�⇤) = m(A0); therefore, both the23

production and decay kinematics of the A0
!µ+µ� and �⇤

!µ+µ� processes are identical.24

Furthermore, the expected A0
!µ+µ� signal yield is given by [50]25

nA0

ex [m(A0), "2] = "2
"
n�⇤

ob[m(A0)]

2�m

#
F [m(A0)] ✏A0

�⇤ [m(A0), ⌧(A0)], (1)

where n�⇤

ob[m(A0)] is the observed prompt �⇤
! µ+µ� yield in a small ±�m window26

around m(A0), the function F [m(A0)] includes phase-space and other known factors, and27

✏A0
�⇤ [m(A0), ⌧(A0)] is the ratio of the A0

!µ+µ� and �⇤
!µ+µ� detection e�ciencies, which28

depends on the A0 lifetime, ⌧ (A0). If A0 decays to invisible final states are negligible, then29

⌧(A0) / [m(A0)"2]�1 and A0
!µ+µ� decays can potentially be reconstructed as displaced30

from the primary pp vertex (PV) when the product m(A0)"2 is small. However, when ⌧ (A0)31

is small compared to the experimental resolution, A0
!µ+µ� decays are reconstructed as32

prompt-like and are experimentally indistinguishable from prompt �⇤
!µ+µ� production33

resulting in ✏A0
�⇤ [m(A0), ⌧(A0)] ⇡ 1. This facilitates a fully data-driven search and the34

cancelation of most experimental systematic e↵ects, since the observed A0
!µ+µ� yields,35

nA0
ob[m(A0)], can be normalized to nA0

ex [m(A0), "2] to obtain constraints on "2.36

This Letter presents searches for both prompt-like and long-lived dark photons produced37

in pp collisions at a center-of-mass energy of 13TeV, using A0
!µ+µ� decays and a data38

sample corresponding to an integrated luminosity of 1.6 fb�1 collected with the LHCb39

detector in 2016. The prompt-like A0 search is performed from near the dimuon threshold40

up to 70GeV, above which the m(µ+µ�) spectrum is dominated by the Z boson. The41

long-lived A0 search is restricted to the mass range 214 < m(A0) < 350MeV, corresponding42

to where the data sample provides potential sensitivity.43

1

off-shell photon
phase-space A’/γ* eff ratio,

𝜖=1 for prompt

PRL 120 (2018) no.6, 061801 
and PRL 124 (2020) 041801
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Prompt-like A′￼ → μ+μ−

๏  dark photons expected
• Peak hunt on top of large background
• Remove regions with QCD resonances

๏ Also displaced search at low mass (low background)

O(107 − 1011) × ϵ2

13

PRL 120 (2018) no.6, 061801 
and PRL 124 (2020) 041801

dependence on mass for each source of dimuon candidates.
The prompt-dimuon PDFs are taken directly from the data
at mðJ=ψÞ and mðZÞ, where prompt resonances are
dominant. Small corrections are applied to obtain these
PDFs at all othermðA0Þ, which are validated near threshold,
at mðϕÞ, and at m½ϒð1SÞ$, where the data predominantly
consist of prompt-dimuon pairs. Based on these validation
studies, a shape uncertainty of 2% is applied in each
min½χ2IPðμ%Þ$ bin. Same-sign μ%μ% candidates provide
estimates for the PDF and yield of the sum of the hh and
hμQ contributions, where each involves misidentified
prompt hadrons. The μ%μ% yields are corrected to account
for the difference in the production rates of πþπ− and π%π%,
which are determined precisely from the data using dipion
candidates weighted to account for the kinematic depend-
ence of the muon misidentification probability, since the hh
background largely consists of πþπ− pairs where both pions
are misidentified. The uncertainty due to the finite size of the
μ%μ% sample in each bin is included in the likelihood.
Simulated Q-hadron decays are used to obtain the μQμQ
PDFs, where the dominant uncertainties are from the relative
importance of the various Q-hadron decay contributions at
each mass. Example min½χ2IPðμ%Þ$ fits are provided in
Ref. [97], while the resulting promptlike candidate categori-
zation versus mðμþμ−Þ is shown in Fig. 1. Finally, the
nγ

'

ob½mðA0Þ$ yields are corrected for bin migration due to
bremsstrahlung, which is negligible except near the low-
mass tails of the J=ψ and ϒð1SÞ, and the small expected
Bethe-Heitler contribution is subtracted [76], resulting in the
nA

0
ex½mðA0Þ; ε2$ values shown in Fig. S2 of Ref. [97].
The promptlike nA

0

ob½mðA0Þ$ mass spectrum is scanned in
steps of σ½mðμþμ−Þ$=2 searching for A0 → μþμ− contribu-
tions [97] using the strategy from Ref. [83]. At each mass, a
binned extended maximum likelihood fit is performed in a
%12.5σ½mðμþμ−Þ$ window around mðA0Þ. The profile
likelihood is used to determine the p value and the upper
limit at 90% confidence level (C.L.) on nA

0

ob½mðA0Þ$. The
signal is well modeled by a Gaussian distribution whose
resolution is determined with 10% precision using a
combination of simulated A0 → μþμ− decays and the

observed pT-dependent widths of the large resonance peaks
in the data. The mass-resolution uncertainty is included in
the profile likelihood. The method of Ref. [98] selects the
background model from a large set of potential compo-
nents, which includes all Legendre modes up to tenth order
and dedicated terms for known resonances, by performing a
data-driven process whose uncertainty is included in the
profile likelihood following Ref. [99]. No significant
excess is found in the promptlike mðA0Þ spectrum after
accounting for the trials factor due to the number of signal
hypotheses.
Dark photons are excluded at 90% C.L. where the upper

limit on nA
0

ob½mðA0Þ$ is less than nA
0

ex½mðA0Þ; ε2$. Figure 2
shows that the constraints placed on promptlike dark
photons are the most stringent for 214 < mðA0Þ ≲
740 MeV and 10.6 < mðA0Þ≲ 30 GeV. The low-mass
constraints are the strongest placed by a promptlike A0

search at any mðA0Þ. These results are corrected for
inefficiency and changes in the mass resolution that arise
due to τðA0Þ no longer being negligible at such small values
of ϵ2. The high-mass constraints are adjusted to account for
additional kinetic mixing with the Z boson [84,85], which
alters Eq. (1). Since the LHCb detector response is
independent of which qq̄ → A0 process produces the dark
photon above 10 GeV, it is straightforward to recast the
results in Fig. 2 for other models [100,101].
For the long-lived A0 search, contamination from prompt

particles is negligible due to a stringent criterion applied in
the trigger on min½χ2IPðμ%Þ$ that requires muons be incon-
sistent with originating from any PV. Therefore, the dom-
inant background contributions are as follows: photons that
convert into μþμ− in the silicon-strip vertex detector that
surrounds the pp interaction region known as the VELO
[103], b-hadron decay chains that produce two muons, and
the low-mass tail from K0

S → πþπ− decays, where both
pions are misidentified as muons (all other strange decays
are negligible). A p value is assigned to the photon-
conversion hypothesis for each long-lived A0 → μþμ− can-
didate 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 [104]. An mðA0Þ-dependent requirement is
applied to these p values that results in conversions having

FIG. 1. Promptlike mass spectrum, where the categorization of
the data as prompt μþμ−, μQμQ, and hhþ hμQ is determined using
the min½χ2IPðμ%Þ$ fits described in the text (examples of these fits
are provided in the Supplemental Material [97]). The anti-kT-
based isolation requirement is applied for mðA0Þ > 1.1 GeV.

FIG. 2. Regions of the ½mðA0Þ; ε2$ parameter space excluded at
90% C.L. by the promptlike A0 search compared to the best
published [35,38,83] and preliminary [102] limits.

PHYSICAL REVIEW LETTERS 124, 041801 (2020)

041801-3
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FIG. 1: Adapted from Ref. [14]: constraints on visible A0 decays from (blue regions) LHCb [2] and (gray regions) all other
experiments. The solid blue line is the union of Run 3 projections for LHCb from Refs. [9, 10], updated to include inclusive
A0 ! e+e� projections enabled by recent advances in the LHCb trigger. The dashed blue line projects further into the future
to the end of Run 6.

• Reference [15] applied a constant scale factor to pre-
dict the future sensitivity based on the Run 1 results;
however, this fails to account for the strong lifetime de-
pendence of the LHCb limits. For example, at higher
masses the Run 1 data sample only explored prompt
� decays which are contaminated by SM penguin and
charmonium decays. With much greater luminosity,
LHCb explores the long-lived � region which is back-
ground free, improving the sensitivity.

• The published LHCb limits are based on older models
for the � coupling to hadrons. We update the exist-
ing limits to use the hadronic couplings in Ref. [16],
which is the commonly used model employed by re-
cent long-lived-particle experimental proposals. (This
update also requires carefully considering the strong
lifetime-dependence of the LHCb constraints.)

• Finally, we include new projections based on includ-
ing the hadronic decays B ! K(⇤)�(⇡+⇡�) and
B ! K(⇤)�(K+K�). We show that including
these final states can improve the sensitivity in the
0.5 . m� . 1.5GeV region.

Figure 2 shows both our updated constraints using the
published Run 1 results and our new projections. The
Run 1 dimuon searches were background free in the dis-
placed case, and we assume here that this continues to
be true throughout the lifetime of LHCb data taking.

Updating the � hadronic couplings to those of Ref. [16]
weakens the existing constraints, largely due to the de-
creased � ! µ+µ� branching fraction. Figure 2 clearly
shows that one cannot use a constant scale factor to pre-
dict future sensitivities. The LHCb dimuon search sensi-
tivity improves more at higher masses. As stated above,
going to Run 3 this is largely because the Run 1 data only
probed prompt � decays, whereas Run 3 will explore the
nearly background-free long-lived � decays even at higher
masses.

For hadronic decays, we only consider the long-lived �
scenario, as larger couplings are ruled out by the dimuon
data alone. To estimate the background, we consider
the related hadronic final state B±

! K⌥⇡±⇡± stud-
ied by LHCb in Run 1 [17], which is dominated by ran-
dom combinations of hadrons produced in heavy-flavor
decays.2 Assuming that the background uniformly pop-
ulates each � ! ⇡+⇡� mass window3—the mass spectra
in Ref. [17] are integrated over ⇡+⇡� phase space—we es-

2
The motivation here is that we expect the background for B±

!

K±�(h+h�
) for long-lived � bosons to largely arise due to com-

binations of hadrons produced in heavy-flavor decays that ran-

domly satisfy the topological and kinematic constraints, which

is also likely the case in our chosen background proxy.
3
This assumption is expected to hold within an order of magni-

tude, which only a↵ects the limits by up to a factor of two.

Visible  limitsA′￼
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experiments in the few-loop " region (see Ref. [98] for details about previous experiments),
restricted to the mass region motivated by self-interacting dark matter [4].
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Visible  prospectsA′￼
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FIG. 1: Adapted from Ref. [14]: constraints on visible A0 decays from (blue regions) LHCb [2] and (gray regions) all other
experiments. The solid blue line is the union of Run 3 projections for LHCb from Refs. [9, 10], updated to include inclusive
A0 ! e+e� projections enabled by recent advances in the LHCb trigger. The dashed blue line projects further into the future
to the end of Run 6.

• Reference [15] applied a constant scale factor to pre-
dict the future sensitivity based on the Run 1 results;
however, this fails to account for the strong lifetime de-
pendence of the LHCb limits. For example, at higher
masses the Run 1 data sample only explored prompt
� decays which are contaminated by SM penguin and
charmonium decays. With much greater luminosity,
LHCb explores the long-lived � region which is back-
ground free, improving the sensitivity.

• The published LHCb limits are based on older models
for the � coupling to hadrons. We update the exist-
ing limits to use the hadronic couplings in Ref. [16],
which is the commonly used model employed by re-
cent long-lived-particle experimental proposals. (This
update also requires carefully considering the strong
lifetime-dependence of the LHCb constraints.)

• Finally, we include new projections based on includ-
ing the hadronic decays B ! K(⇤)�(⇡+⇡�) and
B ! K(⇤)�(K+K�). We show that including
these final states can improve the sensitivity in the
0.5 . m� . 1.5GeV region.

Figure 2 shows both our updated constraints using the
published Run 1 results and our new projections. The
Run 1 dimuon searches were background free in the dis-
placed case, and we assume here that this continues to
be true throughout the lifetime of LHCb data taking.

Updating the � hadronic couplings to those of Ref. [16]
weakens the existing constraints, largely due to the de-
creased � ! µ+µ� branching fraction. Figure 2 clearly
shows that one cannot use a constant scale factor to pre-
dict future sensitivities. The LHCb dimuon search sensi-
tivity improves more at higher masses. As stated above,
going to Run 3 this is largely because the Run 1 data only
probed prompt � decays, whereas Run 3 will explore the
nearly background-free long-lived � decays even at higher
masses.

For hadronic decays, we only consider the long-lived �
scenario, as larger couplings are ruled out by the dimuon
data alone. To estimate the background, we consider
the related hadronic final state B±

! K⌥⇡±⇡± stud-
ied by LHCb in Run 1 [17], which is dominated by ran-
dom combinations of hadrons produced in heavy-flavor
decays.2 Assuming that the background uniformly pop-
ulates each � ! ⇡+⇡� mass window3—the mass spectra
in Ref. [17] are integrated over ⇡+⇡� phase space—we es-

2
The motivation here is that we expect the background for B±

!

K±�(h+h�
) for long-lived � bosons to largely arise due to com-

binations of hadrons produced in heavy-flavor decays that ran-

domly satisfy the topological and kinematic constraints, which

is also likely the case in our chosen background proxy.
3
This assumption is expected to hold within an order of magni-

tude, which only a↵ects the limits by up to a factor of two.

Scales as √L

Cover  using :

•  (lower bkg)

•  (higher rate)

mA′￼< 2mμ A′￼→ ee
D* → D0A′￼

π0/η → A′￼γ
PRD 92 no.11, 115017 (2015)
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A′￼→ ee A′￼→ μμ
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Inclusive  searchX → μ+μ−

๏ Probe additional dark sectors in µµ
• Drop assumption of kinetic mixing with 
• Minimise assumptions on production mechanism 

(tight fiducial regions and results in kinematic bins)

γ*

16

μ+

μ−

Inclusive prompt

• No isolation requirements
• Non-zero width considered

μ+

μ−

Displaced pointing

μ+

μ−

Prompt + b-jet

b-jet

μ+

μ−

Displaced non-pointing

• Non-zero width considered

LHCb JHEP10(2020)156
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