
Theme Leader:  Victoria Martin (Edinburgh) (since October 2016) 

   previously Paul Soler (Glasgow) 

Institutes:  University of Glasgow & University of Edinburgh 

Funding:  STFC: consolidated grants, project grants, fellowships  
                 plus: EPSRC, ERC, Intel, Royal Society, EC Horizon 2020 … 

SUPA IAC  – 11th May 2017
Particle Physics



Experiments:  
• Large Hadron Collider at CERN: ATLAS and LHCb 
• Quark flavour physics: LHCb and NA48 (CERN) 
• Neutrino physics: 
➡Neutrino Factories and MICE at RAL 
➡DUNE (Fermilab & South Dakota) & proto-DUNE (CERN) 
➡Hyper-Kamiokande (Japan), ANNIE (Fermilab) 

• Dark Matter (LUX,LZ) in Homestake mine, South Dakota  
• Future colliders (ILC, CLICdp, FCCpp) 

Theory: 
• Lattice field theory for LHC, g−2, flavour physics at DiRAC facility & elsewhere 
➡Working with HPQCD, QCDSF and RBC/UKQCD collaborations 

• Phenomenology for LHC, cosmology & beyond: nnPDF, HEJ, flavour anomalies, 
warm inflation, TopFitter 

• Formal theory: little Higgs, Supersymmetry, extra dimensions 
• Turbulence, links to condensed matter 
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accidental coincidences, facc, is taken to be separable,
that is, facc(S1, log10S2) = f1(S1) ⇥ f2(log10 S2). The
individual di↵erential rates of isolated S1 pulses (f1) and
isolated S2 pulses (f2) are measured from WIMP-search
data. Because of their uncorrelated nature, these events
are modeled as uniform in {xS2, yS2, zS2}.
A protocol for blinding the data to potential NR

WIMP signatures, to reduce analysis bias, began on De-
cember 8th, 2014 and was carried through the end of
the exposure. Artificial WIMP-like events (“salt”) were
manufactured from sequestered 3H calibration data and
introduced into the data at an early stage in the data
pipeline, uniform in time and position within the fiducial
volume. Individual S1 and S2 waveforms from this data
set were paired to form events consistent with a nuclear
recoil S2 vs S1 distribution. Some S2-only salt events
were added as well. The nuclear recoil energy distribu-
tion of these events had both an exponential (WIMP-
like) and flat component. The four parameters describing
these distributions (the exponential slope, the flat popu-
lation’s end point, the total rate, and the relative ratio of
exponential vs. flat rates) were chosen at random within
loose constraints and were unknown to the data analyz-
ers. The salt event trigger times were sequestered by an
individual outside the LUX collaboration until formally
requested for unblinding, after defining the data selection
criteria, e�ciencies, and PLR models.
Following the removal of salt events, two populations

of pathological S1+S2 accidental coincidence events were
identified in which the S1 pulse topologies were anoma-
lous. In the first of these rare topologies, ⇠80% of the
collected S1 light is confined to a single PMT, located in
the edge of the top PMT array. This light distribution
is inconsistent with S1 light produced in the liquid, but
is consistent with light produced outside the field cage
and leaking into the TPC. A loose cut on the maximum
single PMT waveform area as a fraction of the total S1
waveform area is tuned on ER and NR calibrations to
have >99% flat signal acceptance. The second popula-
tion of anomalous events also features a highly clustered
S1 response in the top array, as well as a longer S1 pulse
shape than typical of liquid interactions; these pulses are
consistent with scintillation from energy deposited in the
gaseous xenon. A loose cut on the fraction of detected
S1 light occurring in the first 120 ns of the pulse is simi-
larly tuned on ER and NR calibration data to have >99%
signal acceptance across all energies. These two cuts, de-
veloped and applied after unblinding, feature very high
signal acceptance, are tuned solely on calibration data,
and only eliminate events that clearly do not arise from
interactions in the liquid.
The result presented here includes the application of

these two postunblinding cuts, and additionally includes
31.82 live days of nonblinded data, collected at the be-
ginning of the WS2014–16 exposure before the start of
the blinding protocol.
WIMP signal hypotheses are tested with a PLR statis-

tic as in [9], scanning over spin-independent WIMP-
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FIG. 3. Upper limits on the spin-independent elastic WIMP-
nucleon cross section at 90% C.L. The solid gray curves show
the exclusion curves from LUX WS2013 (95 live days) [9] and
LUX WS2014–16 (332 live days, this work). These two data
sets are combined to give the full LUX exclusion curve in
solid black (“LUX WS2013+WS2014–16”). The 1– and 2–�
ranges of background-only trials for this combined result are
shown in green and yellow, respectively; the combined LUX
WS2013+WS2014–16 limit curve is power constrained at the
–1� level. Also shown are limits from XENON100 [44] (red),
DarkSide-50 [45] (orange), and PandaX-II [46] (purple). The
expected spectrum of coherent neutrino-nucleus scattering by
8B solar neutrinos can be fit by a WIMP model as in [47],
plotted here as a black dot. Parameters favored by SUSY
CMSSM [48] before this result are indicated as dark and light
gray (1– and 2–�) filled regions.

nucleon cross sections at each value of WIMP mass.
Nuclear-recoil energy spectra for the WIMP signal are
derived from a standard Maxwellian velocity distribution
with v0 = 220 km/s, vesc = 544 km/s, ⇢0 = 0.3GeV/cm3,
average Earth velocity of 245 km/s, and a Helm form fac-
tor. Detector response nuisance parameters, describing
all non-negligible systematic uncertainties in the signal
and background models, are listed with their constraints
and observed fit values in Table I. Systematic variation of

TABLE I. Model parameters in the best fit to WS2014–16
data for an example 50GeV c

�2 WIMP mass. Constraints
are Gaussian with means and standard deviations indicated.
Fitted event counts are after cuts and analysis thresholds.

Parameter Constraint Fit Value

Lindhard k [11] 0.174± 0.006 -

Low-z-origin � counts 94± 19 99± 14

Other � counts 511± 77 590± 34

� counts 468± 140 499± 39
8B counts 0.16± 0.03 0.16± 0.03

PTFE surface counts 14± 5 12± 3

Random coincidence counts 1.3± 0.4 1.6± 0.3

Full exposure results from LUX 
PRL 118 (2017) 021303
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Figure 2. Distribution of the data compared to the background estimate for the analysis discrim-
inant in the signal regions for the HVT search; (a) the mJJ distribution in the qqqq channel, (b)
the mT distribution in the ννqq channel, (c) mℓνJ in the ℓνqq channel, and (d) mℓℓJ in the ℓℓqq
channel. The “Top quark” distribution includes both the tt and single-top-quark backgrounds. The
upper panels show the distribution of the observed data and estimated backgrounds as a function
of the analysis discriminants. The observed data are shown as points, solid colours represent the
different background contributions and the shaded bands reflect the systematic uncertainties in
the estimated background. The lower panels show the ratio of the observed data to the estimated
background as a function of the analysis discriminant. The decay modes “WV ” or “ZW” indicate
the mass requirements placed on the hadronically decaying boson, where a “W” or “Z” indicates
a narrow mass window around the corresponding boson mass, and a “V ” indicates the wider mass
window including both the W and Z boson masses. More details are given in the text.
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limits on exotic new particles 
(JHEP (2016) 2016: 173)
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Figure 2: Background-subtracted data and fit projections onto m

p⇡

. Fits are shown with models
containing N

⇤ states only (EM) and with N

⇤ states (RM) plus exotic contributions.
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> 1.8 GeV region. See the legend and caption of Fig. 2 for a description of the
components.
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Confirmation of two 
pentaquarks (PRL117 082003)
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Figure 2: Distribution of the reconstructed invariant mass m(⌅+
c

K�) for all candidates passing
the likelihood ratio selection; the solid (red) curve shows the result of the fit, and the dashed
(blue) line indicates the fitted background. The shaded (red) histogram shows the corresponding
mass spectrum from the ⌅+

c

sidebands and the shaded (light gray) distributions indicate the
feed-down from partially reconstructed ⌦

c

(X)0 resonances.

Figure 1 shows the pK�⇡+ mass spectrum of ⌅+
c

candidates passing the likelihood
ratio selection for all three data sets combined, along with the result of a fit with the
functional form described above. The ⌅+

c

signal region contains 1.05⇥ 106 events. Note
that this inclusive ⌅+

c

sample contains not only those produced in the decays of charmed
baryon resonances but also from other sources, including decays of b hadrons and direct
production at the PV.

Each ⌅+
c

candidate passing the likelihood ratio selection and lying within the ⌅+
c

signal mass region is then combined in turn with each K� candidate in the event. A
vertex fit is used to reconstruct each ⌅+

c

K� combination, with the constraint that it
originates from the PV. The ⌅+

c

K� candidate must have a small vertex fit �2, a high
kaon identification probability, and transverse momentum pT(⌅+

c

K�) > 4.5GeV.
The ⌅+

c

K� invariant mass is computed as

m(⌅+
c

K�) = m([pK�⇡+]
⌅

+
c
K�)�m([pK�⇡+]

⌅

+
c
) +m

⌅

+
c
, (2)

where m
⌅

+
c
= 2467.89+0.34

�0.50 MeV is the world-average ⌅+
c

mass [16] and [pK�⇡+]
⌅

+
c
is the

reconstructed ⌅+
c

! pK�⇡+ candidate. In this analysis, the distribution of the invariant
mass m(⌅+

c

K�) is studied from threshold up to 3450MeV.
The ⌅+

c

K� mass distribution for the combined data sets is shown in Fig. 2 where five
narrow structures are observed. To investigate the origin of these structures, Fig. 2 also

3

Five new baryon Ωc states 

discovered (arXiv:1703.04639)

Precision tests of top quark physics 
at 13 TeV (ATLAS-CONF-2016-040)Hints at lepton non-universality 

in B*→K*ℓℓ (https://indico.cern.ch/event/580620/)

https://indico.cern.ch/event/580620/
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LHCb upgrade and Hyper-K photon 
detector in Edinburgh
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collaboration including Glasgow ATLAS upgrade strip detector 
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Figure 20: Parton luminosities at the LHC 13 TeV as a function of the invariant mass MX of the final
state, computed using the PDF sets with perturbative charm, and with fitted charm with and without
EMC data. The charm-anticharm (left) and charm-gluon luminosities (right) are shown.
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Figure 21: Same as Fig. 20, but for quark-antiquark (top left), quark-quark (top right), gluon-gluon
(bottom left) and quark-gluon (bottom right) luminosities.

4 LHC phenomenology

We now discuss the implications of fitting charm for LHC phenomenology. First, we compare
parton luminosities computed with fitted or perturbative charm, and specifically show at the
level of luminosities the improved stability upon variation of the charm mass that was already
discussed in Sect. 3.2 at the level of PDFs. We then turn to specific processes: first, we discuss the
e↵ect of fitting charm on standard candles, thereby showing that fitting charm is advantageous
for more robust uncertainty estimation. Then, we consider representative LHC processes which

26
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Little Higgs in warm inflation (PRL117, 151301)

Figure 14. Superposition of our results (blue circles) to the data presented in the most recent
FLAG report [21]. The smaller error bars of our results show the lattice error only, whilst the large
error bands include both, the theoretical and the experimental errors, added in quadrature.

(fD), 1.0% (fDs) and 0.7% (fDs/fD) the results are competitive and establish domain wall

fermions as a powerful discretisation for heavy quarks. We hope that our results will provide

useful input to a wide range of applications in (Beyond) Standard Model phenomenology.

Looking ahead, we are exploring changes in the formulation of the domain wall action,

such as gauge link smearing, which we found increases the reach in the heavy quark mass

on a given ensemble before cut o↵ e↵ects become substantial [71]. This will allow us to do

computations directly at the physical charm quark mass also on our coarsest ensemble.
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Lattice results for flavour physics & g−2 
e.g. arXiv:1701.02644 

Figure 1. Representative Feynman diagrams for VBS same-sign W±W±H productions at the
LHC, which involve the HHH and WWHH vertices.

pseudo-rapidity separation |∆ηjj| at parton level, in the SM and also the cases of varied

gWWHH in Fig. 2. As expected [22], the VBS-type topology leads to a sizable rapidity gap

between the forward tagging jets with all weak boson-associated decay products focussed in

the central region of the detector. This can be used to suppress the expected backgrounds.

As can be seen from Fig. 2, not only the total normalization of signal depends on the value

of the quartic coupling, but also VBS W±W±H production tends to have harder Mjj and,

consequently, more separated |∆ηjj| distributions.
We follow the Snowmass Energy Frontier studies [28–30] for our signal and back-

ground simulations. We take existing samples directly from Snowmass [28–30], including

tt̄, tt̄ + B (B = γ,W,Z or H), B+jets and single top. These MC samples are generated

with MadGraph/MadEvent [31], interfaced with Pythia 6 [32] for parton showering

and hadronization, and Delphes version 3 [33] for detector simulation with the so-called

‘Combined Snowmass Detector’ configuration [28]. In Delphes, we consider no pileup (No-

PU) and mean 50 pileup (PU50) scenarios at the 14 TeV LHC, and no pileup (No-PU) and

140 pileup (PU140) for the future 100 TeV pp-collider option, owing to the larger expected
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Figure 2. Mjj and |∆ηjj | distributions for W±W±H productions at the 14 TeV LHC, in the SM
or varied gWWHH cases, at parton level, with default parton level setting.
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Precision predictions & interpretation for 

top quarks & Higgs boson physics at LHC, 


e.g. arXiv:1702.01930, JHEP1604 (2016) 015 
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Perturbative calculations e.g. complete 3-loop 
soft anomalous dimension PRL117, 172002

NNPDF, e.g. charm component of the proton

 arXiv:1605.06515 

https://arxiv.org/abs/1605.06515


Medipix3 silicon pixel detector developed at CERN with Glasgow participation.  
Glasgow collaborator on demonstration of Medipix3 for electron microscopy.

http://www.gla.ac.uk/schools/physics/news/headline_515843_en.html

Particle Physics: 
Beyond Research

National Museum of Scotland, Edinburgh: NEW Particle Physics 
gallery with Edinburgh & Glasgow physicists featured plus 
ongoing engagement with NMS with teachers & pupils.  

Destination: Space  
co-authored by Christoph Englert 
Shortlisted for Blue Peter Book Award

http://www.booktrust.org.uk/news-and-blogs/news/1437
http://www.nms.ac.uk/explore/stories/science-and-technology/cern-accelerating-cavity/

http://www.booktrust.org.uk/news-and-blogs/news/1437
http://www.nms.ac.uk/explore/stories/science-and-technology/cern-accelerating-cavity/


Particle Physics Experiments:  
Active Developments

ATLAS upgrade: major upgrade to ATLAS detector 
to cope with 10x nominal luminosity at HL-LHC  
• 2027 onwards 
• STFC grant process ongoing

5

Overview of Phase-II Upgrades
Overall scope of Phase-II upgrades is mostly settled

New all-silicon
Inner Tracker

New inner muon 
barrel trigger 
chambers

Upgrade
all front-end
electronics

Higher rate, 
longer latency 
trigger system

Possibly forward
muon tagger and 
timing detector

Now evaluating different design/implementation options
towards submission of TDRs over next 15 months



Particle Physics Experiments:  
Active Developments

Long baseline neutrino experiments: fire neutrinos underground to determine precision 
measurements of neutrino properties, with data taking starting ~2026 

• DUNE (Fermilab to South Dakota)  
• Hyper-K (Japan, maybe to Korea)  

Both experiments both in preconstruction phase with SUPA involvement 
STFC could fund construction grants starting ~2020

ATLAS upgrade: major upgrade to ATLAS detector 
to cope with 10x nominal luminosity at HL-LHC  
• 2027 onwards 
• STFC grant process ongoing

5

Overview of Phase-II Upgrades
Overall scope of Phase-II upgrades is mostly settled

New all-silicon
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New inner muon 
barrel trigger 
chambers
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all front-end
electronics

Higher rate, 
longer latency 
trigger system

Possibly forward
muon tagger and 
timing detector

Now evaluating different design/implementation options
towards submission of TDRs over next 15 months



Particle Physics Experiments:  
Potential Areas for Development 

Possible future colliders:  
• CLIC e+e− 450 GeV, 1.5 GeV & 3 TeV, at CERN 
• ILC   e+e− 500 GeV and 1 TeV, in Japan 
• FCC  e+e− 250 GeV & pp ~100 TeV & ep at CERN 

• No decisions likely to be made before ~2020.  
• 5-10 year to build  

• High energy LHC (28 TeV) is another option
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while for specific final states such as e+e� ! ZH; H ! bb
and e+e� ! Hnene; H ! bb:

CZH,H!bb =
k2

HZZk2
Hbb⇣

GH,md/G SM
H

⌘

and:

CHnene,H!bb =
k2

HWWk2
Hbb⇣

GH,md/G SM
H

⌘ ,

respectively.

Since at the first energy stage of CLIC no significant mea-
surements of the H ! µ+µ�, H ! gg and H ! Zg decays
are possible, the fit is reduced to six free parameters (the
coupling to top is also not constrained, but this is without
effect on the total width) with an appropriate rescaling of
the branching ratios used in the total width for 350GeV.

Parameter Relative precision

350GeV + 1.4TeV + 3TeV
500fb�1 + 1.5ab�1 + 2ab�1

kHZZ 0.57 % 0.37 % 0.34 %
kHWW 1.1 % 0.21 % 0.14 %
kHbb 2.0 % 0.41 % 0.24 %
kHcc 5.9 % 2.2 % 1.7 %
kHtt 3.9 % 1.5 % 1.1 %
kHµµ � 14.1 % 7.8 %
kHtt � 4.3 % 4.3 %
kHgg 3.2 % 1.6 % 1.2 %
kHg g � 5.6 % 3.1 %
kHZg � 15.6 % 9.1 %

GH,md,derived 1.6 % 0.41 % 0.28 %

Table 31: Results of the model-dependent fit. Values marked
"�" can not be measured with sufficient precision at the
given energy. For gHtt, the 3TeV case has not yet been stud-
ied, but is not expected to result in substantial improvement
due to the significantly reduced cross section at high energy.
The uncertainty of the total width is calculated from the fit
results following Equation 1, taking the parameter correla-
tions into account. Operation with �80% electron beam po-
larisation is assumed above 1 TeV.

As in the model-independent case the fit is performed in
three stages, taking the statistical errors of CLIC at the three
considered energy stages (350GeV, 1.4TeV, 3TeV) succes-
sively into account. Each new stage also includes all mea-
surements of the previous stages. The total width is not a
free parameter of the fit. Instead, its uncertainty, based on
the assumption given in Equation 1, is calculated from the
fit results, taking the full correlation of all parameters into
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Fig. 27: Illustration of the precision of the Higgs couplings
of the three-stage CLIC programme determined in a model-
dependent fit. The dotted lines show the relative precisions
of 0.5 % and 2.5 %.

account. Table 31 summarises the results of the fit, and Fig-
ure 27 illustrates the evolution of the precision over the full
CLIC programme.

11.3 Discussion of Fit Results

The full Higgs physics programme of CLIC, interpreted with
a combined fit of the couplings to fermions and gauge bosons
as well as the total width, and combined with the measure-
ment of the self-coupling, will provide a comprehensive pic-
ture of the properties of this recently discovered particle.
Figure 28 illustrates the expected uncertainties of the var-
ious couplings determined in the model-independent fit as
well as the self-coupling as a function of the particle mass.
Combined with the quasi model-independent measurement
of the total width with a precision of 3.6%, this illustrates
the power of the three-stage CLIC programme. Each of the
stages contributes significantly to the total precision, with
the first stage at 350GeV providing the model-independent
"anchor" of the coupling to the Z boson as well as a first
measurement of the total width and coupling measurements
to most fermions and bosons. The higher-energy stages add
direct measurements of the coupling to top quarks, to muons
and photons as well as overall improvements of the branch-
ing ratio measurements and with that of the total widths and
all couplings except the one to the Z already measured in
the first stage. They also provide a measurement of the self-
coupling of the Higgs boson. In a model-dependent analy-
sis, the improvement with increasing energy is even more
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Particle Physics Theory:  
Potential Areas for Development 

 Theoretical exploitation of LHC and future experiments 
• Phenomenology beyond the SM 
• Parton Distribution Functions for the LHC 
• Precision lattice QCD results (g−2, flavour, fundamental parameters of the 

QCD Lagrangian) 
• Strong interacting Beyond the Standard Model (BSM) and lattice (composite 

Higgs models) 
• Theoretical tools for perturbative computations at higher orders (amplitudes, 

new methods in Quantum Field Theory) 
• Lattice QCD: adding QED effects, development of algorithms and super-

computing hardware   
Interdisciplinary applications: 

• Innovation in theoretical methods  
• Algorithms  
• Development of hardware architectures 
• Spin-offs in other fields: mathematics, informatics/data science and exascale 

programmes



CDT	in	Data	Intensive	Science:	Glasgow,	
Edinburgh,	St	Andrews	in	particle,	astro	
and	nuclear	physics

Particle Physics:  
Potential Areas for Development 

Higgs	Centre	for	Innovation	

• Research	Council	reorganisa1on	
• UK	government’s	industrial	strategy	
• Review	of	the	PP	courses	delivered	by	SUPA		
• Edinburgh	is	planning	a	new	MSc	in	data	analysis	in	par1cle	&	nuclear	
physics	to	start	in	2018	



Concluding	Remarks

• LHC exploitation - experimental and theoretical - remains top priority 
• Phenomenology and Parton Distribution Functions 
• Detector operations and data analysis 
• Detector upgrades 
• Exploitation and interpretation of other experiments: NA62 & MICE, g−2 & PLANK satellite 

• Developments for the future 
• Installation of LZ for dark matter searches 
• Future long-baseline neutrino experiments are a major new priority for STFC: we are already 

engaged in Hyper-K and DUNE 
• SUPA physicists are leading efforts in future colliders collider - both in theory & experiment - 

we will be prepared if these facilities are chosen 
• Developments in precision lattice QCD & formal theory 
• Detector technology  

• Collaboration is in the DNA of particle physicists - particle physics does not happen without 
collaboration.  
• But we need to work more to bring our collaborative skills outside our research to further 

our impact e.g. in medical & industrial applications, data science, education …



Particle Physics:   
Awards & Major Roles

• Awards in 2016/17: 
• Peter Boyle: Royal Society Wolfson Research Merit Award  
• Greig Cowan: IPPP Durham associateship 
• Christine Davies: APS Fellowship 
• Tony Doyle: RSE/Lord Kelvin Medal 
• Peter Higgs: Royal Commission for the Exhibition of 1851 Medal 
• Victoria Martin: CERN associateship 
• Franz Muheim: IPPP Senior Experimental Fellowship 
• Jennie Smilie: ERC starting grant 
• Alan Walker: honorary degree (D. hc), University of Edinburgh 

• Major Roles: 
• Craig Buttar: ATLAS UK PI, 2019-2021 (Deputy, 2016-2018) 
• Christine Davies: member, STFC Science Board 
• Christine Davies: Project Management Board for DiRAC HPC Facility 
• Richard Kenway: appointed to STFC council 
• Victoria Martin: Chair, STFC Project Peer Review Panel 2016-17 
• Alex Murphy: Chair, LUX Executive Committee 
• Alex Murphy: Experiment advisory committee for SNOlab 
• Aidan Robson: Chair, CLICdp Institute Board 
• Paul Soler: MICE UK PI


