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700 physicists 
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Dark Matter Paradigms 
(apologies to axions)

WIMP Hidden Sector(s)

Dark
Matter

A Model of Dark Particle Physics?

How rich is the dark sector of matter?
Mike Williams 9

dark
higgs?

dark
quarks?

dark
leptons?

dark
forces?

Dark
nucleons

and nuclei?

A Model of Dark Particle Physics?

How rich is the dark sector of matter?
Mike Williams 32

extended
higgs

more
fermions

more
bosons

SM and DM particles are part of a 
larger unified theory at the TeV scale. 

LHCb searches for indirect evidence 
of this via quantum effects (flavor 
physics) — but that’s another talk.

No direct SM-DM connections.  

LHCb searches for this directly, and 
has world-leading sensitivity in 
certain regimes. (This talk is only A’.)
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LHCb Detector

JINST 3 (2008) S08005 
Int.J.Mod.Phys. A 30(2015) 1530022

LHCb is a forward Spectrometer (2 < η < 5)
(roughly 1-15o)
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Real-Time Processing (Run 2)

Real-time reconstruction for 
all charged particles with 
pT > 0.5 GeV (25k cores).

Data buffered on 10 PB 
disk while alignment/

calibration done.

Full real-time reconstruction 
for all particles available to 
select events.

50 GB/s

8 GB/s

5 PB/year (mix of full events & ones 
where only high-level info kept)

Precision measurements benefit greatly 
from using the final/best reconstruction in 
the online event selection—need real-time 
calibration! 

Final event selection done with access to 
best-quality data, removing the need (but 
perhaps not the desire) to retain the ability 
to re-reconstruct the data offline. 

This approach provides huge benefits to 
light BSM searches as well.

FPGA-based hardware

1 TB/s 40 MHz

1 MHz

100 kHz

Heavy use of machine learning algorithms.  

V.Gligorov, MW, JINST 8 (2012) P02013.
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Real-Time Processing (Run 3)

Real-time reconstruction for 
all charged particles with 
pT > 0.5 GeV.

Data buffered on disk while 
alignment/calibration done.

Full real-time reconstruction 
for all particles available to 
select events.

20 PB/year (mostly only high-level info 
kept, few RAW events to be stored)

Need for a hardware stage is being 
removed for Run 3, while simultaneously 
increasing the luminosity by a factor of 5. 

Huge potential gains for low-mass 
physics, including dark photons.

5 TB/s 40 MHz



Dark Photons
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A Model of Dark Particle Physics?

How rich is the dark sector of matter?
Mike Williams 9

dark
higgs?

dark
quarks?

dark
leptons?

dark
forces?

Dark
nucleons

and nuclei?

SMSM

SMSM
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FIG. 3: Lifetime and branching fraction of a dark photon. The lifetime becomes short when resonant
hadronic decay occurs, as for example at ∼ 750MeV, the approximate mass of the ω-resonance.

For mγ′ ! 2 GeV, the ratio R can be accurately determined in perturbative QCD via

R(mγ′) = 3
∑

f

Q2
f

(m2
γ′ + 2m2

f )
√

m2
γ′ − 4m2

f
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(
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. (IV.2)

The exclusive number of each type of quasi-stable hadron has been determined using PYTHIA 6 [75] to simulate a
parton shower and hadronization in e+e− collisions at ECM = mγ′ .
For mγ′ " 2 GeV, we use data-driven methods to determine both R and the fragmentation into exclusive final

states. The ratio has been determined by summing the various exclusive final states in several experiments at low
energies and a combination of these has been presented by the Particle Data Group [76, 77]. We then determine
the fragmentation into quasi-stable hadrons using the measured branching fractions of the few resonances that
contribute to R at low energies.
The resulting total decay width and branching fractions are shown in Figure 3.

B. Dark Higgs Decays

The dark Higgs decays with couplings that are proportional to those of the SM Higgs. For mρ ! 2 GeV, we
once more turn to a perturbative determination of the dark Higgs decay width and inclusive branching fractions.
Unlike in the dark photon case, decays to pairs of gauge bosons (namely gluons and photons) are allowed and can
be significant in certain parts of parameter space. The partial widths to fermions are deterimed at leading order
by

Γ(ρ→ ff) = sin2 ϵ
Gfm2

f
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)3/2

(IV.3)

For decays to quarks, an NLO correction factor of [78]

1 + 5.67
αs

π
+O(α2

s) (IV.4)

is applied. The decays to gluons and photons (including a NLO correction for the gluon case [79]) are given by

Γ(ρ→ gg) = sin2 ϵ
Gfα2
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and

Γ(ρ → γγ) = sin2 ϵ
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τ=1ps

Visible A’ Decays
Leverage LHCb’s world-leading 𝛕 resolution and planned move to a triggerless readout.
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Inclusive A’ →μμ 
Ilten, Soreq, Thaler, MW, Xue 

[1603.08926]
Radiative Charm Decays 

Ilten, Thaler, MW, Xue 
[1509.06765]

LHCb Run 3 predictions:



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.
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LHCb-PAPER-2017-038 
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Additional Figures
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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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µ
Q
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, and hh+ hµ
Q

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 p

T

-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 hµ

Q

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 p

T

-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 µ

Q

µ
Q

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)



Even though the 2016 data sample is 10x smaller than the expected one in Run 3 — and 
the current trigger is only 1-2% efficient at low masses — we still roughly equal BaBar as 
the best limits. Above 10 GeV, these are the most stringent limits. (N.b., these results are 
consistent with our predictions after accounting for hardware trigger & luminosity.)
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Figure 2: Regions of the [m(A0), "2] parameter space excluded at 90% CL by the prompt-like A0

search compared to the best existing limits [27, 38].

nA

0
ob

[m(A0)], from which an upper limit at 90% confidence level (CL) is obtained. The
signal PDFs are determined using a combination of simulated A0 ! µ+µ� decays and
the widths of the large resonance peaks observed in the data. The strategy proposed in
Ref. [65] is used to select the background model and assign its uncertainty. This method
takes as input a large set of potential background components, which here includes all
Legendre modes up to tenth order and dedicated terms for known resonances, and then
performs a data-driven model-selection process whose uncertainty is included in the
profile likelihood following Ref. [66]. More details about the fits, including discussion on
peaking backgrounds, are provided in Ref. [61]. The most significant excess is 3.3� at
m(A0) ⇡ 5.8GeV, corresponding to a p-value of 38% after accounting for the trials factor
due to the number of prompt-like signal hypotheses.

Regions of the [m(A0), "2] parameter space where the upper limit on nA

0
ob

[m(A0)] is
less than nA

0
ex

[m(A0), "2] are excluded at 90% CL. Figure 2 shows that the constraints
placed on prompt-like dark photons are comparable to the best existing limits below
0.5GeV, and are the most stringent for 10.6 < m(A0) < 70GeV. In the latter mass
range, a nonnegligible model-dependent mixing with the Z boson introduces additional
kinetic-mixing parameters altering Eq. 1; however, the expanded A0 model space is highly
constrained by precision electroweak measurements. This search adopts the parameter
values suggested in Refs. [67,68]. The LHCb detector response is found to be independent
of which quark-annihilation process produces the dark photon above 10GeV, making it
easy to recast the results in Fig. 2 for other models.

For the long-lived dark photon search, the stringent criteria applied in the trigger
make contamination from prompt muon candidates negligible. The dominant background
contributions to the long-lived A0 search are as follows: photon conversions to µ+µ� in
the silicon-strip vertex detector (the VELO) that surrounds the pp interaction region [69];
b-hadron decays where two muons are produced in the decay chain; and the low-mass
tail from K0

S ! ⇡+⇡� decays, where both pions are misidentified as muons. Additional
sources of background are negligible, e.g. kaon and hyperon decays, and Q-hadron decays
producing a muon and a hadron that is misidentified as a muon.

Photon conversions in the VELO dominate the long-lived data sample at low masses. A

4

Prompt A’

N.b., the bump hunt follows MW, 1705.03587. This is a completely generic method that I 
show produces valid CIs (and limits) with minimal effort/input from the analysts. 

LHCb-PAPER-2017-038 
1710.02867



Long-Lived A’
Major hurdle: building a high-precision map of the VELO material to enable vetoing ALL 
photon conversions. (Of course, this was easy using simulation for the predictions!)
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Figure 3. Reconstructed SVs in the Run 1 data sample showing the zr plane integrated over f , where 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. N.b., the inner-most RF-foil region is nearly semi-circular in the xy plane,
which results in sharp edges at smaller r values; however, at large |y| values, the RF-foil is flat producing
SVs at larger values of r which can easily be mistaken as background in the zr projection shown here.

good quality. Futhermore, the SVs are required to be inconsistent with originating from the beam-68

spot in the xy-plane, and only events with exactly one SV are used. In total, the Run 1 and Run 269

data samples contain 14M and 38M SVs, respectively. Figures 2 and 3 presents some displays of70

the reconstructed SV locations.71

3. Material Maps72

The VELO closes around the beams during each fill with a precision of O(0.01 mm); therefore,73

when the beams move the VELO material also moves. A software-based alignment procedure74

is used to precisely determine the location of each VELO module, which also accounts for these75

fill-by-fill changes. The beam spot changes by O(0.1 mm) from year to year, and changed by76

⇡ 0.5 mm between 2011 and the start of Run 2. Separate VELO material maps are constructed77

for Run 1 and Run 2 to also allow for shifts of the VELO module locations relative to each other78

or relative to the RF-foil; however, it is found that the VELO material is consistent with having79

only moved globally by the amount expected due to the change in the beam spot location, and only80

a single map is presented below. This map must be adjusted for the beam-spot location of each81

data-taking period when used in an LHCb analysis.82

The z positions of the sensors are determined by fitting the observed SV z distributions near83

each module location. In these fits, the SVs are required to have r > 7 mm and satisfy x >�1.5 mm84

(x< 1.5 mm) for the left (right) VELO half. These requirements highly suppress contributions from85

material interactions in the RF-foil and from beam-induced backgrounds. Since the manufacturing86

tolerance of the sensor wafers is only 0.05 mm, the nominal wafer shapes in the transverse plane87

are used for the sensors. The x and y positions of each sensor, which are nominally at xbeam and88

0, are fitted simultaneously to the observed xy positions using SVs near each sensor in z. Only89

SVs that are inconsistent with originating from an interaction in the RF-foil are used in these fits.90

– 4 –
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Figure 2. Reconstructed SVs in the Run 2 data sample showing the xy plane integrated over z within the
region of the VELO that contains sensor modules. The left (right) panel shows the central (forward) VELO
region. The bins are 0.1 mm⇥0.1 mm in size.

These sensors are placed into 21 standard modules in r–f pairs, where each r sensor provides43

a radial-coordinate measurement, each f sensor provides an azimuthal-coordinate measurement,44

and the module location determines the z coordinate. Each half also has two additional modules,45

referred to as the pile-up system, that only contain an r sensor and are located in the most upstream46

positions of the VELO. There is a slight overlap between the two VELO halves to ensure full47

angular coverage and to assist in calibration of the detector. Each half is contained in an RF-box,48

which provides an independent vacuum from the LHC machine vacuum. The beam-facing surface49

of the RF-boxes is the RF-foil, a 0.3 mm thick AlMg3 sheet that is corrugated around the modules50

to minimize the material traversed by charged particles. The RF-box and RF-foil shield the VELO51

sensors against RF pickup from the LHC beams, prevent impedance disruptions of the LHC beams,52

and protect the LHC machine vacuum.53

A beam-gas imaging system was installed during Run 1 to enable making high-precision lu-54

minosity measurements [8], which has since been repurposed to allow LHCb to collect data as a55

fixed-gaseous-target experiment. This analysis uses secondary interactions of hadrons produced in56

beam-gas collisions collected during special run periods where helium gas was injected into the57

beam-crossing region. Several data samples are used from different running periods: data collected58

during pp running in 2011 and 2012 (Run 1) meant for luminosity studies, with beam energies of59

3.5 and 4.0TeV, respectively; and data taken during a dedicated proton-helium run in 2016 (Run 2)60

with a beam energy of 4.0TeV. Only one LHC beam is permitted to traverse the VELO region in61

all events used in this study. The data sets were collected using a minimum bias trigger, which62

required that at least one track was reconstructed at the software-trigger stage.63

Since the particles produced in secondary interactions in beam-gas events do not necessarily64

originate from near the interaction point or the beam line, the tracks used in this analysis are65

reconstructed using a non-standard tracking algorithm that makes no assumptions about the origins66

of the particles. All reconstructed tracks are required to be of good quality and to have hits in at67

least 3 r–f sensor pairs. The SVs are reconstructed from 3 or more tracks and are required to be of68

– 3 –
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Long-Lived A’
Developed a data-driven method to determine the p-value for the from-material 
hypothesis for any vertex. Conversion-dominated data region found to be consistent with 
only conversions (expect < 10 A’ signal event in this region for any mass, lifetime).
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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 [6]. 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.

5. Summary150

In summary, a study of the LHCb VELO material based on secondary hadronic interactions was151

presented, and a high-precision map of the VELO material was built. The analysis used secondary152

interactions of hadrons produced in beam-gas collisions collected during special run periods where153

helium gas was injected into the VELO. Material interactions occur along the entire length of the154

VELO in such events, rather than just near the pp interaction region. Using this material map, along155

with properties of a reconstructed SV and its constituent tracks, a p-value can be assigned to the156

hypothesis that the SV originates from a material interaction. This approach was recently used to157

veto photon conversions to µ+µ� in a search for dark photons at LHCb [6]. The procedure makes it158

possible to perform nearly background-free searches for many proposed types of long-lived exotic159

particles.160
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Good separation between conversions and signal — but much better performance 
expected in the Run 3 VELO (for several reasons).
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IP

(µ±)] criterion
applied in the 2016 trigger.
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Figure 3: Ratio of the observed upper limit on nA

0
ob

[m(A0), "2] at 90% CL to its expected value,
where regions less than unity are excluded. There are no constraints from previous experiments
in this region.

2.0�. More details about these fits are provided in Ref. [61].
Under the assumption that A0 decays to invisible final states are negligible, there is

a fixed (and known) relationship between ⌧(A0) and "2 at each mass [52]; therefore, the
upper limits on nA

0
ob

[m(A0), ⌧(A0)] can be translated into limits on nA

0
ob

[m(A0), "2]. Regions
of the [m(A0), "2] parameter space where the upper limit on nA

0
ob

[m(A0), "2] is less than
nA

0
ex

[m(A0), "2] are excluded at 90% CL (see Fig. 3). While only small regions of [m(A0), "2]
space are excluded, a sizable portion of this parameter space will soon become accessible
as more data are collected.

In summary, searches are performed for both prompt-like and long-lived dark photons
produced in pp collisions at a center-of-mass energy of 13TeV, using A0!µ+µ� decays
and a data sample corresponding to an integrated luminosity of 1.6 fb�1 collected with the
LHCb detector during 2016. The prompt-like A0 search covers the mass range from near the
dimuon threshold up to 70GeV, while the long-lived A0 search is restricted to the low-mass
region 214 < m(A0) < 350MeV. No evidence for a signal is found, and 90% CL exclusion
regions are set on the �–A0 kinetic-mixing strength. The constraints placed on prompt-like
dark photons are the most stringent to date for the mass range 10.6 < m(A0) < 70GeV, and
are comparable to the best existing limits for m(A0) < 0.5GeV. The search for long-lived
dark photons is the first to achieve sensitivity using a displaced-vertex signature.

These results demonstrate the unique sensitivity of the LHCb experiment to dark
photons, even using a data sample collected with a trigger that is ine�cient for low-mass
A0 ! µ+µ� decays. Using knowledge gained from this analysis, the software-trigger
e�ciency for low-mass dark photons has been significantly improved for 2017 data taking.
Looking forward to Run 3, the planned increase in luminosity and removal of the hardware-
trigger stage should increase the number of expected A0!µ+µ� decays in the low-mass
region by a factor of O(100–1000) compared to the 2016 data sample.

6

Long-Lived A’

Achieve first sensitivity using a displaced-
vertex signature by performing 3-D fits in 
the bump hunt.  

Large regions of parameter space are 
nearly accessible in this sample. (Results 
are better than our predictions here.) 

N.b., have a plan to greatly reduce the 
backgrounds in next update. 
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Long-lived sample 
 ~conversion free!

After applying the material veto, the 
sample is ~conversion free, with some 
remaining backgrounds from heavy-
flavor at short lifetimes, and the low-
mass tail of KS-to-pipi double misID at 
large lifetimes and masses.

LHCb-PAPER-2017-038 
1710.02867



A’ Results
The 2016 dimuon results are consistent with (better than) our predictions for prompt 
(long-lived) dark photons. We implemented huge improvements in the 2017 triggers for 
low masses (~2.5 gain for prompt, 4x looser IP cuts for displaced), so plan quick turn 
around on 2017 dimuon search — then onto electrons.
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Best guess: the Run 3 dimuon predictions are quite good, assuming that the Run 3 
detector performs as expected.



Long Term Plans
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Run 1 
2010-2012

7-8 TeV 
3/fb

LS
1

LS
2

Run 2 
2015-2018

13 TeV 
+5/fb

Run 3 
2021-2023

14 TeV 
+15/fb

Run 4 
2026-2029

LS
3

14 TeV 
+25/fb

LS
4

Run 5 
2031-2033

LS
4

14 TeV 
+100/fb

2035-???

Total:  
300/fb

Phase 1a 
Upgrade

Phase 1b 
Upgrade

Phase 2 
Upgrade



Summary

LHCb is now officially a dark-photon experiment with unique sensitivity that is 
expected to improve greatly in the (near and far) future. 


