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RTA for Dark Photons search in LHCb

๏ Dark photons : well-
motivated hypothetical particles
• Connected to dark matter 
• Searched by several experiments 

in large range of masses  
and coupling 

๏ World-leading search for 
 at LHCb

• An RTA success story!

A′ 

m(A′ )
ε2

A′ → μ+μ−
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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?

Dark Photons
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Mike Williams Massachusetts Institute of Technology
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To members of the award committee,

This letter is in support of the application of Maria Patsyuk, who has applied for
the Leona Woods distinguished postdoctoral lectureship award. I am the founder and
leader of the LHCb group at MIT, a member of both the LHCb Collaboration and
Editorial boards, and the founder and leader of the MIT GlueX group. I have known
Maria since 2015, when she started working as a postdoc in my GlueX group.

The Detection of Internally Reflected Cherenkov light (DIRC) detector was a revo-
lutionary particle-identification system employed by the BaBar experiment at SLAC.
A novel upgrade to this system known as the Focusing DIRC (FDIRC) was designed
to maintain the amazing DIRC performance but with a greatly reduced number of
PMTs required—thus also greatly reducing the cost of such a system. Unfortunately,
the SuperB experiment in which the FDIRC was meant to be installed was canceled;
however, the DIRC and FDIRC concepts live on, as they have now been adopted by
many existing and future experiments.

My group at MIT led the design R&D for a DIRC-type detector planned for use at
Je↵erson Lab. Since joining our group, Maria as been the leader of our DIRC e↵orts.
She has done amazing work on developing its simulation in Geant, on designing a
laser-based calibration system, and designing and prototyping a method for preserving
as much Cherenkov light as possible using silicon cookies to join the PMTs to the
quartz exit window from the DIRC optical box. Maria does excellent work, and is
able to lead e↵orts like this largely independently. This is quite impressive for a junior
postdoctoral researcher.

Maria has also been working with Prof. Or Hen on developing a novel program
to study short-range correlations in nucleons using nuclear targets at GlueX—and on
similar projects in Russia. She is becoming a true leader in that area of nuclear physics,
which is even more impressive given her hardware commitments.

In summary, Maria Patsyuk is an excellent young physicist. I highly recommend
Maria for this lectureship award. She has done excellent work as a postdoctoral re-
searcher, and I have no doubt that she has a bright career ahead of her. Please do not
hesitate to contact me with any questions or if any further information is required.

↵0 = "2↵
Sincerely,

Associate Professor of Physics

A A'
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Dark photons at the LHC
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Introduction

Forward Kinematics
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Complimentary kinematical coverage to CMS & ATLAS.

LHCb Detector
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LHCb

CMS

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

see http://lhcbproject.web.cern.ch/lhcbproject/Publications/LHCbProjectPublic/Summary_all.html
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RTA for A′ → μμ
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Dark photon searches
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Dark Photons
✏2

⌘
↵
0 ↵

mA0 [GeV]

Move to a triggerless detector readout in Run 3 will have a huge impact on 
low-mass BSM searches, including dark photons (predictions assume 15/fb).

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

[1603.08926]
Radiative Charm Decays @ LHCb

Ilten, Thaler, MW, Xue 
[1509.06765]

See talk by W.Xue 
on Tu evening

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

D*→D0A’(ee) Decays at LHCb
Ilten, Thaler, Williams, Xue [1509.06765] 

Additional Figures487
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±)] distributions with fit results overlaid for prompt-like A0
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candidates near (left) m(A0) = 0.5, (middle) 5, and (right) 50GeV.
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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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A′ → μ+μ−A′ → e+e−



Martino Borsato - Heidelberg U.

Dark photons in electrons

๏ Search for  with 
• Low-momentum prompt (displaced) 

dielectrons
• Events discarded by 

๏ Only possible with full RTA approach
• Overwhelming rates at LHC collisions
• Reconstruct low momentum electron tracks
• Low-momentum electron identification with 

ML combining info from tracking, 
calorimeter and RICH

๏ Can we do precise enough RTA in the 
trigger GPUs to write to disk all  
candidates?

A′ → e+e− m(A′ ) < 200MeV

A′ → ee

6

2

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

The range of mA0 values that is in principle accessible
in this search is mA0 2 [2me,�mD], where [50]

�mD ⌘ mD⇤0 �mD0 = 142.12± 0.07 MeV. (3)

The proximity of �mD to m⇡0 leads to phase-space sup-
pression of the decay D⇤0

! D0⇡0, which results in a
sizable branching fraction of about 38% for the decay
D⇤0

! D0�.4 The small value of �mD, however, also
leads to typical electron momenta of O(GeV) within the
LHCb acceptance. Therefore, the planned upgrade to
a triggerless-readout system employing real-time calibra-
tion at LHCb in Run 3 [51]—which will permit identi-
fication of relatively low-momentum e+e� pairs online
during data taking—will be crucial for carrying out this
search.

To cover the desired dark photon parameter space, we
employ two di↵erent search strategies, shown in Fig. 2.
The displaced search, relevant at smaller values of ✏2,
looks for an A0

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

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

pre-module

post-module

(g � 2)µ > 5�(g � 2)e

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

photons and the excellent vertex resolution of LHCb.
Our main displaced search looks for A0 decays within
the beam vacuum upstream of the first tracking mod-
ule (i.e. pre-module), where the dominant background
comes from misreconstructed prompt D⇤0

! D0e+e�

events.5 Because the A0 gains a transverse momentum
kick from pp collisions, the A0 flight trajectory intersects
the LHCb detector, making it possible to identify dis-
placed e+e� pairs with smaller opening angles than the
HPS experiment [52]. We also present an alternative dis-
placed search for A0 decays downstream of the first track-
ing module (i.e. post-module), where the dominant back-
ground comes from D⇤0

! D0� events with � ! e+e�

conversion within the LHCb material.
The resonant search, relevant at larger values of ✏2,

looks for an A0
! e+e� resonance peak over the con-

tinuum SM background. This search benefits from the
large yield of D⇤0

! D0A0 decays during LHC Run 3,
which is larger than the A0 yield in fixed-target exper-
iments like MAMI/A1 [30, 31] and APEX [32]. Fur-
thermore, the narrow width of the D⇤0 meson, which
is less than the detector invariant-mass resolution, pro-
vides kinematical constraints that can be used to im-
prove the resolution on me+e� . This resonant search can
also be employed for non-minimal dark photon scenarios

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

Prompt

Displaced

Ilten, Thaler, Williams, Xue  
PRL 116, 251803 (2016)

๏ Expect 700 kHz of  in LHCb (Run 3) 
→ proposed in PRL 116, 251803 (2016)

• High chance that a few  mix with 

• Can use  to help with real-time selection

• Improved  resolution thanks to constraints on 
 and  masses

D* → D0γ

γ A′ 

D0

m(A′ )
D* D0

e+

e−

https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.116.251803
https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.116.251803


Martino Borsato - Heidelberg U.

Secondments

๏ Optimisation of highly parallel architectures
• Secondment in USC, 2 months, Diego Martinez Santos

๏ Development of advanced ML for electron identification
• Secondment in TUDO, 3 months, Johannes Albrecht
• Collaboration on lepton-flavour violation searches 

๏ Potential additional development  
• A tool to efficiently retrieve online low-momentum  
• Provide photon with tracks, can do displaced vertices
• Can be used in other analyses (e.g.  or )

๏ Secondment at VERIZON, 4 months, Francesco Sambo
• Training in ML models based on data streams
• Training in Amazon Web Services for massively parallel ML training

X → eμ

γ → e+e−

B → μνγ τ → μγ

7
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Project description
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https://docs.google.com/document/d/1GFByLMsadvwdN9Y_liELThmoF7VlMNmVJxclMRmNvJs/edit#

Real-time analysis for Dark Photons search in LHCb and smart vehicles 

Description: The PhD student in this project will develop an advanced RTA-
based analysis to efficiently select decays involving di-electron vertices with 
low invariant mass. They will use these advances to search for light dark 
photons with the LHCb detector focusing on a range of extremely low 
coupling so far unexplored by other experiments. The upgraded LHCb 
detector, which is planned to start data-taking in 2022, will allow for the first 
time to search for this kind of signature. It is the novel real-time detector 
readout in Run-3 that gives the possibility to use real-time analysis to 
separate dark photon candidates from the overwhelming background online. 
This challenging task will depend critically on the performance that can be 
achieved on modern computing architectures. The PhD student in this project 
will be trained in the usage of highly parallel architectures for the LHCb online 
reconstruction and will profit from collaboration with experts in the University 
of Santiago de Compostela on the use of GPUs. Through an internship with 
VERIZON, the PhD student will be trained in ML models development based 
on streams of data, and in the Amazon Web Services infrastructure for 
massively parallel training of large-scale ML models. The acquired ML 
processing skills will feed back into the main research project, allowing the 
development of advanced ML algorithms to optimise the electron 
classification and make it fast enough to be run in real time. This work will 
benefit from collaboration with the Dortmund experts and PhD students. 
These advances will also allow the PhD student to develop a tool to efficiently 
retrieve online low momentum photons through their conversion in di-electron 
pairs, a challenging task that requires an RTA-based approach. 

Caption: Blue lines: constraints on dark photon 
models that can be obtained with advanced real-
time analysis techniques at the LHCb experiment. 
Adapted from Phys. Rev. Lett. 116, 251803 (2016).

https://docs.google.com/document/d/1GFByLMsadvwdN9Y_liELThmoF7VlMNmVJxclMRmNvJs/edit#
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SMARTHEP - ETN

Fellow ESR10 Host TUDO Ph.D. Yes Start (mo.) 8 Duration (mo.) 36 Deliverables 3.1, 3.3, 3.2, 5.1, 5.5, 5.2
Work Package: WP3,5 Doctoral programme: TUDO RTA for global event triggering in LHCb and manufacturing
Objectives: HEP triggers first reconstruct objects (e.g. jets or tracks), and then perform a selection on these objects. Event triggers select based on overall (global)
event properties, avoid time-intensive reconstruction, and permit searching for new physics in areas where traditional object-based selections are too slow. ESR10
will receive training in DL of complex systems, as well as other modern ML and AI methods, and apply these methods to global analyses of HEP collisions in RTA.
ESR10 will focus on DL using recurrent neural networks, which have shown great success in speech recognition or translation, and use them to further improve
global analysis tools. ESR10’s first objective will be to analyze the overall pattern of detector hits to identify events enhanced in interesting physical processes,
building on promising initial studies in Albrecht’s ERC StG. As a first objective, ESR10 will design a global trigger selection and benchmark its performance
against a traditional object-based approach. This will be done in collaboration with ESR8, within a secondment at NWO-I. The experience in global event trigger
selections will be used to collaborate with IBM France’s ESR2, comparing a symbolic approach with a purely stochastic ML one. With the secondment at P8,
ESR10 will work on a real-time data-analysis project in German industry that requires a global analysis of their manufacturing processes. As a second objective, the
ESR will analyze client-provided data on real-time manufacturing prediction for industrial companies, applying similar techniques as in HEP. Once back in
Dortmund, ESR10’s final objective will be to apply the developed event triggers to the analysis of LFU violation in semileptonically decaying beauty mesons,
which are abundant enough to allow the event trigger to be benchmarked against more traditional approaches.
Expected Results: 1. Global event-based RTA using recurrent NN and other ML algorithms (LHCb conference paper). 2. Implementation of global RTA to
industrial manufacturing in P8. 3. Application of global event-based RTA and benchmarking against traditional approach (peer-reviewed LHCb paper) ESR10 will
receive a PhD in experimental HEP at Dortmund.
Secondments: NWO-I, 4 months, Raven. Optimization of global event triggers. P8, 4 months, Brambach. Analysis of manufacturing data with RTA methods.

Fellow ESR11 Host UHEI Ph.D. Yes Start (mo.) 8 Duration (mo.) 36 Deliverables 3.1,3.3, 4.3, 3.2,6.1, 6.4,
6.7, 6.3

Work Package: WP3,4,5,6 Doctoral programme: UHEI RTA for Dark Photons search in LHCb and smart vehicles
Objectives: ESR11 will develop an advanced fully RTA-based analysis to efficiently select decays involving displaced di-electron vertices with low invariant mass.
ESR11 will use these advances to search for light dark photons with the LHCb detector focusing in a range of extremely low coupling so far unexplored by other
experiments. The upgraded LHCb detector, which is planned to start data-taking in 2021, will allow for the first time to search for this kind of signature. It is the
novel real-time detector readout in Run-3 that gives the possibility to use RTA to separate dark photon candidates from the overwhelming background online. The
reconstruction of tracks and displaced vertices has to be carried out online even for low-momentum tracks. This challenging task will depend critically on the
performance that can be achieved on modern computing architectures. ESR11 will be trained in the usage of highly parallel architectures for the LHCb online
reconstruction and will profit from a secondment in USC on use of GPUs. At VERIZON, ESR11 will be trained in the continuous online learning of ML models
based on streams of labelled data, and in both the Apache Spark and the Amazon Web Services infrastructures for massively parallel computations. ESR11 will
develop an online learning tool to continuously process real-time GPS data from Fleetmatics customers, providing customers with smart insights, improving
customer experience, and thus increasing engagement with VERIZON products. The acquired ML and online processing skills will feed back into the main
research project. ESR11 will develop advanced ML algorithms to optimise the electron classification and make it fast enough to be run in real time. This work will
benefit from a secondment in TUDO under Albrecht’s supervision, who will host both ESR11 and ESR8 and train them on how to design an online analysis of
decays involving electrons with the help of his StG team. These advances will also allow ESR11 to develop a tool to efficiently retrieve online low momentum
photons through their conversion in di-electron pairs, a challenging task that requires an RTA-based approach.
Expected Results: 1. Development and testing of algorithms for RTA of electrons (LHCb conference paper). 2. Application to dark photon search with Run 3
data (LHCb peer-reviewed paper). 3. Use of algorithms and implementation for online learning tool of GPS data, cross-talk with HEP (VERIZON). ESR11 will
receive a PhD in Experimental HEP from Heidelberg University.
Secondments: TUDO, 3 months, Albrecht. Design of LFV physics analysis. USC, 2 months, Martinez Santos. Use of GPU in LHCb online reconstruction.
VERIZON, 4 months, Sambo, development of an online learning tool for GPS data processing.

Fellow ESR12 Host ULUND Ph.D. Yes Start (mo.) 8 Duration (mo.) 36 Deliverables 6.1,6.4,6.7
Work Package: WP3,6 Doctoral programme: ULUND Real-time calibration of ALICE TPC and ML traffic predictions
Objectives: ESR12 will study and commission the ALICE Time Projection Chamber (TPC) detector. In 2019-2020 the LHC will be shut down to upgrade and
prepare the experiments for Run 3. The goal of the ALICE upgrade is to be able to analyze the full rate of 50000 events per second, increasing the sensitivity for
most measurements by between one and two orders of magnitude. The main goal on the detector side is the upgrade of the TPC with a Gas Electron Multiplier
(GEM) readout that will allow continuous operation. This continuous readout requires a whole new software framework denoted O2 (online-offline), whose
goal is to do full calibration and reconstruction in real time. ESR12’s first objective will be to contribute to the development of the ALICEO2 framework and
use this expertise in the analysis of the first data from Run 3, which will start in 2021. Particularly, due to the space charge build up fluctuations, the upgraded
TPC will have to be calibrated every 5 milliseconds over a space volume of 90 cubic meters. This demands fast, effective and robust algorithms that ESR12 will
have to develop, tune and benchmark. The subtraction of noise at the earliest possible stage for future developments of these algorithms will benefit from a
secondment at XIMANTIS to work on hybrid networks (e.g. Convolutional Neural Network followed by Long Short-Term Memory recurrent networks) which
can capture features in different dimensionalities (e.g. space and time for traffic monitoring and forecasting, position and timing of noise in the detector). A
6-months secondment at CERN will allow the implementation of the real-time calibration algorithms in the ALICE software, as well as training and interaction
with the core of the ALICE O2 development team. The second objective of ESR12 is the analysis of heavy-ion data, which will first be available at the end of 2021.
This analysis will be a measurement of the nuclear modification factor, since this measurement will be very sensitive to the corrections and a perfect testing ground
for the algorithms developed.
Expected Results: 1. Contribute to development of the O2 algorithms for ALICE TPC reconstruction (peer-reviewed ALICE paper). 2. Apply algorithms to the
measurement of the nuclear modification factor (peer-reviewed ALICE paper). 3. Improvements of XIMANTIS app using hybrid networks ESR12 will receive a
PhD in experimental HEP at Lund University.
Secondments: CERN, 5 months, Shahoyan, implementation of algorithms in ALICE trigger software. XIMANTIS, 3 months, Sopasakis. Enhancement of AI
modelling algorithms for traffic prediction, using hybrid networks.
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ESR Recruiting node PhD-awarding node Planned start Duration Title
ESR9 TUDO TUDO 8 36 ML for RTA of LFV in unflavoured meson decays

and traffic predictions
SC Main supervisor: Albrecht(TUDO), [25]. Emmy Noether group leader and lecturer. See ESR8

Second supervisor: Martinez-Santos (USC), [6]. Assistant prof. See ESR5.
Industrial supervisor: Sopasakis (XIMANTIS). CEO and ULUND associate prof. See ESR7.
Supervising postdoc: Matev (CERN). Expertise: software and trigger design and maintenance.
Senior mentor: Spaan (TUDO). Head of experimental physics 5, team leader for the LHCb experiment, project leader of CS research area SFB876.

ESR10 TUDO TUDO 8 36 RTA for global event triggering in LHCb and in-
dustrial manufacturing

SC Main supervisor: Albrecht(TUDO), [25]. Emmy Noether group leader and lecturer. See ESR8
Second supervisor: Raven (NWO-I and VU) [14]. Professor. See ESR8.
Industrial supervisor: Brambach (P8). Co-founder. Expertise: data science, sales and project management, PhD in LHCb.
Senior mentor: Spaan (TUDO), see ESR9.

ESR11 UHEI UHEI 8 36 RTA to search for Dark Photons in LHCb and for
smart vehicles

SC Main supervisor: Hansmann-Menzemer (UHEI), [15]. Professor. Expertise: tracking algorithms and software in LHCb. Co-spokesperson of
research training "Particle Physics beyond the SM" (DFG). EPS Young Researcher award (2007), ERC StG 2010
Second supervisor: Albrecht (TUDO) [25]. Emmy Noether group leader and lecturer. See ESR8.
Industrial supervisor: Sambo (VERIZON). See ESR13.
Additional supervision: Borsato (UHEI). Expertise: Dark sectors, trigger and software for LHCb.Martinez-Santos (USC). See ESR9.

ESR12 ULUND ULUND 8 36 Real-time calibration of the ALICE TPC and ML
traffic predictions

SC Main supervisors: Ohlson (ULUND), [N], Associate professor. Expertise in data analysis and data acquisition in ALICE
Christiansen (ULUND) [15], Professor. Expert in Time Projection Chambers and reconstruction of their data.
Second supervisor: Shahoyan (CERN) [2]. Staff scientist (LD). Main developer of ALICE real-time reconstruction project.
Industrial supervisor: Sopasakis (XIMANTIS). CEO and ULUND associate prof. See ESR7.

ESR13 VERIZON UNIBO 8 36 RTA through computer vision on dashcams and
HEP triggers

SC Main supervisors: Sambo (VERIZON). Senior Data Scientist. Expertise: AI, ML, connected vehicles. Di Stefano (UNIBO) [11]. Professor. Exper-
tise: computer architecture and vision, image processing.
Second supervisor: Lacassagne (SORBONNE) [15]. Professor. See ESR2.
Additional supervision: Salti (UNIBO). Expertise: computing engineering, computer vision. Doglioni (ULUND). See ESR14.

Total months: 432
Table 1.2a: Recruitment deliverables per beneficiary, Supervisory Committee (SC) with number of supervised PhD students and postdocs, and
expertise/qualification of supervisors. Continued from previous page.

Network-wide events: schools, yearly meetings and schools. Network-wide schools, conferences and events shown in Table
1.3 will be organized by SMARTHEP beneficiaries and partners as part of the training and dissemination program and its
preparation. We expect ESRs to attend network events in person, but we will make all schools, conferences and events
available as Webinars using Vidyo or Zoom software provided by CERN, to allow all SMARTHEP ESRs and PIs to attend if
family/personal commitments restrict their travel. A permanent record of the lectures will be available as proceedings, and in
some cases video recordings, as SMARTHEP has the ambition to make the training program available beyond this Action and
continue organizing successful schools. The table below summarizes all events included within the network, with compulsory
schools marked in bold so that students attend a yearly meeting and a school each year, dedicating sufficient time to local
training and research. The hosts and lecturers for these events schools have been identified within the network based on their
expertise, see Sec. B1.4.1.
Synergies with other training networks and graduate schools in the coordinating node. The coordinator is a co-PI for the ITN
INSIGHTS which will draw to a close in 2022, and UNIMAN is a long-time member of one of the most successful ITNs in
HEP (MCNet), with members in both SMARTHEP and MCNet. These ITNs give invaluable experience and opportunities
for cross-talk, as planned in the training program, as well as exchange of student experiences at different stages of their career.

As mentioned in the introduction, the University of Manchester ESR hosts the 4IR interdisciplinary center for doctoral
training at the University’s Institute for Data Science and AI, which includes members from nuclear physics and astrophysics
in addition to particle physics. Training will be shared between SMARTHEP and the 4IR centre, allowing all students to
participate in both schools’ training activities and benefit from the cross-contamination with other fields of science, in addition
to broadening their industrial network.

Additionally, the Lund node hosts the Helmholtz-funded HELIOS graduate school, to be announced by the Helmholtz
Foundation in early 2020. It is comprised of 25 PhD students in all disciplines of physics hosted by ULUND, DESY and
Hamburg University beginning in Fall 2021 and lasting 6 years. The topic of HELIOS ”Intelligent instrumentation for
future facilities” with a focus on hardware is a perfect complement to SMARTHEP ’s software, ML and hybrid computing
technologies focus. The use of RTA for dealing with data from the instruments is a crucial aspect of the success of the HELIOS
PhD projects and offers interdisciplinary research opportunities. Since SMARTHEP ’s coordinator is one of the deputy
spokespersons for HELIOS, this complementarity and its implementation has been built in from the applications proposal
and recognized as one of the strengths of both schools. We plan for joint training, research and networking opportunities
(half of the HELIOS trainings will take place at ULUND), and giving the possibility to students of both schools to attend all

Part B1 - Page 12 of 32



Martino Borsato - Heidelberg U.

Current constraints on dark photons
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