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Introduction

10,078  miles

• Despite  housing  the  
world’s  forth  oldest  
surviving  university,  the  
city  of  Cambridge  would  
fit  comfortably  inside  the  
LHC  ring….
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Activities  in  the  Cambridge  HEP  group

High  Energy  Physics  group:
• ATLAS  
• LHCb
• Theory  
• MicroBooNE
• DUNE
• Linear  collider

• In  the  next  ~  30  minutes,  will  try  and  
discuss  some of  the  ongoing  activities  
within  the  group,  with  a  particular  focus  on  
the  LHC  experiments.  
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What  the  U.K  media  had  to  say  about  the  LHC  last  
year  (sourced  from  https://www.theguardian.com)

Weasels  aside,  the  large  increase  in  size  of  the  13  TeV dataset  in  2016  has  
increased  the  potential  sensitivity  of  the  LHC  experiments  to  new  physics  scenarios.  
This  talk  will  first  summarise several  new  research  efforts  related  to  BSM  physics  
that  are  ongoing  within  the  ATLAS  and  LHCb groups,  and  will  be  followed  by  a  quick  
look  ahead  to  ongoing  detector  development  work…  
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ATLAS  results…
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Reminder  of  typical  ATLAS  search  strategy

• Define  one  or  more  “signal  regions”  using  a  set  of  event  selection  criteria  
designed  to  select  signal  whilst  suppressing  the  SM  backgrounds  (note  as  
analyses  become  more  sophisticated  these  are  often  binned).
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Overview of analysis strategy in a nutshell
Start from the definition of the signal regions, which require at least one
lepton (electron or muon) with pT > 100 GeV, plus at least two additional
objects (leptons or jets) with pT > 100 GeV, followed by additional cuts onP

pT at 2 TeV and 3 TeV

Define control regions to
determine the normalisation of
the dominant backgrounds -
W+jets, Z+jets and t t̄ in regions
requiring at least one lepton with
pT > 60 GeV, and at least two
additional objects with pT > 60
GeV, with further cuts added to
enhance each background.

One big change since the first LHCP result is the control regions are
now included in the likelihood fit as binned regions in

P
pT .

Define a validation region with same cuts as signal regions but in the
sideband region

P
pT =750 - 1500 GeV.

Sarah Williams (Nikhef) Exotics/HBSM Workshop March 3, 2016 11 / 22

• Dominant  SM  backgrounds  
are  estimated  using  data-
driven  methods  (often  by  
extracting  normalisation from  
“control  regions”).

• Background  estimates  often  
checked  using  dedicated  
“validation  regions”.

• Excesses  in  the  SRs  could  
be  a  sign  of  new  physics
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Extending  the  reach  of  BSM  searches  in  ATLAS

• At  the  time  of  the  last  CoePP workshop  
the  first  results  based  on  3.2  fb-1 of  
2015  data  were  in  the  process  of  being  
released.

• The  energy  increase  relative  to  run-I  
meant  for  some  scenarios  the  run-II  
sensitivity  exceeded  previous  limits  
with  very  small  datasets.

• E.g.  the  search  for  TeV-gravity  
signatures  in  events  with  three  high  pT
objects  (including  a  lepton)  exceeded  
the  previous  limits  with  only  80  pb-1

ATLAS-CONF-2015-046

Analysis  looked  for  an  excess  of  
events  at  high  Σ𝑝# which  could  
be  caused  by  microscopic  black  
holes  or  other  gravitational  
states
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Constraints  on  TeV-gravity  signatures  in  ATLAS

PLB 760 (2016) 520-537

Search  using  full  2015  dataset  
also  saw  no  excess  above  the  
SM  expectation  ->  set  limits  as  a  
function  of  mD (planck mass)  and  
mTH (threshold  mass)  for  rotating  
black  hole  production  in  n=2,4,6  
extra  dimensions

• Increase  in  sensitivity  with  more  data  small  
compared  to  gain  with  centre-of-mass  energy.

• Significant  improvement  in  sensitivity  would  require  
improved  techniques  and  larger  datasets.
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What  about  SUSY?

• Early  run-II  SUSY  searches  in  ATLAS  were  also  
focussed on  strongly  produced  sparticle production  
which  has  a  higher  production  cross-section.

• Exclusion  limits  for  squark and  gluino production  
extend  beyond  1TeV  in  most  scenarios  
considered.

• SUSY  searches  within  the  Cambridge  group  are  
more  focussed on  electroweak  production…
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Quick  reminder

• Electroweak  SUSY  refers  to  
production  processes  that  cannot  be  
mediated  by  the  strong  interaction->  
production  of  charginos,  neutralinos,  
and  sleptons.

• Charginos and  neutralinos are  the  
mass  eigenstates  of  the  bino,  wino  
and  higgsinos,  and  the  exact  mixing  
can  greatly  impact  the  
phenomenology.

• Searches  often  based  on  simplified  
models  in  the  pMSSM to  focus  on  
particular  signatures,  usually  
involving  leptonic final  states.

10

Image  credit  Matt  Hassler
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Electroweak  SUSY  searches  in  ATLAS

• Potentially  the  primary  discovery  channel  
if  strongly  produced  sparticles are  heavy  
and  so  out  of  reach.

• Also  relevant  to  the  issue  of  naturalness  
in  SUSY.

• Cambridge  group  is  active  in  searches  for  
the  electroweak  production  of  SUSY  
particles  in  2,3  and  4-lepton  final  states.

• First  results  based  on  run-II  datasets  
were  released  as  conference  notes  in  
August/September  2016  (ATLAS-CONF-
2016-075  and  ATLAS-CONF-2016-096)
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2/3-lepton  events  could  be  sensitive  to  chargino pair  
production/  chargino-neutralino production  decaying  to  
leptons

4-lepton  events  can  target  chargino pair  
production  with  indirect  RPV  decays  of  the  
LSP
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Electroweak  SUSY  in  multi-lepton  final  states- 2/3l

• Big  ongoing  effort  within  the  group,  with  strong  
involvement  also  from  the  Adelaide  J (hence  I  won’t  
say  too  much  in  this  talk)

• First  public  result  based  on  13.3  fb-1 of  2015/2016  
data  targeted  only  (wino-like)  chargino pair  and  
chargino-neutralino production  decaying  via  
intermediate  sleptons to  a  (bino-like)  neutralino LSP.

• First  results  greatly  exceeded  run-I  limits…

12
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Electroweak  SUSY  in  multi-lepton  final  states- 2/3l

• Both  2l  and  3l  channels  relied  on  jet  vetos to  suppress  
SM  backgrounds.

• Additional  selections  applied  to  reduce  dominant  
diboson (WW/WZ  backgrounds).

• 2l  channel  relied  on  hard  cuts  on  the  ”stransverse
mass”  mT2 whereas  3l  channel  used  the  third  lepton  pT
and  ETmiss to  target  different  regions  of  parameter  
space.

13
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Electroweak  SUSY  in  multi-lepton  final  states- 4l

• In  addition  to  model-independent  limits,  first  search  using  run-II  data  interpreted  
results  in  a  simplified  model  of  chargino production  with  indirect  RPV  decays.

• Backgrounds  supressed by  vetoing  events  containing  a  leptonic Z-boson  decay.

• Searched  for  excesses  of  events  at  high  ”effective  mass”  meff (scalar  sum  of  the  ET
miss and  pT’s of  all  leptons  and  selected  jets)

14
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Electroweak  SUSY  in  multi-lepton  final  states- outlook

• There’s  a  lot  of  activity  in  this  area  now  
the  data  is  coming  in  quickly. Need  to  
work  to  overcome  experimental  
obstacles  to  probe  more  challenging  
regions  of  phase  space  with  large  SM  
backgrounds. Looking  forward  to:

1. Considering  new  scenarios

2. Improved  search  techniques  (new  
variables?  Improved  object  
definitions?)

3. (lets  be  optimistic?)  a  discovery?
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The  large  datasets  in  2016,  and  
expected  in  2017  should  open  up  
the  possibility  to  target  new,  
previously  unexplored  regions  of  
SUSY  parameter  space.
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Something  slightly  different…

• Reinterpretation  of  four  ATLAS  run-I  electroweak  
SUSY  searches  performed  as  part  of  a  STA  (“short  
term  attachment”)  project  involving  ATLAS  and  three  
theorists.

• Examined  the  impact  of  the  ATLAS  results  on  models  
selected  using  an  initial  likelihood  scan  in  a  5D  
effective  MSSM  that  focussed on  the  electroweak  and  
higgs sector  (parametrised by  M1,  M2,  μ,  tanβ  and  mA).
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Reinterpretation  of  ATLAS  run-I  electroweak  SUSY  
searches

Initial  likelihood  scan  included:

• Electroweak  precision  observables  
(mainly  from  LEP)

• B-physics  constraints
• The  cosmological  relic  dark  matter  
density

• Direct  detection  constraints  
• The  ATLAS  Higgs  mass  measurement  
• The  LEP2  limit  on  the  chargino mass.
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Standard Model Hadronic

mt [GeV] 172.99 ± 0.91 [51] fTu 0.0457 ± 0.0065 [52]
mb(mb)MS [GeV] 4.18 ± 0.03 [53] fTd 0.0457 ± 0.0065 [52]h
↵EM(mZ)MS

i�1
127.944 ± 0.014 [53] fTs 0.043 ± 0.011 [54]

↵S(mZ)MS 0.1185 ± 0.0006 [53] �u 0.787 ± 0.158 [55]
Astrophysical �d �0.319 ± 0.066 [55]

⇢loc [ GeV cm�3] 0.4 ± 0.1 [56] �s �0.020 ± 0.011 [55]
v� [km s�1] 230.0 ± 30.0 [56]

Table 3: Standard Model, astrophysical and hadronic parameters used in the analysis. The standard deviation
gives the scale of the uncertainty in each (although this is not used in the analysis except in the case of mt).
The astrophysical quantities are the local dark matter density, ⇢loc, and the velocity of the Sun relative to the
Galactic rest frame v�. For the dark matter velocity distribution the so-called Maxwellian distribution is used. The
velocity dispersion is assumed to be vd =

p
3/2 v�. The hadronic matrix elements, fTu , fTd and fTs parameterise

the contributions of the light quarks to the proton composition for spin-independent cross-section while �u, �d and
�s the contributions of the light quarks to the total proton spin for the spin-dependent neutralino–proton scattering
cross-section.

spin-dependent (SD) �̃0
1-proton scattering cross-section; SuperIso 3.0 [48] to compute flavour-physics

observables; and SusyBSG 1.6 [49] for the determination of BR(B ! Xs�). For the computation of the
electroweak precision observables described below, the complete one-loop corrections and the available
MSSM two-loop corrections have been implemented, as have the full Standard Model results [50].

Uncertainties in the measured value of the top quark mass, mt = 172.99 ± 0.91 GeV [51], can have a
significant impact on the results of SUSY analyses. Therefore mt is included as a nuisance parameter in
the scans, with a Gaussian prior, in addition to the model parameters described above. Uncertainties in
other Standard Model parameters, as well as astrophysical and nuclear physics quantities that enter the
likelihood for the direct-detection experiments (described in Section 4), have a very limited impact on the
scan. Thus to limit the dimensionality of the parameter space considered, these other nuisance parameters
are fixed in the analysis. The values used for all Standard Model, astrophysical and hadronic parameters
are shown in Table 3.

3.2 Experimental constraints in the initial likelihood scan

A set of existing experimental constraints is used in the initial likelihood scan over the 5D pMSSM to
select the models in which to consider the impact of the ATLAS SUSY searches. They are implemented
with a joint likelihood function, whose logarithm takes the following form:

lnLJoint = lnLEW + lnLB + lnL⌦�h2 + lnLDD + lnLHiggs + lnLLEP-�̃±1 , (3)

whereLEW represents electroweak precision observables,LB B-physics constraints,L⌦�h2 measurements
of the cosmological dark matter relic density, LDD direct dark matter detection constraints, LHiggs the
ATLAS measurement of the Higgs boson mass, and LLEP-�̃±1 the LEP2 limit on the chargino mass.

Table 4 shows the set of experimental constraints used in the analysis. Their implementation is summar-
ised below.

The constraints on the electroweak precision observables are obtained from Z-pole measurements at
LEP [59], and include the constraint on the e↵ective electroweak mixing angle for leptons sin2✓lept

e↵ , the

7

JHEP09 (2016) 175

Models  within  95%  CL  of  initial  scan  concentrated  in  several  distinct  regions  of  
parameter  space  in  the  chargino-LSP  mass  plane.
Results  presented  in  terms  of  fraction  of  models  excluded  by  ATLAS  in  
different  regions  of  parameter  space…
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Reinterpretation  of  ATLAS  run-I  electroweak  SUSY  
searches

• Unsuprising observation:  ATLAS  had  best  
sensitivity  in  regions  corresponding  to  the  
simplified  models  used  in  run-I.

Useful  messages  from  the  analysis:

• Collider  results  can  provide  complimentary  
information  to  other  constraints.

• There  are  still  lots  of  regions  of  parameter  space  to  
explore,  but  they  will  be  challenging  (more  
compressed,  non-bino LSP  content).  There’s  lots  
to  do  in  run-II!

• Collaboration  with  theorists  is  essential,  and  
finding  ways  to  do  this  effectively  is  important.    

18
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(Nice  to  see  the  GAMBIT  talk  J )
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Other  SUSY  activities

• Also  have  a  student  working  on  third  generation  searches.

• Focused  on  stop  pair  production  with  decays  to  b+chargino in  the  1-lepton  
channel.

• First  public  result  considered  several  simplified  models  with  different  
assumptions  on  the  masses  of  the  stop,  chargino and  LSP

• Improved  analysis  based  on  full  2015+2016  dataset  expected  soon

19

ATLAS-CONF-2016-050

Common event selection
Trigger Emiss

T trigger
Lepton exactly one signal lepton (e, µ), no additional baseline leptons
Jets at least two signal jets, and |��(jeti, ~pmiss

T ) | > 0.4 for i 2 {1, 2}
Hadronic ⌧ veto⇤ veto events with a hadronic ⌧ decay and m⌧

T2 < 80 GeV
Variable SR1 tN_high

Number of (jets, b-tags) (� 4, � 1) (� 4, � 1)
Jet pT > [GeV] (80 50 40 40) (120 80 50 25)
Emiss

T [GeV] > 260 > 450
Emiss
T ,? [GeV] – > 180

Hmiss
T,sig > 14 > 22

mT [GeV] > 170 > 210
amT2 [GeV] > 175 > 175
topness > 6.5 –
m�

top [GeV] < 270 –
�R(b, `) < 3.0 < 2.4
Leading large-R jet pT [GeV] – > 290
Leading large-R jet mass [GeV] – > 70
��(~pmiss

T , 2ndlarge-R jet) – > 0.6
Variable bC2x_diag bC2x_med bCbv

Number of (jets, b-tags) (� 4, � 2) (� 4, � 2) (� 2, = 0)
Jet pT > [GeV] (70 60 55 25) (170 110 25 25) (120 80)
b-tagged jet pT > [GeV] (25 25) (105 100) –
Emiss

T [GeV] > 230 > 210 > 360
Hmiss

T,sig > 14 > 7 > 16
mT [GeV] > 170 > 140 > 200
amT2 [GeV] > 170 > 210 –
|��(jeti, ~pmiss

T ) |(i = 1) > 1.2 > 1.0 > 2.0
|��(jeti, ~pmiss

T ) |(i = 2) > 0.8 > 0.8 > 0.8
Leading large-R jet mass [GeV] – – [70, 100]
��(~pmiss

T , `) – – > 1.2
Variable DM_low DM_high

Number of (jets, b-tags) (� 4, � 1) (� 4, � 1)
Jet pT > [GeV] (60 60 40 25) (50 50 50 25)
Emiss

T [GeV] > 300 > 330
Hmiss

T,sig > 14 > 9.5
mT [GeV] > 120 > 220
amT2 [GeV] > 140 > 170
min(��(~pmiss

T , jeti ))(i 2 {1 � 4}) > 1.4 > 0.8
��(~pmiss

T , `) > 0.8 –

Table 3: Overview of the event selections for the seven SRs considered in the analysis. Round brackets are used to
describe lists of values and square brackets denote intervals. ⇤The hadronic tau veto is not applied to the bCbv SR,
since the tt̄ background is negligible.

10
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LHCb results

20
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CKM  matrix  as  a  probe  for  new  physics

• Quark  mixing  in  SM  described  by  
the  3x3  unitary  CKM  matrix->  
imaginary  phase  in  Wolfenstein  
parametrisation gives  height  to  
the  unitarity triangle->  source  of  
CP  violation  in  the  SM.

• SM  implies  𝛼 + 𝛽 + 𝛾 = 180°

• Heavy  flavour decays  are  
sensitive  to  new  physics  and  can  
be  used  to  extract  CKM  matrix  
elements.

21

Accurate  determination  of  the  CKM  parameters  is  a  primary  goal  in  flavour
physics  to  test  the  SM  and  as  a  potential  gateway  to  new  physics…

PHY3004- Nuclear and Elementary Particle Physics 

Weak vertices
Weak charged current Neutral current

↵W =
g2

W
4⇡

⇡ 1
30

I The weak interaction is the only
interaction that can change
quark flavour.

I It can violate parity- this is
because it only couples to
“left-handed” particles and
“right-handed” anti-particles.

37/41
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The  unitary  triangle- 𝜸

• The  angle  𝜸 is  the  least  well-known  in  the  unitarity
triangle  and  provides  an  excellent  probe  for  new  
physics.

• Measured  through  tree-level  B-decays,  where  
decays  via  𝐷/ and  𝐷/ to  the  same  final  state  
interfere.

• Status  as  of  summer  2016  (acc.  CKMfitter)

• Expected  LHCb sensitivity  (run  4)  ~  1°.

22

Angles  in  the  unitarity triangle  can  be  measured  through  CP-violating  asymmetries  
where  processes  with  amplitudes  with  different  weak  phases  interfere…
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CKM  angles- measuring  𝜸

23

Currently  have  group  members  working  on  both  the  combination  and  one  of  the  
analyses  that  feeds  into  the  measurement.  Latest  combination  result  (world’s  most  
precise  single  experiment  measurement):

Note:  three  main  methods  to  
measure  𝜸- named  after  
theorists  who  proposed  the  
final  state:
1. GLW  method
2. ADS  method
3. GGSZ  method

𝛾 = (72.245.678.9)° JHEP 12 (2016) 087
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CKM  angles- measuring  𝞬

• LH  plot  shows  results  split  by  initial  state,  RH  plot  shows  the  
combination  split  by  method.

• Analyses  with  best  standalone  sensitivity  (GLW/ADS)  can  typically  have  
multiple  solutions->  combination  is  essential!

24

JHEP 12 (2016) 087
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Measurement  of  𝜸 using  𝑩𝟎 → 𝑫𝑲∗𝟎 with  𝐃 → 𝑲𝑺
𝟎𝝅7𝝅4

• As  opposed  to  measuring  ratios  of  
widths  of  specific  processes,  model  
dependent  GGSZ  analysis  exploits  
interference  patterns  across  the  Dalitz
plot  of  three-body  decays  𝐃 → 𝑲𝑺𝟎𝝅7𝝅4 .

• Large  interference  effects  so  good  
sensitivity  to  gamma,  but  statistics  low  
(small  branching  fraction).

• Process  𝑩𝟎 → 𝑫𝑲∗𝟎 also  interesting  as  
new  physics  may  only  affect  𝑩𝟎 modes  
not  𝑩7 modes.

25

JHEP 08 (2016) 137

𝛾 = (804EE7EF)°
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𝑩𝑺 → 𝝁7𝝁4 ongoing  work

• Branching  fractions  of  𝐵I/ → 𝝁7𝝁4
and  𝐵/ → 𝝁7𝝁4 are  low  in  the  SM.

• Their  values  and  in  particular  the  
ratio  of  their  branching  fractions  are  
very  sensitive  to  new  physics  and  
provide  strong  discrimination  
between  BSM  theories.

• After  first  observation  of  𝐵I/ → 𝝁7𝝁4
in  2014,  work  now  ongoing  to  
provide  accurate  measurements  of  
the  lifetime  and  branching  fraction

26

Nature 522 (2015) 68

Preliminary  update  presented  last  week  at  CERN  seminar:  
https://indico.cern.ch/event/580619/ ->  paper  expected  soon!
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Detector  developments

27

• As  well  as  continued  detector  responsibilities  for  the  
RICH  detector  (LHCb)  and  the  SCT  (ATLAS),  currently  
active  in  several  LHC  upgrade  projects…
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LHCb RICH  upgrade

Group  is  responsible  for  digital  
board  for  LHCb RICH  upgrade:

• RICH1  and  RICH2  are  used  for  particle  
ID  in  LHCb.  Upgrading  from  1  to  
40MHz  operation.

• 456  digital  boards  will  read  out  209,000  
front  end  channels  @  40  MHz

• Data  synchronised  and  transmitted  to  
surface  over  3400x  4.8  Gbps fibre  links

• Prototype  design  largely  complete;;  
system  tests  well  underway

• Installation  in  2019/2020

Steve  Wotton,  Philip  Garsed,  Floris  Keizer   and  collaborators

Prototype  
digital  
board

Prototype  lab/  
beam  test  setup

Cherenkov  rings  
from  test  system
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ATLAS  L1-Calo  Readout  driver  (ROD)
Ed  Flaherty,  Philip  Garsed and  collaborators

Also  responsible  for  the  read-out  driver  
for  the  ATLAS  L1  calorimeter  upgrade.

• Builds  events  from  data  from  feature  
extractor  boards  on  triggered  events

• Assembled  events  are  packetised and  
transmitted  for  analysis  and  storage

• 8  ROD  boards  per  system,  each  with  a  
throughput  of  200  Gbps

• Based  on  Xilinx  Virtex-7  FPGA

• Working  prototype  has  been  operating  for  a  
year.  Currently  developing  firmware  and  
software

• Installation  in  2019/2020

ROD  board  in  test  system

ROD  board  
showing  
Virtex-7  
FPGA  and  
Minipod
fibre  
transceivers
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Conclusions

• Have  given  a  (very  brief)  overview  of  some  of  
the  activities  within  the  group  in  the  last  ~  year.

• The  LHC  is  definitely  in  a  search  phase  at  the  
moment,  but  as  we  push  exclusion  limits  
higher  we  will  need  to  work  more  to  get  the  
most  out  of  our  data.

• Hopefully  this  time  next  year  there  will  be  even  
more  news,  and  maybe  some  hints  of  new  
physics.

• Thank  you  for  inviting  me  to  this  very  
interesting  workshop,  and  for  now- any  
questions?
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