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The Large Hadron Collider

70 institutes
16 countries
700 physicists
Almost 400 papers!
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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
Simple feature-bu i ld ing in custom 
electronics (e.g. FPGAs) required to reduce 
the data volume to a transferable rate.

TB/s
(post zero suppression)

50 GB/s

LHCb will move to a triggerless-readout system for 
LHC Run 3 (2021-2023), and process 5 TB/s in real 
time on the CPU farm.

JINST 8 (2013) P04022

Online computing farm 
processes 250 PB / year, 
can only persist 1% of this.
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Real-Time Processing (Run 2)

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

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

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

Heavy use of machine learning algorithms 
throughout the Run 1 and Run 2 trigger.

V.Gligorov, MW, JINST 8 (2012) P02013.

Precision measurements benefit greatly 
from using the final (best) reconstruction 
in the online event selection—need real-
time calibration. (This also greatly helps 
BSM searches.)

Final event selection done with access to 
best-quality data (mostly done during 
down time between fills).

FPGA-based hardware

1 TB/s 40 MHz

1 MHz

100 kHz



Real time alignment and calibration

23

alignment and calibration alignment

Online alignment stability

update alignment constants only when above threshold
(dashed lines)

VELO opens and closes each fill (protect sensors during
injection): expect updates every few fills
tracking system (TT, IT, OT): expect updates every few weeks
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Real-Time Calibration
VELO opens/closes every fill, expect 
updates every few fills. Rest of 
tracking stations only need updated 
every few weeks.

RICH gases indices of refraction must 
be calibrated in real time; requires ~1 
min to run, and new calibrations are 
required for each run.

Calibration data is sent to a separate 
“stream” from the physics data after the 
first software-trigger stage. This permits 
running the calibrations on the online farm 
simultaneously with running the trigger.

(Near) real-time publication: σ(cc)[13TeV] 
shown @ EPS (2015) within a week of 
recording the data (measured using online-
reconstructed data). We achieved better 
mass and lifetime resolution online than we 
had offline in Run 1. 
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FIG. 2. Side view of the LHCb RICH detector upstream of the
magnet.

system, and calibrate the refractive index of radiators and
the HPD image with good precision. These factors are all
time-dependent, necessitating real-time calibration and
alignment of the LHCb RICH detectors, and the tracking
system.
Calibration and alignment
Calibration of the refractive index of the RICH radi-
ators

The refractive index of the gas radiators depends on
the ambient temperature and pressure, and the exact
composition of the gas mixture; so it can change in time.
These quantities are monitored by hardware to compute
an expected refractive index, but this does not have a
precision that is high enough for the physics analysis,
therefore it needs to be further corrected. As shown in
Fig. 3, the distribution of the difference between the re-
constructed and expected Cherenkov angle is fitted to ob-
tain the shift, which is then converted to a scale factor of
the expected refractive index according to studies based
on simulation.

About 50 Hz of events are sent to multiple online re-
construction tasks, which run in parallel, and the result-
ing histograms are merged at the end of each run. Then
a dedicated task is used to fit the histograms merged run-
by-run and produce calibration constants to be used by
the RICH reconstruction in the final stage of the software
trigger. The maximum run length is one hour.
Calibration of the HPD images

The Hybrid Photon Detector is used to detect
Cherenkov photons. As shown in Fig. 4, the photoelec-
tron produced at the photocathode is accelerated by a
high voltage of up to 20 kV onto a reverse-biased pixel-
lated silicon detector, with a de-magnification factor of

delta(Cherenkov Theta) / rad
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FIG. 3. Difference between the reconstructed and expected
Cherenkov angle before the calibration.

FIG. 4. Schematic drawing of the Hybrid Photon Detector
(HPD).

about 5 [6]. The HPD anode images are affected by the
magnetic and electric fields, and have been observed to
move and change their size, possibly due to changes in
these residual fields when the high voltage is cycled each
LHC fill. Such changes could degrade the reconstruction
of the Cherenkov angle and affect the PID performance.
Therefore the centre and radius of all the HPD images
are calibrated run-by-run. Figure 5 shows the calibra-
tion process. First, the centre of the image is cleaned to
eliminate ion feedback. Then a Sobel filter is used to de-
tect the edges of the image that are fitted to determine
the centre and the radius of the image, which are used by
the RICH reconstruction in the final stage of the software
trigger. As only the raw HPD data needs to be decoded,
more than 500 Hz of events are processed run-by-run.
Alignment of the RICH mirror system

The Cherenkov photons emitted by the charged parti-
cles passing through the RICH detectors are focused onto
the photon-detector plane by the spherical and secondary
mirrors. In case of misalignment the centre of Cherenkov
ring would not correspond to the intersection point of the
charged track, and this would introduce a dependence
of the difference between the measured and expected
Cherenkov angle on the azimuthal angle of the ring, as

LHCb-PAPER-2015-041



Dark Matter Paradigms

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 connection, but 
there could be portals. 

LHCb searches for this directly, and 
has (or will have) world-leading 
sensitivity in certain regimes. 
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b→s penguin decays are an excellent place to search for low-mass hidden-
sector particles (e.g., anything that mixes with the Higgs sector).

Higgs Portal

b

d

V
tb

V
ts

s

d

µ�

µ+

t

W+

�

B0 K⇤0

Figure 1: Feynman diagram for the decay B0! K⇤0�, with �! µ+µ�.

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

Ref. [33] for details).72

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

2

PRL 115 (2015) 161802
LHCb-PAPER-2015-036

Search strategy handles QCD resonances (MW [1503.04767]), and 2015-036 
uses a novel ML algorithm (uBDT) (J.Stevens, MW [1305.7248]).

|�iphys = cos ✓|�i+ sin ✓|Higgsi

|Higgsiphys = � sin ✓|�i+ cos ✓|Higgsi

(K+)

See also A.Rogozhnikova, A.Bukva, V.Gligorov, A.Ustyuzhanin, MW [1410.4140].

PRD 95 (2017) 071101
LHCb-PAPER-2016-052



No evidence for a hidden-sector boson; stringent model-independent limits are set. 9
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Figure 3: Upper limits at 95% CL for (top) B(B0 ! K⇤0�(µ+µ�
))/B(B0 ! K⇤0µ+µ�

), with

B0! K⇤0µ+µ�
in 1.1 < m2

(µ+µ�
) < 6.0 GeV

2
, (middle) B(B0! K⇤0�(µ+µ�

)), and (bottom)

both relative and absolute limits. The ! and � resonance regions are only excluded in the

prompt region. A utility is provided to obtain these limits for any (m(�), ⌧(�)) in the zip file

(see the README).
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that no evidence is found for a hidden-sector boson.144

To set upper limits on B(B0! K⇤0�(µ+µ�)), various sources of systematic uncertainty145

are considered. The limits are set using the profile likelihood technique [41], in which146

systematic uncertainties are handled by including additional Gaussian terms in the likeli-147

hood [33]. Since no contamination from the ! or � resonance is found in the displaced148

region, upper limits are set in these m(�) regions for ⌧(�) > 1 ps.149

Many uncertainties cancel to a good approximation because the signal and normalization150

decays share the same final state. The dominant uncertainty on the e�ciency ratio151

✏(B0! K⇤0�(µ+µ�))/✏(B0! K⇤0µ+µ�), which is taken from simulation, arises due to its152

dependence on ⌧ (µ+µ�). The simulation is validated by comparing ⌧ (⇡+⇡�) distributions153

between B0! J/ K0
S

(⇡+⇡�) decays reconstructed in simulated and experimental data in154

bins of K0
S

momentum. The distributions in data and simulation are consistent in each155

bin, and the per-bin statistical precision (5%) is assigned as systematic uncertainty.156

The uncertainty on the e�ciency for a signal candidate to be reconstructed within a157

given m(µ+µ�) signal window, due to mismodeling of �[m(µ+µ�)], is determined to be 1%158

based on a comparison of the J/ peak between B0! J/ (µ+µ�)K⇤0 decays in simulated159

and experimental data. A similar comparison for �[⌧ (µ+µ�)] shows that the uncertainty on160

the fraction of signal candidates expected to be reconstructed in the prompt and displaced161

regions is negligible. Finally, the e�ciency for the normalization mode is determined162

assuming the angular distribution predicted by the SM. This distribution is varied within163

the uncertainties measured in Ref. [42], yielding an uncertainty in the normalization-mode164

e�ciency of 1%. The individual contributions are summed in quadrature giving a total165

systematic uncertainty of 8%.166

The spin of the hidden-sector boson determines the angular distribution of the decay167

and, therefore, a↵ects the e�ciency. The upper limits are set assuming spin zero. For a168

spin-one � boson produced unpolarized in the decay, the sensitivity is about 20% better169

5

PRL 115 (2015) 161802
LHCb-PAPER-2015-036

Model-Independent Limits
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Figure 5: Exclusion regions at 95% CL: (left) constraints on the axion model of Ref. [20]; (right)
constraints on the inflaton model of Ref. [46]. The regions excluded by the theory [46] and by
the CHARM experiment [47] are also shown.

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

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

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

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

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

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

predict the existence of additional scalar or axial-vector fields.203
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the sensitivity of this search. Constraints are placed on the mixing angle between the
Higgs and inflaton fields, ✓, which exclude most of the previously allowed region.

In summary, no evidence for a signal is observed, and upper limits are placed on
B(B0! K⇤0�)⇥ B(�! µ+µ�). This is the first dedicated search over a large mass range
for a hidden-sector boson in a decay mediated by a b! s transition at leading order, and
the most sensitive search to date over the entire accessible mass range. Stringent constraints
are placed on theories that predict the existence of additional scalar or axial-vector fields.
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Benchmark Models PRL 115 (2015) 161802
LHCb-PAPER-2015-036

axion portal

PeV 
scale!

Constraints in the axion portal reach 
the PeV scale on the axion decay 
constant in 2HDMs.
[Freytsis,Ligeti,Thaler, 0911.5355]

Strongest constraints on a scalar 
with 2m(μ)<m<2m(𝛕) mixing with 
the Higgs.

Nearly rules out the Inflaton 
parameter space below 2m(𝛕) in 
these models.
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Figure 4: Excluded branching fraction for the B+ ! K+�(µ+µ�) decay as a function of m(�)
and ⌧(�) at 95% CL. Regions corresponding to the fully-vetoed K0

S , J/ ,  (2S) and  (3770) and
to the partially-vetoed � and  (4160) are excluded from the figure. All systematic uncertainties
are included in the calculation of the upper limit.
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Figure 5: Parameter space of the inflaton model described in Refs. [2–4]. The region excluded at
95% CL by this analysis is shown by the blue hatched area. The region excluded by the search
with the B0 ! K⇤0�(µ+µ�) decay [8] is indicated by the red hatched area. Direct experimental
constraints set by the CHARM experiment [7] and regions forbidden by theory or cosmological
constraints [4] are also shown.

⌧(�) = 10 ps. For longer lifetimes the limit becomes weaker as the probability for the �
to decay within the vertex detector decreases. Nevertheless, the present analysis improves
previous limits by up to a factor of 20 in the region of long lifetimes ⌧(�) ⇠ 1000 ps.

Figure 5 shows the excluded region at 95% CL of the parameter space of the inflaton
model presented in Refs. [2–4]. Constraints are placed on the square of the mixing angle,
✓2, which appears in the inflaton e↵ective coupling to the SM fields via mixing with the
Higgs boson. The inflaton lifetime is predicted to scale as ⌧ / 1/✓2. The B+ ! K+�
branching fraction is taken from Ref. [2]. It is predicted to be between 10�4 and 10�8

in the explored region and scales as B(B+ ! K+�) / ✓2, while the inflaton branching

5

PRD 95 (2017) 071101
LHCb-PAPER-2016-052

Batell, Pospelov, Ritz [0911.4939];
Bezrukov, Gorbunov [0912.0390,1303.4395]



Dark Photons
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A Model of Dark Particle Physics?

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

(m2
γ′ + 2m2

µ)
√

m2
γ′ − 4m2

µ

(

1 +
αs

π
+O(α2

s)
)

. (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

4
√
2π

mρ

(

1−
4m2

f

m2
ρ

)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

sm
3
ρ

64
√
2π3

∣

∣

∣

∣

∣

∑

q

F1/2(τq)

∣

∣

∣

∣

∣

2
(

1 +
215

12

αs

π
+O(α2

s)

)

(IV.5)

and

Γ(ρ → γγ) = sin2 ϵ
Gfα2m3

ρ

128
√
2π3

∣

∣

∣

∣

∣

∣

∑

f

Nc,fQ
2
fF1/2(τf ) + F1(τW )

∣

∣

∣

∣

∣

∣

2
(

1 +
215

12

αs

π
+O(α2

s)

)

(IV.6)

τ=1ps

Visible A’ Decays
Dedicated worldwide effort to search for dark photon decays.

e+e-→ƔA’
(long lived)
e-N→Ne-A’

pp→(SM)A’

beam dump

S/B~10-4*

*see MW [1705.03578] for a guide to proper bump hunting.
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Dark Photons
The most experimentally favorable A’ decay mode is di-muon. The A’ rate can 
be inferred from the prompt Ɣ*→μμ rate making this a fully data-driven 
search at the LHC!

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

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

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

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

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

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

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

p
s = 7 TeV in a similar kine-

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

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

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

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

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

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

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

µµ

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

µµ

= m
�

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

A

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

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

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

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

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

A

0 � ⌧
D,B

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

S

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

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

p
Bprompt ⇡ 2 as a rough criterion for the exclusion

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

A

0 2 [2m
µ

,m
�

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

A

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

boost factors �
µµ

⌘ E
µµ

/m
µµ

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

µµ

bin.

method described in the next subsection and automatically included when defining the514

signal-strength confidence intervals and limits in each mass bin.515

3.4 Bump Hunt516

The basic strategy is to scan in mass in steps of �(m(µµ))/2, with the signal shape fixed517

as discussed above. At each mass, likelihood fits are performed and the profile likelihood518

is used to determine the limits and local p-value. The global p-value, which must account519

for the trials factor (look elsewhere e↵ect), is obtained using the standard upcrossing520

method used in the Higgs analyses at ATLAS/CMS (alternatively, we could use Monte521

Carlo here). [The bump hunt strategy is summarized in an article by Mike that is posted522

on the twiki (to be submitted to JINST). To-do: Add a summary of the article here.]523

3.5 Results524

Since the prompt search is fully self normalizing, the upper limit at each m(µµ) in terms525

of candidates obtained from the bump hunt in the previous section can easily be converted526

into a limit on the kinetic mixing parameter "2 using [49]527

N(A0!µ+µ�)

N(�⇤!µ+µ�)
⇡ 3⇡

8

m(A0)

�(m(µµ))

"2

↵EM(n(`) +R(µ))
, (1)

where n(`) is the number of leptons lighter than m(µµ)/2, which is 2 or 3 in this search,528

and R(µ) is the ratio of e+e� !hadrons over e+e� ! µ+µ�.15 The approximate sign529

denotes that this simple expression neglects phase space factors, which are relevant very530

close to threshold and properly included in our final results. At masses above 10GeV531

interference between the dark photon and the Z becomes non-negligible and so a model-532

dependent mixing with the Z is introduced following the parameterization of Refs. [54,55].533

Full interference between the �⇤, A0, and Z is included; the axial and vector couplings for534

the dark photon are defined by,535

vu(m(A0), ") = C↵(m(A0)2)4⇡"

✓
2

3
+

m(A0)2

m(A0)2 �m(Z)2
4/3 sin2 ✓2 � 1/2

2 cos2 ✓w

◆

au(m(A0), ") = �C↵(m(A0)2)4⇡"

✓
m(A0)2

4 cos2 ✓w(m(A0)2 �m(Z)2)

◆

vd(m(A0), ") = �C↵(m(A0)2)4⇡"

✓
m(A0)2

m(A0)2 �m(Z)2
1/2� 2/3 sin2 ✓2

2 cos2 ✓w
� 1

3

◆

ad(m(A0), ") = �au(m(A0), ")

v`(m(A0), ") = C↵(m(A0)2)4⇡"

✓
m(A0)2

m(A0)2 �m(Z)2
1/2� 2 sin2 ✓2

2 cos2 ✓w
� 1

◆

a`(m(A0), ") = �au(m(A0), ")

v⌫(m(A0), ") = a⌫(m(A0), ") = au(m(A0), ")

(2)

where C is a constant pre-factor of 16
p
cos2 ✓w sin2 ✓w, ↵EM is run to the scale of m(A0)2,536

and flavor universal couplings for the leptons are assumed.537

15This equation is only valid in the minimal scenario, where the A

0 does not have a sizable branching
fraction to invisible modes. Reinterpreting the prompt limits in a non-minimal scenario is straight forward.

30
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Dark Photons
✏2

⌘
↵
0 ↵

mA0 [GeV]

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

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

[1603.08926]

N.b., also useful for searching for scalars 
[Haisch,Kamenik,1601.05110]
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Dark Photons
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For the low-mass region, consider the decay D*0→D0A’(ee), which can 
potentially probe the region 2m(e) to ~142 MeV.  The SM decay D*0→D0Ɣ will 
occur within LHCb acceptance at almost 1 MHz in Run 3.

4

where the D

0 meson is a 1
2 (0

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

0
e

+
e

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

⇤0! D

0
A

0 rate.
To calculate these D

⇤0 ! D

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

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

hD⇤0|Jµ

EM|D0i = µe↵(k
2) ✏µ↵��v

↵

k

�

✏

�

, (10)

where v

↵

is the four velocity of the D

⇤0 meson, k
�

is the
momentum flowing out of the current, and ✏

�

is the polar-
ization of the D

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

2
D

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

2
D

< ⇤2
QCD. (Indeed,

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

D

/ ⇤2
QCD/mc

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

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

⇤0!
D

0
� within the SM and in the �m

D

⌧ m

D

limit to be

�(D⇤0! D

0
�) =

↵EM

3
µ

2
e↵�m

3
D

, (11)

where ↵EM = e

2
/4⇡. To calculate the D

⇤0 ! D

0
e

+
e

�

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

e

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

|M
D

⇤0
!D

0
e

+
e

� |2 = �2e4µ2
e↵

3


1� (k1 · v)2+(k2 · v)2

k1 · k2

�
,(12)

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

�(D⇤0! D

0
e

+
e

�)

�(D⇤0! D

0
�)

= 6.4⇥ 10�3
. (13)

Since the dark photon also couples to J

µ

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

⇤0 ! D

0
A

0 decay rate. The
ratio of partial widths is

�(D⇤0! D

0
A

0)

�(D⇤0! D

0
�)

= ✏

2
⇣
1� m

2
A

0

�m

2
D

⌘3/2

, (14)

where we assume m

A

0
,�m

D

⌧ m

D

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

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

0! e

+
e

� decay.8

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

C. Rare ⇡

0 Decays

To determine the D

⇤0 ! D

0
⇡

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

0! �A

0 using the SM e↵ective Lagrangian

L =
↵EM

2⇡f
⇡

⇡

0
✏

µ⌫⇢�

F

µ⌫

F

⇢�

, (15)

where f

⇡

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

F

µ⌫

! F

µ⌫

+ ✏F

0

µ⌫

, (16)

which leads to the ratio of partial widths

�(⇡0! �A

0)

�(⇡0 ! ��)
= 2✏2

✓
m

2
⇡

�m

2
A

0

m

2
⇡

◆3

. (17)

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

0! �e

+
e

�. The amplitude is

|M
⇡

0
!�e

+
e

� |2 =
4↵3

EM

⇡f

2
⇡

m

2
�e

�

✓
m

4
⇡

0 + 2m4
�e

� +m

4
e

+
e

�

+ 2m2
�e

�m
2
e

+
e

� � 2m2
⇡

0(m2
�e

� +m

2
e

+
e

�)

◆
. (18)

The ratio of partial widths is obtained numerically to be

�(⇡0! �e

+
e

�)

�(⇡0! ��)
= 0.012, (19)

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

D. Dark Photon Decays

Assuming the only allowed decay mode is A0! e

+
e

�,
the total width of the A

0 is

�
A

0 =
✏

2
↵EM

3
m

A

0

✓
1 + 2

m

2
e

m

2
A

0

◆s

1� 4
m

2
e

m

2
A

0
. (20)

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

`

A

0 ' 16mm
⇣
�boost

102

⌘✓
10�8

✏

2

◆✓
50 MeV

m

A

0

◆
, (21)

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

⇤0 ! D

0
A

0 decays, where both electrons are

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

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

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

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

IV. DISPLACED A

0 SEARCH (PRE-MODULE)

The A

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

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

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

0 decay vertex, a dis-
placed A

0 ! e

+
e

� vertex, m(D0
A

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

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

0 trajectory.

A. Conversion and Misreconstruction Backgrounds

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

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

To e↵ectively eliminate backgrounds from � ! e

+
e

�

conversions in the foil, we require the A

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

the reconstructed A

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

0 decay vertex and
the foil:

D ⇡ 0.123mm

↵

e

+
e

�
, (25)

where ↵

e

+
e

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

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

`T < 6 mm�DT, DT = D sin ✓, (26)

where ✓ gives the A

0 flight direction. To remove A

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

A

0
> 2.6. We also impose ⌘

A

0
< 5 to avoid

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

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

⇤0 ! D

0
e

+
e

�

events where the e

+
e

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

Many of these fake A

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

A

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

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

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

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

`T > n�

`T , IP
e

±
>

n

2
�IP, (27)

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

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

Ilten, Thaler, MW, Xue [1509.06765]

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

A’Ɣ

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

⌘
↵
0 ↵

mA0 [GeV]

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

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

[1603.08926]
Radiative Charm Decays

Ilten, Thaler, MW, Xue 
[1509.06765]

LHCb Proposals using Run 3
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LHCb preliminary Prompt Trigger Output
) < 9µµ(

V
2χ) < 6, µ(

IP
2χ) > 1 GeV, µ(

T
p

-ID neural network > 0.95µ

−µ+µ
±µ±µ

2016 Data
New triggers produced for 2016 to do both the prompt and displaced dimuon 
searches (rely heavily on advances to the LHCb online system in Run 2). 

Prompt trigger 
output, no offline 
reconstruction!

SM rates agree well with our predictions as do backgrounds, which means 
that the potential A’ production rate does too—first search is ongoing!
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2016 BSM Triggers
Also new triggers added in 2016 for X→4µ with pT(µ) > 0.5 GeV, and right-
handed neutrino decays to hμ with τ > 1ps (no mass requirements).

Working on improvements in all 2016 triggers for 2017, and also on additions 
like inclusive displaced e+e- lines, LNV, etc. Searches currently underway.

V

V

X

2

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

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

p
�(m2

⌫)atm ' 0.05 eV, giving a lower
bound on the mixing angle. From the see-saw relation in
Eq. (4), the expected value of the mixing angle is:

✓2s�s ⇠ 5 ⇥ 10�11 ⇥
✓

1 GeV

MN

◆
. (5)

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

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

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

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

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

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

V

q

q̄

N

1

N

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

N

⇡±

µ⌥

N

⌫µ/µ

Z/W

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

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

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

4 Displaced vertex searches have also been found to be useful in
discovering RHNs produced via mixing with LH neutrinos at the
LHC [30, 31] and future colliders [32, 33].
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electroweak interactions due to mixing with LH neutrinos;
they also decay to the Higgs via Yukawa couplings (not
shown). (Right): At low masses, MN . GeV, the exclusive
hadronic decays of N , such as N ! ⇡±µ⌥, are relevant.

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

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

4 Displaced vertex searches have also been found to be useful in
discovering RHNs produced via mixing with LH neutrinos at the
LHC [30, 31] and future colliders [32, 33].

Batell, Pospelov, Shuve [1604.06099]
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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)

Removing the hardware-trigger stage and 
reconstructing every event will give us 
unprecedented sensitivity to O(MeV)-O(10 
GeV)-scale BSM physics (A’, RH nu, etc.), 
but…

…keeping the vast wealth of physics data 
will be a challenge. We can’t store every 
e v e n t w i t h Ɣ*→e + e - a n d / o r μ +μ - . 
Autoencoder-based data compression? 
Moving towards a new era of analysis.

5 TB/s 40 MHz



Summary

LHCb is a general-purpose detector in the forward region.


