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theory：1964

design：1984

construction：1998

discovery of Higgs boson
2012.7.4

The Higgs enables
atoms to exist
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Detection of gravitational waves
LIGO February, 2016
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EWSB
q Does the Higgs boson exist?

Neutrinos:
q ν masses and and their origin
q what is the role of H(125) ?  
q Majorana or Dirac ?
q CP violation 
q additional species à sterile ν ?

Dark matter:
q composition: WIMP, sterile neutrinos, 

axions, other hidden sector particles, ..
q one type or more ? 
q only gravitational or other interactions ?

The two epochs of Universe’s accelerated expansion:
q primordial: is inflation correct ? 

which (scalar) fields? role of quantum gravity?  
q today: dark energy (why is Λ so small?) or

gravity modification ?

Quarks and leptons:
q why 3 families ?
q masses and mixing
q CP violation in the lepton sector
q matter and antimatter asymmetry
q baryon and charged lepton 

number violation 

Physics at the highest E-scales:
q how is gravity connected with the other forces ?
q do forces unify at high energy ?

Outstanding  Questions in Particle Physics circa 2011
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Based on an original 
slide by F. Gianotti
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Higgs boson and EWSB
q mH natural or fine-tuned ?
à if natural: what new physics/symmetry?
q does it regularize the divergent VLVL cross-section

at high M(VLVL) ? Or is there a new dynamics ?
q elementary or composite Higgs ?
q is it alone or are there other Higgs bosons ?
q origin of couplings to fermions  
q coupling to dark matter ? 
q does it violate CP ?
q cosmological EW phase transition 

Neutrinos:
q ν masses and and their origin
q what is the role of H(125) ?  
q Majorana or Dirac ?
q CP violation 
q additional species à sterile ν ?

Dark matter:
q composition: WIMP, sterile neutrinos, 

axions, other hidden sector particles, ..
q one type or more ? 
q only gravitational or other interactions ?

The two epochs of Universe’s accelerated expansion:
q primordial: is inflation correct ? 

which (scalar) fields? role of quantum gravity?  
q today: dark energy (why is Λ so small?) or

gravity modification ?

Quarks and leptons:
q why 3 families ?
q masses and mixing
q CP violation in the lepton sector
q matter and antimatter asymmetry
q baryon and charged lepton 

number violation 

Physics at the highest E-scales:
q how is gravity connected with the other forces ?
q do forces unify at high energy ?

Outstanding  Questions in Particle Physics circa 2021
… there has never been a better time to be a particle physicist!
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Based on an original 
slide by F. Gianotti
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We are in a data driven era
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“Measure what is measureable and 
make measureable what is not so.”

Galileo Galiliei
1564-1642

8



Instrumentation: The Great Enabler  
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“New directions in science are launched by new 
tools much more often than by new concepts.

The effect of a concept-driven revolution is to 
explain old things in new ways. The effect of a 
tool-driven revolution is to discover new things 
that have to be explained”

Freeman Dyson

Tools i.e. precision instruments are key to discovery when 
exploring new territory  Quantum 2.0 provides new tools PPTAP -- 3 June 2021 -- I. Shipsey
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Quantum 1.0

Quantum Sensors and High Energy Physics -- M. Demarteau, March 28, 2019 Slide 6

Blackbody Radiation Photo-electric Effect Quantum Mechanics
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Quantum 1.0

Quantum Sensors and High Energy Physics -- M. Demarteau, March 28, 2019 Slide 6

Blackbody Radiation Photo-electric Effect Quantum Mechanics

12



Quantum 2.0
The First Quantum Revolution: exploitation of quantum matter to build devices 
Second Quantum Revolution: engineering of large quantum systems with full control of the 
quantum state of the particles, e.g. entanglement
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Quantum 2.0
The First Quantum Revolution: exploitation of quantum matter to build devices 
Second Quantum Revolution: engineering of large quantum systems with full control of the 
quantum state of the particles, e.g. entanglement
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"Nature isn't classical, dammit, and if you want to make a 
simulation of nature, you'd better make it quantum 
mechanical,"  Feynmann (1981). 

You can approximate nature with a simulation on a 
classical computer, but Feynman wanted a quantum 
computer that offers the real thing, a computer that "will 
do exactly the same as nature,"  
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What if?
Quantum Internet

Quantum Artificial Neural Network

Quantum Liquid Crystals

Quantum Mind Interface

Quantum enabled searches for dark matter 

Quantum  Gravity
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The Confluence

l High Energy Physics 
l In need of new ideas and more 

sensitive instrumentation;
l Needs precision data to guide the 

way. 

Quantum Sensors and High Energy Physics -- M. Demarteau, March 28, 2019 Slide 29
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Particle Physics, Particle Astrophysics 
& cosmology has many 
unanswered questions  



The Confluence 
l Quantum Information Science:

l Promises, through control of quantum 
properties, to go beyond the Standard 
Quantum Limit and deliver ultimate 
precision; 

l Enables novel, cost-effective approaches 
complementary to traditional HEP 
approaches;

Quantum Sensors and High Energy Physics -- M. Demarteau, March 28, 2019 Slide 30
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Quantum  technologies offer new ways
to look at the universe
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The Confluence

l ASCR and OHEP were the first 
offices of the Office of Science to 
fully embrace QIS

Quantum Sensors and High Energy Physics -- M. Demarteau, March 28, 2019 Slide 31

A perfect match at a perfect time!  

19

Building a science case: essential for creation of QTFP  
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The Confluence

l ASCR and OHEP were the first 
offices of the Office of Science to 
fully embrace QIS

Quantum Sensors and High Energy Physics -- M. Demarteau, March 28, 2019 Slide 31

A perfect match at a perfect time!  

20

Building a science case: essential for creation of QTFP  
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Quantum Technologies Public Funding Worldwide 



UK National Quantum Technology Program (NQTP) 
• Phase  1 2015-2019, Phase 2 2020-24 (total  investment Phase  1+2= £1B) 
• Phase 2 investments:

• Industry led projects to drive innovation and commercialisation of QT (£173m over 
6 years)

• Renewal of the QT Research Hubs (£94m over 5 years)

• Research training portfolio (£25m over 5 years)

• Quantum Sensors for Fundamental Physics programme (£40m over 4 years)

• National Quantum Computing Centre to drive development in this new technology 
and place us at the forefront of this field (£77m over 5 years)

NQTP essential  for creation of QTFP  
Based on original slides
from Ian Walmsley 
& Peter Knight
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Quantum Technologies for Fundamental Physics Community Workshop  October 2018  Oxford 
>140 from EPSRC & STFC in attendance  23

Building a community: essential  for creation of QTFP  



24

Quantum Technologies and Particle Physics 
• The nature of dark matter    
• The earliest epochs of the universe at temperatures >> 1TeV
• The existence of new forces
• The violation of fundamental symmetries
• The possible existence of dark radiation and the cosmic neutrino background
• The possible dynamics  of dark energy
• The measurement of neutrino mass
• The nature of interactions and space-time at scales as high as Mplanck
• A new gravitational wave window to the Universe: 
• LIGO sources before they reach LIGO band
• Multi-messenger astronomy: optimal band for sky localization
• Cosmological sources



PPTAP -- 3 June 2021 -- I. Shipsey 25



PPTAP -- 3 June 2021 -- I. Shipsey 26



PPTAP -- 3 June 2021 -- I. Shipsey 27



PPTAP -- 3 June 2021 -- I. Shipsey 28



PPTAP -- 3 June 2021 -- I. Shipsey 29



PPTAP -- 3 June 2021 -- I. Shipsey 30

Potential gain in 
sensitivity
from 
Quantum 2.0
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Potential gain in 
sensitivity
from 
Quantum 2.0
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Quantum Technologies and Particle Physics 

• The nature of dark matter
• The earliest epochs of the universe at temperatures >> 1TeV
• The existence of new forces
• The violation of fundamental symmetries
• The possible existence of dark radiation and the cosmic neutrino background
• The possible dynamics  of dark energy
• The measurement of neutrino mass
• Tests of the equivalence principle
• Tests of quantum mechanics
• A new gravitational wave window to the Universe:
• LIGO sources before they reach LIGO band
• Multi-messenger astronomy: optimal band for sky localization
• Cosmological sources
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Increased awareness of the 
promising application of quantum
sensing as one way to the search for 
dark matter is widespread



APS-DPF Coordinating Panel for Advanced Detectors Interdisciplinary workshop

PAAP Town Hall -- 7 January 2021 -- I. Shipsey Slide 34

https://indico.fnal.gov/event/ANLHEP1246/
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Quantum Sensing

for

High Energy Physics

Report of the first workshop to identify approaches and
techniques in the domain of quantum sensing that can be utilized

by future High Energy Physics applications to further the
scientific goals of High Energy Physics.

Organized by the Coordinating Panel for Advanced Detectors of the Division
of Particles and Fields of the American Physical Society

March 27, 2018

Karl van Bibber (UCB), Malcolm Boshier (LANL), Marcel Demarteau (ANL, co-chair)
Matt Dietrich (ANL), Maurice Garcia-Sciveres (LBNL) Salman Habib (ANL), Hannes
Hubmayr (NIST), Kent Irwin (Stanford), Akito Kusaka (LBNL), Joe Lykken (FNAL),

Mike Norman (ANL), Raphael Pooser (ORNL), Sergio Rescia (BNL), Ian Shipsey (Oxford,
co-chair), Chris Tully (Princeton).

and the first workshop dedicated to Quantum Sensors for High 
Energy Physics, which was influential (and cited in the House 
Science and Technology Report) in the creation of the QSHEP 
program for which funds were first awarded in August 2018. 
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Quantum Sensing

for

High Energy Physics

Report of the first workshop to identify approaches and
techniques in the domain of quantum sensing that can be utilized

by future High Energy Physics applications to further the
scientific goals of High Energy Physics.

Organized by the Coordinating Panel for Advanced Detectors of the Division
of Particles and Fields of the American Physical Society

March 27, 2018

Karl van Bibber (UCB), Malcolm Boshier (LANL), Marcel Demarteau (ANL, co-chair)
Matt Dietrich (ANL), Maurice Garcia-Sciveres (LBNL) Salman Habib (ANL), Hannes
Hubmayr (NIST), Kent Irwin (Stanford), Akito Kusaka (LBNL), Joe Lykken (FNAL),

Mike Norman (ANL), Raphael Pooser (ORNL), Sergio Rescia (BNL), Ian Shipsey (Oxford,
co-chair), Chris Tully (Princeton).

arXiv:1803.11306v1  [hep-ex]  30 Mar 2018
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the first workshop dedicated to Quantum Sensors for High 
Energy Physics, which was influential (and cited in the House 
Science and Technology Report) in the creation of the US DOE 
QS-HEP program QuantISED for which funds were first awarded 
in August 2018.  
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Came into law December, 2018
Directed the creation of 5 DOE  Quantum Science Centers (including FNAL)
& 6 NSF multidisciplinary Quantum Research Centers

In the US National Quantum Initiative



Quantum Sensors for Fundamental Physics 

The bid was made by STFC/EPSRC December 20, 2018. This  requested the funding to create 
the new programme (£40M/ 3 years)

Feedback: The QSFP consortium has been essential to demonstrating the interdisciplinary 
interest & formation of a community . Without it there would have been no credible bid.

STFC Opportunities Funding had been awarded QSFP to build a community and consortium 
and to prepare for the call. We supported more than a dozen workshops that facilitated the 
formation of  teams and the development of proto-proposals around key experiments that 
targeted the new programme, we also hosted a school in January 2020

We also engaged with the international community who gave feedback on our ideas 

The call  opened 9/19  closed 12/19  many excellent proposals  submitted by the community 
11 from QSFP  and many  more  not associated  with QSFP 37
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Quantum Technologies for
Fundamental Physics
selected proposals:
QUEST-DMC + six that were
developed by the community
activities supported by the STFC 
Opportunities Award
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Quantum Technologies for
Fundamental Physics
selected proposals:
QUEST-DMC + six that were
developed by the community
activities supported by the STFC 
Opportunities Award

Ed Daw Oliver Buchmueller

Silke Weinfurtner

Ruben SaakyanAndrew Casey

Giovanni Barontini

Hartmut Grote



Quantum Technologies for
Fundamental Physics funds originated 
from the Strategic Priorities fund and 
It is part of the National Quantum
Technologies Programme

An excellent review



Further investment into the National Programme
• Ensuring UK research leadership: Renewal and refresh of the QT Research 

Hubs (£94M over 5 years)
• Commercialisation and industrialisation of QT: industry led projects to 

drive innovation and commercialisation (£153M over 6 years, ISCF)
• Delivering skilled people: investment in research training (£25M over 5 

years)
• Enhancing national capabilities: National Quantum Computing Centre to 

drive development in this new technology and place us at the forefront of 
this field (£93M over 5 years)
• Science as a customer of QT: A focussed research programme aimed at 

demonstrating how the application of QT will advance the understanding 
of fundamental physics questions (£40M over 3 years)

NQTP Phase 2 – 2019 onwards

Slide credit Sir Peter KnightPAAP Town Hall -- 7 January 2021 -- I. Shipsey 42
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Education   The  QTFP School

School Committee
QSHS  Ed Daw
QI       Hartmut Grote 
QSimFP Silke Weinfurtner
AION   Oliver Buchmueller
QUEST-DMC  Jocelyn Monroe (tbc) 
QTNM    Rubin Saakyan
QSNET  Giovanni Barontini
Martin Bauer John Ellis Ian Shipsey

PAAP Town Hall -- 7 January 2021 -- I. Shipsey
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QTFP  Activities   

Workshops
An annual  QTFP workshop organized jointly with STFC & EPSRC  will be open to the entire UK 
EPSRC and STFC community  (including the funded projects and those not funded).   An
opportunity to present new ideas  from the UK  community and from leading international 
researchers  researchers. 

An online platform is being developed

Public Engagement Projects 

Engagement with Industry – Photonex, NQTP Technology Showcase

Integrating into the NQTP  through  deepening relationship Hubs and the
program more generally 

QTFP Community Committee
NQTP  Peter Knight
NQTP-Hubs Kai Bongs 
QSHS  Ed Daw & Stafford Withington
QI       Hartmut Grote & Denis Martynov
QSimFP Silke Weinfurtner & Ruth Gregory
AION   Oliver Buchmueller & John Ellis
QUEST-DMC  Jocelyn Monroe &
Mark Hindmarsh 
QTNM    Rubin Saakyan & Ling Hao
QSNET  Giovanni Barontini & Xavier Calmet
Theory Martin Bauer, John March-Russell
EPSRC & STFC Community Reps to be added
Ian Shipsey

PAAP Town Hall -- 7 January 2021 -- I. Shipsey
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THE EUROPEAN STRATEGY UPDATE CALLED FOR A  DETECTOR R&D ROADMAP – A TASKFORCE ON QUANTUM SENSORS 
& OTHER INNOVATIVE TECHNOLOGIES IS ONE OF NINE 

CERN HAS A NASCENT QUANTUM PROGRAMME

FERMILAB HAS BEEN CHOSEN AS A DOE QUANTUM SCIENCE CENTER

THE FIRST DOE REVIEW OF THE FUTURE OF THE US NATIONAL INSTRUMENTAITON PARTICLE PHYISCS RESEARCH 
PROGRAMME HAS  IDENTIFED AN AMBITIOUS PROGRAMME  OF QUANTUM SENSOR RESEARCH

QUANTUM TECHNOLOGIES FOR PARTICLE PHYSICS  WILL BE A PROMINENT PLAYER  FOR THE NEXT SEVERAL DECADES

THE ESSENTIAL INGREDIENTS THAT HAVE MADE QTFP POSSIBLE ARE: 

• COMPELLING SCIENCE 
• QUANTUM REVOLUTION 2.0
• THE NATIONAL QUANTUM TECHNOLOGY PROGRAM
• A STRONG COMMUNITY

THERE IS EXCITING SCIENCE AHEAD
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THE EUROPEAN STRATEGY UPDATE CALLED FOR A  DETECTOR R&D ROADMAP – A TASKFORCE ON QUANTUM SENSORS 
& OTHER INNOVATIVE TECHNOLOGIES IS ONE OF NINE 

CERN HAS A NASCENT QUANTUM PROGRAMME

FERMILAB HAS BEEN CHOSEN AS A DOE QUANTUM SCIENCE CENTER

THE FIRST DOE REVIEW OF THE FUTURE OF THE US NATIONAL INSTRUMENTAITON PARTICLE PHYISCS RESEARCH 
PROGRAMME (September, 2020)  HAS  IDENTIFED AN AMBITIOUS PROGRAMME  OF QUANTUM SENSOR RESEARCH

QUANTUM TECHNOLOGIES FOR PARTICLE PHYSICS  WILL BE A PROMINENT PLAYER  FOR THE NEXT SEVERAL DECADES

THE ESSENTIAL INGREDIENTS THAT HAVE MADE QTFP POSSIBLE ARE: 

• COMPELLING SCIENCE 
• QUANTUM REVOLUTION 2.0
• THE NATIONAL QUANTUM TECHNOLOGY PROGRAM
• A STRONG COMMUNITY

THERE IS EXCITING SCIENCE AHEAD
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Quantum Sensing for the 
Hidden Sector

A portion of our work is in collaboration with the 
U.S. Axion Dark Matter eXperiment collaboration.
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Hidden sector dark matter
•  The nature of dark matter is one of the important questions in modern physics. 
•  Light hidden sector fields make compelling dark matter.
•  The same fields can solve outstanding problems with the standard model.
•  Probably the best motivated particle is the QCD axion.

•  Our central aim is to build, in the UK, the world’s leading facility for quantum 
measurements in the hidden sector.

DARK MATTER PROBLEM STRONG CP PROBLEM

•  In the first 3.5 years, we will focus on demonstration of technology, with the 
axion as our primary science goal. Modelling indicates that 20-40        is the 
most probable mass range. It is unexplored.2
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Axion Detectors and the Current Landscape !

Static Magnetic!
Field!

Halo axions
convert to
photons in
a magnetic
field

Bandpass!
filter!

Data!
Acquisition!

SUPERCONDUCTING 
QUANTUM ELECTRONICS:!
•  SQUIDs !
•  Josephson Parametric 

Amplifiers!
•  Travelling Wave 

Parametric Amplifiers !
•  Bolometers!
•  Qubits / QuBit arrays! Electromagnetic

resonantor
volume

System!
noise !
temperature:!

Figure of merit for 
detector 
sensitivity: !

QCD!
axion!

models!

3	

Current experimental landscape!

• Non resonant experiments have broad mass coverage, but insufficiently sensitive to detect 
QCD axions. !

• Resonant experiments much more sensitive. ADMX is the only experiment to have probed a 
broad range of existing axion models. However, mass coverage too slow. Can speed up: 1. By 
using a new generation of quantum electronics; 2. By using a larger, higher field magnet; 3. 
Using multiple resonators in parallel.!
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VACUUM &!
CRYOGENICS! RESONANT MICROWAVE ELECTRONICS!

THEORY & !
SIMULATIONS !QUANTUM

ELECTRONICS HIDDEN SECTOR SEARCHES!
Expertise:

4

Key background
technology 1:
large magnets

Key background
technology 2:
10mK fridges


