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1. INTRODUCTION

In the next 20 years Particle Physics will makeagr&rides in answering many of the most important
guestions in fundamental science: the LHC will uhthee nature of physics at the TeV scale; theioraf

a matter anti-matter asymmetric universe will bebgd with unprecedented precision in both the quark
and lepton sectors; and the dark matter contetthefuniverse will be explored at both the LHC and i
dedicated experiments.

Particle Physics focuses on addressing our cuyidsiten questions about the Universe through large
scale facilities. These require international ceafien and stable funding over long timescaleseweetbp

the appropriate advanced technology, to expandirntiestrial base for the construction phase and to
support the science base for the exploitation ph&gihin this global framework, the UK has
systematically and strategically limited its invashts to those facilities that are best suitednt@welling

the mysteries of nature. We have focussed on avbase the UK can have a large impact; as a reslt U
particle physicists hold senior leadership postiam many of today’'s major experiments (e.g. ATLAS,
CMS and LHCb at CERN; DO and MINOS at Fermilab; a2 at KEK).

In order to continue to lead we must invest in @aldrbut well focussed programme in current andréutu
world-class experimental and theoretical Partidhgdits. The UK must also maintain an ability toctea
rapidly to developments, whether these will be aigties at the LHC which steer the future directidn
Particle Physics, or the emergence of novel aceleror detector technologies which open up new
avenues of research and new opportunities for kexgd exchange (KE) [1].

The UK must invest in and utilise facilities arourlde world to reap the optimal scientific and
technological return. Most important of these iSRDE the world’s pre-eminent Particle Physics labuma
and host laboratory for many of the UK’s highesbyity research activities. The UK continues toveri
CERN'’s scientific programme and hence the directibRarticle Physics globally. Continued membership
of CERN is essential; it provides a platform fortagursue cutting-edge world-leading science.

Particle Physics research is about to enter a meleaciting era with the start of data taking a tHHC.
We stand poised on the brink of exploring unchatéedtory and, over the next two decades, we gte

a revolution in the way we see the Universe. Outenstanding will be challenged; new theories waéed

to be developed and new experimental facilitiesstoicted. The UK is well placed to lead in the area
likely to be central in unveiling the fundamentalk of nature.

Recommendation: The UK must lead in establishing # new laws of physics.

We present a roadmap that encapsulates the agpgatf the UK community and the projects requiied t
find answers to fundamental questions about theyddsé we live in. The major scientific challenges a
described in Section 2. The required facilities digcussed in Section 3 with the UK involvement
described in Appendix A. The main scientific issaad our recommendations are given in Section 4.



2. MAJOR SCIENTIFIC CHALLENGES

The major scientific challenges for particle phgsiave been elucidated in a number of recent report
[2,3,4]. Particle Physics seeks answers to fundsahgoestions about the Universe, including:
- What are the most basic building blocks of matter?
Can the forces between particles be understoodinified framework? How does gravity fit in?
What unknown properties of these particles andefodrove the evolution of the universe from the
Big Bang to its present state?
Why is there more matter than antimatter in theveirge? What is the origin of this asymmetry?

2.1 The Energy Frontier

Accelerators at the Energy Frontier, such as th€ BHd a future Linear Collider, will survey a nemeggy
regime, the Terascale, by producing directly thev ngarticles which are the messengers of new
phenomena. Major outstanding questions will be egkird, including:

1. How do elementary particles acquire mass? Doeblidpgs boson exist, or are new laws of physics
required?

2. What is the new physics that solves the problemb®fStandard Model? Are there new particles
or new principles? Are there as-yet undiscoveradmsgtries of nature such as supersymmetry
(SUSY)? Are there extra dimensions of space or2isee leptons and quarks really distinct, or
simply separate manifestations of a single typmatter?

3. Can we understand the phenomena produced by striohgtacting systems?

Recommendation: The UK must lead in exploring the Bergy Frontier.

2.2 The Flavour Sector

Why does the Universe contain so little anti-m&ttBare decays of particles like the kaon show ahat
matter-antimatter asymmetry can be produced by a&hamsm called CP-violation. Our present
understanding associates CP-violation with the g@mypof "flavour" which allows us to assemble the
family and generation structure of quarks and lept@ut why are there three families? Intriguintig
observed CP-violation does not account for the enathtimatter asymmetry of the Universe. Naturetmus
be hiding some new phenomena that explain why thigddse contains so little antimatter; almost ddlds
for physics beyond the Standard Model predict mlaslyer flavour-violating effects than have been
observed so far. Major outstanding questions velalddressed, including:
4. How many generations of elementary particles asethWhat principle determines this number?
5. Does new physics introduce new sources of flavand CP-violation beyond those of the quark
sector of the Standard Model? If not, what prireipkplains the unigueness of the Standard Model
couplings?
6. Is charged lepton flavour violated? If so, what nptwsics causes charged lepton flavour
violation?

The LHCb experiment and experiments at high intgrf&vour factories that produce large amounts of
matter and antimatter are the most direct routesafllressing these fundamental questions. They, and
other flavour experiments at the high intensitynfrer, will allow us to study the link between pels
associated with new phenomena at the Terascalthanmdatter-antimatter asymmetry of the Universe.

Recommendation: The UK must lead a coherent and fossed programme to understand the
flavour sector.



2.3 Neutrino and Non-Accelerator Physics

Measurements of the properties of neutrinos arddmental to understanding physics beyond the Stdnda
Model and may have profound consequences for oderstanding of the evolution of the universe.
Having mass but no charge, neutrinos could be their antiparticles, a property possessed by norothe
fundamental fermionThe small neutrino masses could provide an exgiéind direct link to very high
energy scales that may be associated with thecatigh of interactions, and thereby a window backhe
Universe at the very earliest times. CP-violatiorthie neutrino sector could play a key role in piadg
the observed matter-antimatter asymmetry of thevéfee. Major outstanding questions will be addrédsse
including:
7. What are the masses and properties of neutrinosvhatrole did they play in the evolution of the
Universe?
8. Is the neutrino its own antiparticle?
9. Is CP violation realised in the neutrino sectorwHare neutrinos connected to the matter-
antimatter asymmetry?

Neutrino oscillation experiments and neutrino-léssible beta decay experiments will answer some of
these questions by making major discoveries alh@ubature and properties of the neutrino.

Astrophysical measurements have revealed thatrdatier makes up about one quarter of the conténts o
the universe. Experiments at the LHC may be ablertmluce Dark Matter particles directly in the
laboratory, while experiments deep underground ccaldtect Dark Matter in the solar system. These
experiments try to answer:
10. What is the Dark Matter that makes up about onetguaf the contents of the universe? Can we
make and study it in the laboratory?

Recommendation:The UK must lead a coherent and focussed programnte determine the
nature and properties of the neutrino and Dark Matter.

3. FACILITIES

The theoretical physics programme addresses athefkey scientific questions described above. It
underpins the Particle Physics programme by deayisew theories and models for testing, and in agsgs
and determining the right sorts of experimentaistés validate them. Table 1 lists the main experital
facilities, together with their relationships tetmajor scientific questions described above. Araary of
each facility and the UK involvement is given inggndix A.

Exploitation of the facilities listed in Table llisss upon access to large-scale computing resaufdes
UK has been instrumental in developing the Grid potimg infrastructure which underpins global Paetic
Physics, and through the GridPP project is a magntributor in particular to the worldwide LHC
Computing Grid. GridPP enables UK researchers ke the lead in LHC physics analyses and its
continued support is absolutely vital for the field



]Experimental Facility Key science question

% 1 2 3 4 5 6 7 8 9 10

nergy frontier physics:

IATLAS/CMS and their upgrades LA A redi I v v s
|[Tevatron experiments 4 AR P24 I v/ v/ s
|High-energy electron-positron collider Fd Fyd i s v i AL

High-energy muon collider SIS LS rd T

High-energy lepton-hadron collider v v/l 7/ S
iﬁ avour physics:

LHCb and its upgrade v ' rd IS N NS

High-luminosity flavour factory s & I N Y

High-precision dedicated charm experiments v v 7 7 v/

High-precision dedicated kaon experiments v & ' A v

High-precision dedicated muon experiments s P4 L
[Neutrino physics:

ong-baseline neutrino experiments
nd/or a neutrino factory v I A A

Eeactor neutrino experiments v SIS SIS v
Direct neutrino mass experiments / AL 7

INeutrinoless double-beta decay experiments Y LA Fffd redi
[Non-accelerator-based physics:

Direct dark matter search experiments L4 SIS

[Electric dipole moment search experiments & s vy v

Nucleon decay experiments AT

Table 1: The relationships between international experimditilities and the major science questions diseti$s
Section 2. Three ticks implies that the facilityeigpected to have a major impact in answeringdghestion. A single
tick implies that the facility is capable of makiagsignificant contribution to addressing the gaestNo tick implies
that the facility is likely to have little or no ipact on that question.

4. RECOMMENDATIONS

We highlight the areas of research that we condikely to be the most important over the next Z0-3
years. In order to enable the best possible progeamithin constrained resources we recommend ligat t
following principles are adopted:
- A broad and diverse particle physics programmedsed on high priority science questions is an
essential pillar of the UK science and technologyeb
Optimal scientific return on long term investmeiiogld be supported during the exploitation
phase of experiments.
Participation in projects that are likely to formajor components of the future global Particle
Physics programme should be kept at viable levels.
The potential to engage in possible future acésitshould be kept open, especially where key
decision time frames can be identified. Where thei&) playing a leading role in design studies,
appropriate funds should be made available to stippese activities. Minimally, a watching brief
should be kept on other promising future projects.
A strong technological R&D base must be maintaitedenable a world-leading UK Particle
Physics science programme and future knowledgeaggsh opportunities. This should include
generic R&D as well as that more focused on speeKperiments.



We summarise below how the facilities map onto thadmap for the next 20 years or so. Where
milestones are listed the dates represent curresit frojections; they may be subject to revision as
international plans evolve. For each facility wensoarise the impacts of non-participation, or withdal,

as relevant.

4.1 Theoretical Particle Physics

Theoretical physics has been pivotal in shaping @msolidating the Standard Model and is now clucia
for formulating possible scenarios for future digedes. It directly addresses the key scientifiesjions in
this area and provides many of the scientific ficsttions for designing and constructing new expertal
facilities.

4.1.1 Formal Theory

The UK has leadership in all aspects of Formal Th§s] and is considered to rank second only toliise

in terms of scientific output. Examples of parlazustrengths are the study of black holes, symynetr
breaking, SUSY and string theory, the study of ityalymmetries, solitons and branes (higher dirrearei
localised objects) in quantum field theory, supavgy and string theory and, in particle cosmology,
especially the evolution of the Universe just after big bang.

4.1.2 Phenomenology

There has been a substantial upsurge in UK phenaownsince the turn of the millennium. It is now
firmly established as internationally leading ardtis significant value and impact to the experimenta
programme. The Institute for Particle Physics Phasmwology has been a particularly successful inmat
in this field, together with several other grougsiat also contribute to cutting-edge research.

4.1.3 Lattice QCD

Over the last 20 years lattice field theory caltiatss in the UK have been coordinated by the UKQCD
consortium which has achieved major advances inutigerstanding of observations from worldwide
particle physics experiments. Supported by HPCh siscthe QCDOC supercomputer, UK physicists have
achieved highly visible predictions with few-pertesccuracy for a number of notable ‘gold-plated’
guantities, demonstrating consistency with expenime

We recommend that the UK should support a world-leding long-term programme in theoretical
particle physics, particularly in formal theory, phenomenology and lattice theory.

Impacts of reduced funding i) Loss of major science opportunity in areas rehtbe UK has international
leadership; ii) failure to support adequately thé€ ékperimental programme; iii) serious impact darge
number of Physics/Mathematics departments (over Wsversity FTE); iv) negative impact on
undergraduate recruitment and training of highlgldied personnel; and v) loss of KE opportunitytiwi
the computing industry (e.g. IBM Blue-Gene develepi.

Milestones:
2009: outcome from lattice QCD PPRP bid in 2007.
2010: next theory special grant round.
2011: next theory rolling grants round.
2012: next generation lattice machine.



4.2 Energy frontier physics

4.2.1 LHC GPDs and their upgrades

The LHC is the world’s flagship particle physicsoject and was identified as the highest priority fo
European particle physics in the 2006 CERN Coufstiategy Document [2]. The general purpose
detectors (GPDs), namely ATLAS and CMS, are guarxhto find either the Higgs boson or other new
physics related to the generation of masses foSthadard Model particles. They offer the best pecs

for exploring the mechanism of electroweak symmditrgaking and provide an outstanding chance to
discover new phenomena such as SUSY and extraakpatiensions. The results from the GPDs will
shape the future direction of particle physics. Tikemade major strategic investments in the LHC ted
GPDs from the outset, enabling UK physicists toupgc many of the senior leadership roles in the
collaborations and to drive many of the importahygics analyses. The UK GridPP project provides the
Grid computing infrastructure upon which these gses are crucially dependent.

CERN is committed to an initial LHC luminosity upgle in around 2014 and is likely to support a more
extensive (‘phase 2’) luminosity upgrade in arotewl years time. These upgrades are an integrabpart
the LHC physics programme, enabling full explodatiof earlier investment by consolidating LHC
discoveries and extending the sensitivity to newtiglas and very rare processes. The UK is already
prominent in the international R&D programmes pregg for the necessary GPD upgrades, and has
provided many of the key technical advances reduire

Recommendation: it is essential that the UK shouldully exploit its investment in the GPDs as its
highest priority via:
Completion and science exploitation of the designsninosity detectors.
R&D on detector upgrades to accommodate higher lumiosity on a timescale commensurate
with the LHC upgrade schedule.

Milestones:
2009/2010: start of LHC operation.
2012-13: TDRs for upgrades — decision on upgradstoaction.
2018-20: start of operation of phase 2 upgradeelctimts.

Impacts of withdrawal: i) Catastrophic for UK particle physics: would implermination of energy
frontier physics in the UK and failure to capitalisn UK investment and leadership; ii) highly damgg
impact on the wider GPD physics programme throwgilife to honour major UK deliverables; iii) cause
immense harm to the UK'’s international reputatiamg iv) loss of significant KE/training opportunity

4.2.2 Tevatron experiments

The Tevatron experiments (CDF and DO) offer thea pesspects for finding evidence of the Higgs boson
until the LHC GPDs have accumulated significantadats. UK physicists hold significant leadership
positions in these experiments and the UK drivesesof the most important physics analyses, pagtitul
Higgs searches. These experiments are of limitedtidn and the future cost to STFC of UK participat

is relatively modest. Consequently, they represgoellent value for money.

Recommendation: it is essential that the UK shouldontinue to exploit the science opportunities for
as long as the Tevatron remains a world-leading ergy frontier facility.

Milestones:
2011: end of Tevatron operation (depending on Lid@gosmance).

Impact of withdrawal: failure to capitalise on UK investment and leadgrsht the time when the
experiments stand a chance of making a major désgov
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4.2.3 High-energy electron positron collider

A high-energy electron positron linear collider heen internationally recognised as the highestripyi
next global major particle physics facility [2,3].is likely that it will be the facility for explitation and
extension of the LHC physics discoveries. It woblel complementary to the LHC, bringing incisive
precision and significant additional discovery puig. Early LHC physics results will guide the it of
the design energy range for the collider. The IkGhie most mature technical design (TDR in 2012) an
addresses the energy range 0.5 — 1.0 TeV. The G&Réd CLIC concept aims to address energy scales up
to several TeV, but requires significant further R& DR expected in 2015). It is important to ndiattin
the past 18 months a formal collaboration has te&mched between ILC and CLIC for a coherent gfsate
to realise a linear collider. This naturally extesf@ERN'’s role in the global planning process far lihear
collider. The UK has made significant investments R&D on both the accelerator and detector
technologies and key systems, and continues toguditions of international leadership and respaulitsi.

All of the UK investment was deliberately targetdareas that are applicable to both the ILC antCCL
designs.

Recommendation: it is essential that the UK shoulgursue both accelerator and focussed detector
R&D through to a decision point on the future diredion for the linear collider.

Milestones:
2012: ILC TDR.
2012/2013: future project direction based on LHSles.
2015: CLIC TDR.
2015-20: possible start of construction.
2022-27: possible start of operation.

Impacts of non-participation: i) loss of UK influence/opportunity in the worldisext forefront particle
physics project; ii) failure to engage in worlddéay detector and accelerator R&D, with loss ofted
KE opportunity; iii) failure to capitalise on prewis investment, and loss of international leadprsdmd
iv) further damage to the UK’s international repigta.

4.2.4 High-energy muon collider

In the long-term, a high energy muon collider, 8¢ on the muon storage ring of a future neutrino
factory, might provide a route to a multi-TeV lepteoollider. By accelerating muons, rather than tedes,

it could be possible to construct a high energyihigensity collider on a compact site. Neverthglébe
development of the concept of a muon collider ia edlatively early stage and there are a numbaragbr
technological challenges which need to be solvedetmonstrate its feasibility, including the necegsa
muon cooling which is being addressed via the M{E@ject (see also Section 4.4.3). UK involvement in
both accelerator and detector R&D could build orsting Neutrino Factory and Linear Collider R&D
programmes.

Recommendation: Accelerator and detector specific D which is naturally part of the neutrino
factory and linear collider R&D programmes also suports the development of a muon-collider. No
additional significant specific investment in a mua collider is appropriate at this time. Modest funds
to maintain a watching brief on international muoncollider developments would be appropriate.

Milestones:
2014/2015: physics motivation for the neutrino dagtas the next long-baseline facility.
> 2030: muon collider realisation?



4.2.5 A high-energy lepton-hadron collider (LHeC)

The concept of a high energy lepton-hadron coll{ieteC) at CERN, using the LHC to provide the proto
and ion beams, is currently being developed. LHeQla/provide complementary information to the LHC
and a linear collider, with unique sensitivity tbet manifestation of new physics with lepton+quark
quantum numbers. In particular, if a lepto-quagnal were observed at the LHC, the new-physics ftase

a high energy lepton-hadron collider would streegtkignificantly. In addition the LHeC has the pie

for precision strong and electroweak measurementieaTeV scale, and such a facility amounts to a
possible extension of the LHC programme. The UKl&ying a leading role in developing the concept of
the LHeC in preparation for a TDR in 2012.

Recommendation: appropriate funds should be made ailable to allow key individuals to maintain a
leading role in the conceptual design studies for possible LHeC.

Milestones:
2012: TDR.
2012/2013: results from LHC.
2020: possible installation of magnets, in the Lid@nel or in a separate linear accelerator.

4.3 Flavour physics

4.3.1 LHCDb

LHCb will be the world's leading experiment in gadlavour physics for at least the next five yedts.
measurements will radically improve our knowledge several parameters that are crucial for our
understanding of the quark flavour sector. Thestude the amount of CP violation in oscillationsBaf
and O mesons, the rate of the rare decay B and the size of the CKM unitarity triangle angle
Through virtual new particles which may contribtbeloop processes that are suppressed in the $tanda
Model, LHCb has significant new physics discoveoyamtial even if the scale of the new physics isvab
the direct reach of the LHC GPDs. The UK'’s leadingolvement in LHCb capitalises on a decade of
investment and builds on the UK's leadership irrkjélavour physics. The UK GridPP project providbe
Grid computing infrastructure upon which the datalgses are crucially dependent.

Recommendation: it is essential that the UK shouldully exploit its investment in the design-
luminosity LHCb detector as its highest priority in flavour physics.

Milestones:
2009/2010: start of LHC operation.

Impacts of withdrawal: i) Hugely damaging for UK particle physics; it wdumply the withdrawal of the
UK from one of the major and most active areaseséarch; ii) failure to capitalise on UK investrnand
leadership; iii) highly damaging impact on the intional LHCb physics programme through failure to
honour major UK deliverables; and iv) cause deveagtdnarm to the UK'’s international reputation.

4.3.2 LHCb upgrade

After roughly five years of data taking the LHChteltors will need to be upgraded. The LHCb upgrade
will enable the experiment to operate at ten tirttess design luminosity and to increase the trigger
efficiency by a factor of two for hadronic mode$id will enable a new era of precision measurements
probing deeper into the physics of the flavour @ecthe upgraded experiment will, for example, yfull
exploit the potential of rare hadronic and radiatv s loop transitions (in decays such as B , Bs

and B K*up) and CP violation in D mesons. Such decayshaghly sensitive to, and can distinguish
between, different models of, new physics. The LH@igrade does not depend on the LHC luminosity
upgrade. The UK is already leading in the inteoral effort to establish R&D programmes prepariog f
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the LHCb upgrade. At the current time, R&D is neeeyg into critical sub-detector components in afas
strategic UK interest: radiation-hard silicon pixethnology; fast photon detectors; algorithmsetadrout
and trigger at very high rates.

Recommendation: it is essential that the UK shoulgursue R&D on a possible detector upgrade. The
UK should plan for participation in the upgraded LHCb detector and, if justified by the LHC physics
results, should participate in the upgrade at an apropriate level.

Milestones:
2009/10-2013: R&D phase.
2013: TDR for upgrade, decision on upgrade coosbm.
2016: start of upgraded LHCb data-taking.

Impact of withdrawal: i) huge loss of scientific opportunity; ii) loss lefadership of an experiment that is
a key part of CERN's medium-term programme; iiiparil the viability of the LHCb upgrade project) iv
loss of UK leadership of the field of quark flavqairysics and v) loss of significant KE opportunity.

4.3.3 High-luminosity B factory

A next generation asymmetric enerdg elavour factory, with a luminosity ten to a hundrémes higher
than the current experiments, could do for the tstdading of the flavour sector of any TeV-scal&vne
physics what BaBar and Belle did for the CKM pagadliof the Standard Model. The clean environment of
an €e" machine enables a number of important measurentemtt€annot be performed at LHCb. These
include inclusive studies of bs loop transitions and measurements of the leptdagay B . The
sensitivity to lepton flavour violating tau decaaiso exceeds that expected at any other experiraat.
‘SuperB’ proposal for such a facility in Italy walkepresent a major new European scientific imitéat
There is also a proposal for upgrading the KEK &dey in Japan. Decisions on the construction ef¢éh
projects by the respective authorities are expestddn the next year; this is an area where dewmlents
may occur rapidly.

Recommendation: appropriate funds should be made ailable to allow key individuals to participate
in design studies for a high luminosity B factory.If a facility is approved, and if significant UK
interest emerges, possible participation should bensioned against other flavour physics projects at
a level justified by the physics case.

Milestones:
2009/10: decision expected on whether/how to pieéth such a facility.
2011: ‘SuperB’ TDR.
2013: ‘Super KEK-B’ start of operation?
2014-2016: ‘SuperB’ start of operation?

Impact of non-participation: i) loss of scientific opportunity; ii) loss of patial UK leadership in a major
new initiative and iii) loss of KE opportunity.

4.3.4 High-precision dedicated charm experiments

The charm sector provides unique potential to stfliayour-changing interactions of up-type quarks.
Precise studies of charm mixing and rare charmydegge highly sensitive to new physics in many nede
Charm experiments also provide important results spectroscopy and can help to improve our
understanding of QCD. Charm physics representgmiisant part of the programmes of LHCb, the LHCb
upgrade and high-luminositye flavour factories. Dedicated charm physics experits, such as BES-III
and proposals for fixed-target experiments at FNéffer some additional scientific opportunities.



Recommendation: at this time interest in charm phyies should be pursued through the UK's
involvement in LHCb, and there should be no UK invtvement in new dedicated charm experiments.

Impact of non-participation: loss of scientific opportunity.

4.3.5 High-precision dedicated kaon experiments

Among a number of very rare decays of K-mesons,diseays K * and K ° have unique
sensitivity to new physics in the quark-flavourteec They pose the experimental challenge of atingea
decay sensitivity to branching ratios at the leofel 0** or lessThe NA62 experiment at CERN (approved
in 2008) should observe at least 100 K* decays if the branching fraction is at the Stadddodel
level, with corresponding discovery potential i€ ttiecay rate is affected by new physics.

Recommendation: a limited investment in the propost NA62 experiment could provide very
interesting near-term science return at a modest @. Beyond NA62, modest funds to maintain a
watching brief on future high-precision kaon experiments would be appropriate.

Milestones:
2009-10: decision on UK involvement in NAG2.
2010-12: NA62 construction.
2012-13: start of NA62 data-taking.

Impacts of non-participation: i) loss of a significant science/leadership oppaitiy ii) reduction in the
potential diversity of the UK patrticle physics pragime; iii) failure to capitalise on previous intresnt in
the CERN kaon-physics programme.

4.3.6 High-precision dedicated muon experiments

Interest in the possibility of observable chargeptdn flavour violating decays has enjoyed a resnog
since the discovery of neutrino oscillations. Sutdtays, which would be unambiguous signatures of
physics beyond the Standard Model, would provideew window on flavour and CP violation in the
lepton sector. The highest potential sensitivityctmrged lepton flavour violating processes appgars
come from e conversions, following muon trapping on nucl€he proposed COMET experiment aims
for an improvement of four orders of magnitude caneg to the current limits; this would extend iato
theoretically interesting region. A second stagdled PRISM, based on FFAG technology, could hihee
potential to deliver a further two orders of magd# in sensitivity. The UK does not have a receatkt
record in this scientific field, but there has beecent UK interest in participating in these expents and

the UK leads in development of FFAG acceleratonnetogy.

Recommendation: a limited investment in a future hjh-precision muon experiment, such as
COMET/PRISM, could offer the prospect of significart scientific return.

Milestones:
2010: decision on UK involvement.
2012: COMET TDR, J-PARC decision on COMET/PRISM.
2012-2015: COMET construction; PRISEIOR
2015-18: COMET running; PRISM R&D/construction.
2018-20: PRISM running.

Impact of non-participation: i) loss of a significant science opportunity; igduction in the potential
diversity of the UK particle physics programme; difjdoss of significant KE opportunity.
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4.4 Neutrino physics

441 T2K

T2K will be the leading experiment in neutrino piegsfor the next 5 — 10 years. T2K will make serhina
contributions to our understanding of the leptoavdiur sector; it is well placed to make the first
measurement of $itg;; with sensitivity down to 0.01 and will greatly imgve the theoretically interesting
measurement af,s. If quzis sufficiently large, a second phase of T2K mayehsensitivity to CP violation
in the lepton sector which would represent a mdjscovery. Involvement in T2K places the UK in a
strong position to play a leading role in a futdeganese Super-Beam experiment which, dependitizeon
value ofqys, may represent the route to the discovery of l@ptG€P violation.

Recommendation: it is essential that the UK shoul@articipate strongly in T2K as its highest priority
in neutrino physics.

Milestones:
2009: start of T2K phase-1 operation.
2014: end of T2K phase-1.
2014/2015: possible start of T2K phase-2 dependinmagnitude ofj;s.

Impacts of withdrawal: i) hugely damaging for UK particle physics: lossnadijor science opportunity; ii)
failure to capitalise on UK investment at the timkeen T2K is about to enter the exploitation phasel
i) loss of reputation of the UK as a reliablegmational partner.

4.4.2 MINOS

MINQOS will continue running until 2011/2012. Theaee two main physics goals in this period. Firsthe
measurement of the oscillations of anti-neutrindstle “atmospheric” neutrino mass scale. This
measurement will remain unique for the foreseeflilere and will provide a test of CPT violation time
neutrino sector. Secondly, MINOS will extend itsusdn for electron neutrino appearance, where MINOS
currently observes a small (§)5excess; thus with additional data there is thesipdiy of the first
observation of,, ne oscillations. This would represent a significaiscdvery, demonstrating for the first
time thatq,s is non-zero.

Recommendation: sufficient funding should be retaiad to enable the UK to exploit the last two years
of MINOS operations with antineutrinos.

Milestones:
2009/2010: start of anti-neutrino running.
2011/2012: end of MINOS operations.

Impacts of withdrawal: i) loss of science opportunity; ii) failure tollfucapitalise on significant UK
investment and leadership; and iii) seriously canpse the ability to operate the experiment.

4.4.3 R&D for future long-baseline neutrino experim  ents and/or a neutrino factory

In the last ten years the UK has built up a woeading neutrino physics community and it is esaktitat

the UK is involved in the next long-baseline exp@nt, whether it is T2K phase 2, a super-beamitiadil
beta-beam, or a neutrino factory. By the middlghef next decade it will be known whether?8im; is
large or not, and the route to the discovery ofdejg CP violation will be better understood. ThK i$
making world-leading contributions to the futureutrsno programme through a leading presence in T2K,
leadership of the neutrino factory internationadiga study, and by hosting MICE and EMMA. Therais
case for new detector R&D into Liquid Argon TPCheology.
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Recommendation: it is essential that the UK shoulde involved in the next generation of long-
baseline neutrino oscillation experiments and shodl continue to pursue a world-leading R&D
programme towards this aim. Any new detector/dedicked accelerator R&D in this area should be
tensioned against the existing neutrino R&D programme.

Milestones:
2012: neutrino factory RDR.
2014: completion of MICE experimergnabnstration of muon cooling.
2014/2015: measurement of/tight lianitsirf2qs5, enabling the future direction to be defined.

Impacts of non-participation in R&D: i) loss of leadership in future long-baseline neutfaxilities; ii)
loss of leadership in the neutrino factory inteiovzdl design study; iii) loss of opportunity to peipate in
cutting edge neutrino detector and specific acateiR&D; iv) loss of significant KE opportunity.

Impacts of withdrawal from MICE: i) failure to deliver a high-profile particle phgsi project hosted in
the UK; and ii) a failure to honour internationahemitments.

4.4.4 Reactor neutrino experiments

The current generation of reactor experiments (Is@hooz, Daya Bay, etc.) have sensitivity toZips
down to approximately 0.03. Due to the absenceaifen effects, the measurements are (at leastlbgrti
complementary to those from long-baseline osaillagxperiments. At this time, the UK is not playiag
significant role in this area. The potential fotuke improvements in reactor based experimentseotiyr
appears limited.

Recommendation: At this stage, reactor neutrino exgriments should not form part of the STFC
roadmap.

Milestones:
2009/2010: Start of Double-Chooz experiment.

Impact of non-participation: loss of scientific opportunity.

4.4.5 Direct neutrino mass experiments

Neutrino oscillation experiments only provide infation on the differences of the squares of therimeu
masses. The determination of the absolute scaleeafieutrino mass is an essential measurementJKhe
has only very limited involvement in the Katrin eéxjment.

Recommendation: At this stage, future direct neutmo mass experiments should not form part of the
STFC roadmap.

4.4.6 Neutrinoless double-beta decay experiments

Neutrinoless double-beta decay experiments addrefisndamental question about the nature of the
neutrino and the observation of a signal wouldesent a major discovery. A number of experiments wi
operate in the next decade. These will begin talréhe theoretically interesting level of sensitiviThe

UK has interests in two projects (SNO+ and Supembdle The strength of SNO+ is that it reuses the
existing SNO facility and thus offers a timely arwbt-effective neutrinoless double-beta decay éxpart
with genuine discovery potential; there is a stroage for the UK to make the required modest imvest

to participate in SNO+. Super-Nemo has comparabisitivity to SNO+ but its main strength is thequre
topological signature for neutrinoless double-bdg¢aay; this would be essential to demonstrate dhat
observed signal is indeed neutrinoless double-thetay.

12



Recommendation: it is essential that the UK is inMged in a current-generation experiment and
pursues a coherent and world-leading long-term progamme of research in this area.

Milestones:
2010: decision on UK involvement in SNO+.
2011-2013: SNO+ Phase | operation.
2011/2012: operation of the Super-Ngmutotype module.
2012: Super-Nemo TDR.
2013-2015: SNO+ Phase Il operation.
2013/2014: Initial Super-Nemo running.
2016: Completion of full Super-Nemadedzor.

Impact of non-participation: i) loss of the opportunity to participate in a putally major discovery of
the nature of matter; ii) UK withdrawal from Supéemo could lead to cancellation of the projec); iii
failure to capitalise on previous SNO investmentioss of KE opportunity.

4.5 Non-Accelerator Experiments

4.5.1 Direct dark matter search experiments

The nature of the dark matter is one of the mogioimant unanswered questions in science and has
profound implications for both particle physics asabmology. The search for dark matter is a vetivac
and competitive field worldwide, pushing down limibn the dark matter scattering cross-section by
roughly an order of magnitude every 3 — 4 year® UK has a leading role in two international cotiapr
EURECA and LUX-ZEPLIN, developing tonne-scale datex intended to obtain sensitivity to signals at
the 10' pb level. Such detectors should have sensitivity significant fraction of possible SUSY dark
matter models.

Recommendation: it is essential that the UK is inM@ed in a current-generation experiment and
pursues a coherent and world-leading long-term progamme of research in this area.

EURECA milestones:
2009-12: CRESST/EDELWEISS exploitation.
2009/10: EURECA TDR.
2011-14: EURECA construction.
2015: EURECA operation (0.1t).
2018: EURECA operation (1t).
LUX-ZEPLIN milestones:
2009: ZEPLIN-III (6kg) operation ongoing.
2010: LZ3 construction (3t).
2012: LZ3 operation.
2013: LZ20 construction (20t).
2018: LZ20 operation.

Impact of withdrawal: i) loss of major science opportunity with potential fmaximum impact on
cosmology and particle physics; ii) terminationasf area of significant UK leadership; iii) loss KE
opportunity.

4.5.2 Electric dipole moment search experiments

Electric Dipole Moment experiments have sensitiity a range of Beyond the Standard Model CP
violation mechanisms. The UK is the world-leadetbisth electron and neutron EDM experiments. The
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CryoEDM nEDM experiment and YbF-beam eEDM experitaanill yield between one and two orders of
magnitude increases in experimental sensitivity gamad with the current best limits within the néxt
years or so. In both cases the projected experahezdich extends into a theoretically interestiegjan.
These experiments are complementary to direct lsearfor BSM physics and are likely to remain at the
forefront of this field until at least the end dfet next decade. The CryoEDM and the YbF eEDM
experiments are relatively small scale and reptesearellent value for money.

Recommendation: it is essential that the UK explait its world leading position in both electron and
neutron dipole moment search experiments. We noténat for these relatively small, UK-dominated
experiments, a small reduction in funding would bedifficult to absorb and would have a
disproportionate impact.

nEDM Milestones:

2012: sensitivity one order of magnitude below entmworld limit.

2013: data taking in new beamline.

2016: sensitivity of & e cm; two orders of magnitude below current limit.
eEDM Milestones:

2009: publication of world leading limit.

2014 improvement in sensitivity by two ordergmgnitude.

Impact of reduced funding: i) effective termination of the world-leading eED&hd nEDM experiments;
and ii) missing out on a potentially major discovery.

4.5.3 Nucleon decay experiments

Nucleon decay is a generic prediction of Grand idifTheories and a discovery would provide the firs
direct evidence for the unification of forces. imitsearches for the pe'p decay mode using water
Cerenkov detectors have ruled out the simplest B@&dels. SUSY GUT models predict significantly
longer lifetimes and more challenging decay modes sis p K'n to which water Cerenkov detectors are
less well suited. There is UK interest in a liq@icgon detector in the 100 kt range, which may give
enhanced sensitivity to this channel. This techgwlmight also be suitable for a future long-baselin
neutrino experiment (see Section 4.4.3) and ik that a full-scale detector would be desigtedulfil
both roles.

Recommendation: bids for nucleon decay experiment & should be tensioned against the rest of
the future long-baseline neutrino experiment progranme.

Impacts of non-investment:loss of major science and KE opportunities.

4.6 SUMMARY OF RECOMMENDATIONS

We summarise our recommendations below. In eagyoat the facilities are listed in alphabeticaletd

i) World leading/highest priority
The highest-priority areas are:
- LHC GPD exploitation and upgrades;
LHCDb exploitation;
Neutron and electron EDM search experiments;
Theoretical physics programme;
- T2K;
It is mandatory that the UK reap its investmentthiese facilities and maintains its world leadership
Withdrawal from these facilities is unconscionable.
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Support for the GridPP project is essential forakploitation of the LHC programme.

i) World leading/UK involvement essential
Programmes in which UK involvement is essential are
- Direct dark-matter search experiments;

LHCDb upgrade R&D;

Linear Collider accelerator and detector R&D:;

Long-baseline neutrino physics detector R&D/neuwtfactory accelerator R&D;

Neutrinoless double-beta decay experiments;

Tevatron experiments.
All of these facilities offer world-leading scienapportunities and are areas of UK excellence and/o
leadership. Under no circumstances should the Uidraw from any of them — some level of strategic
investment needs to be maintained in all. If ityaeh necessary, modest reductions should be coaslidter
allocations to the highest priority programmes {a)an order to maintain an appropriate level odtstgic
investment in these areas.

iii) World leading/significant UK scientific opport unity

The following programmes are world leading and méfesignificant scientific opportunity for the UK:
High-precision muon experiments;
MINOCS;
NAG2.

Limited investment is highly recommended.

iv) Significant future opportunity
The following projects offer exciting future scidiut directions:

High-luminosity B factory;

Future high-precision kaon experiments;

LHeC,;

Muon collider.
At this stage we recommend that modest funds besragdilable to allow UK leadership and participatio
in design studies. Where relevant, limited stratégvestment in detector and accelerator R&D, @athe
PRD scheme, should be considered on its merits.

v) UK engagement not foreseen at this time
Whilst the areas/projects below are scientificaibgresting, no UK participation is foreseen as thtiage:
- CNGS;
Dedicated precision charm experiments;
gm'z;
Belle;
MEG,;
Nova;
Precision neutrino mass experiments;
Reactor neutrino experiments.

Whilst the above recommendation$,— iv), are based purely on scientific mert)| projects offer
significant knowledge exchange opportunities: theefront exploitation experiments provide an exgjti
training base for young physicists in advanced gateessing/analysis techniques and computingsskill
the R&D projects involve the development of highkieology solutions in detector and acceleratomese
which offer the potential for industrial engagemasitwell as spin-offs.
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In the unfortunate event that the STFC financial sfuation requires that major cuts be made
to the UK Particle Physics programme, we request #t no such cuts be implemented without
a further consultation with the PPAP.

It should be noted that we have not considerecdeptejthat we consider to be mainly within the reofit
the other Advisory Panels. These include heavyeigeriments, high-energy gamma-ray experiments, and
solar neutrino experiments.

4.7 A Roadmap for the STFC Particle Physics Program me

Based upon the above recommendations, a roadmaipef@TFC Particle Physics programme is shown in
Figure 1. The indicative timescales represent megde estimates based on the input to the PPAP.

Figure 1: Proposed roadmap for UK Particle Physics showiegntiajor milestones as understood now. The colours
show the expected status of each facility as atfomof time (as best understood now). Magentaasgmts the R&D
phase, orange the construction phase and greaxphatation phase. The facilities shown by solétdform the core

of the recommended future UK Particle Physics rcgunThe facilities shown by the dashed-bars indigaitential
future scientific opportunities not currently furtley STFC. Possible decision points are shown bythces.
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5. CONCLUSIONS

This report represents the conclusions of the ¢tarfhysics Advisory Panel. These conclusions were
reached via extensive consultation with the UK iBlartPhysics community. The proposed roadmap
represents a diverse and coherent programme ddrofsefocussed on the major scientific questions in
Particle Physics, within the framework of constemimesources. Answering these questions is keyito o
understanding of the Universe. It is clear thatiBlarPhysics is entering an exciting era; all pot§ on the
roadmap have the potential to make major discosethat will challenge our current understanding of
fundamental physics.
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