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Most	  interes:ng	  :me	  in	  physics	  for	  100	  years	  

Classical	  
internet	  

The	  more	  important	  fundamental	  laws	  and	  
facts	  of	  physical	  science	  have	  all	  been	  
discovered,	  and	  these	  are	  now	  so	  firmly	  
established	  that	  the	  possibility	  of	  their	  ever	  
being	  supplanted	  in	  consequence	  of	  new	  
discoveries	  is	  exceedingly	  remote.	  A.A.	  
Michelson	  Light	  Waves	  and	  Their	  Uses	  (1903),	  
23-‐4.	  

Unexplained	  results:	  
Photoelectric	  effect	  
Radioac:vity	  	  
➞	  Nuclear	  structure…	  

More	  open,	  blue	  skies,	  view	  of	  physics!	  

Quantum,	  rela:vity,	  QFT	  
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Modern	  physics	  allows	  much	  
more	  interes:ng	  structures…	  

Designed	  by	  SnoheQa	  (Norway)	  

We	  have	  indica:ons	  that	  new	  physics	  is	  
close	  by…	  

New	  results	  –	  125	  GeV	  Higgs,	  dark	  
maQer,	  dark	  energy	  

Null	  results	  –	  BSM	  searches…this	  talk!	  
Actually	  measurements	  of	  interes:ng	  
corners	  of	  phase	  space.	  

Theore:cal	  problems	  –	  instability	  of	  light	  

scalar	  Higgs	  
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Breakdown	  in	  Classical	  
Physics	  in	  different	  places:	  

New	  Results	  –	  eg	  Rutherford	  
scaQering	  

Null	  results:	  Michelson-‐
Morley	  	  
➞	  	  No	  ether	  

Theore:cal	  problems	  –	  
instability	  of	  “planetary	  
atom”,	  UV	  catastrophe	  



Q1:	  Where/what	  is	  Dark	  MaQer(and	  Dark	  Energy)?	  

Planck	  

AMS	  (submiQed	  to	  PL)	  

Neutralinos?	  The	  conven:onal	  wisdom	  
Gravi:nos?	  alterna:ve	  SUSY	  route	  (eg	  

0911.3376	  Bomark,	  Lola,	  Osland,	  Raklev)	  	  

Axions?	  Solu:on	  to	  strong	  CP	  problem	  
with	  PQ	  symmetry	  (eg	  0910.5914v1	  ADMX)	  

MOND/TeVeS?	  Milgrom/Bekenstein	  
Markevitch	  et	  al.	  (2004)	  	  
Clowe	  et	  al.	  (2004)	  

ΛCDM	  ≠	  SM	  
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timing that are transformed so that the WIMP accep-
tance regions of all detectors coincide.

After unblinding, extensive checks of the three candi-
date events revealed no data quality or analysis issues
that would invalidate them as WIMP candidates. The
signal-to-noise on the ionization channel for the three
events (ordered in increasing recoil energy) was measured
to be 6.7�, 4.9�, and 5.1�, while the charge threshold
had been set at 4.5� from the noise. A study on pos-
sible leakage into the signal band due to 206Pb recoils
from 210Po decays found the expected leakage to be neg-
ligible with an upper limit of < 0.08 events at the 90%
confidence level. The energy distribution of the 206Pb
background was constructed using events in which a co-
incident ↵ was detected in a detector adjacent to one
of the 8 Si detectors used in this analysis. Further-
more, as in the Ge analysis, we developed a Bayesian
estimate of the rate of misidentified surface events based
upon the performance of the phonon timing cut mea-
sured using events near the WIMP-search signal region
[22]. Classical confidence intervals provided similar esti-
mates [23]. Multiple-scatter events below the electron-
recoil ionization-yield region from both 133Ba calibration
andWIMP-search data were used as inputs to this model.
The final model predicts an updated surface-event leak-
age estimate of 0.41+0.20

�0.08(stat.)
+0.28
�0.24(syst.) misidentified

surface events in the eight Si detectors.

This result constrains the available parameter space
of WIMP dark matter models. We compute upper lim-
its on the WIMP-nucleon scattering cross section using
Yellin’s optimum interval method [24]. We assume a
WIMP mass density of 0.3 GeV/c2/cm3, a most probable
WIMP velocity with respect to the galaxy of 220 km/s,
a mean circular velocity of Earth with respect to the
galactic center of 232 km/s, a galactic escape velocity of
544 km/s [25], and the Helm form factor [26]. Fig. 4
shows the derived upper limits on the spin-independent
WIMP-nucleon scattering cross section at the 90% con-
fidence level (C.L.) from this analysis and a selection of
other recent results. The present data set an upper limit
of 2.4⇥ 10�41 cm2 for a WIMP of mass 10 GeV/c2. We
are completing the calibration of the nuclear recoil energy
scale using the Si-neutron elastic scattering resonant fea-
ture in the 252Cf exposures. This study indicates that our
reconstructed energy may be 10% lower than the true re-
coil energy, which would weaken the upper limit slightly.
Below 20 GeV/c2 the change is well approximated by
shifting the limits parallel to the mass axis by ⇠ 7%. In
addition, neutron calibration multiple scattering e↵ects
improve the response to WIMPs by shifting the upper
limit down parallel to the cross-section axis by ⇠ 5%.

A model of our known backgrounds, including both
energy and expected rate distributions, was constructed
for each detector and experimental run for each of the
three backgrounds considered: surface electron recoils,
neutron backgrounds, and 206Pb recoils. Simulations of
our background model yield a 5.4% probability of a sta-
tistical fluctuation producing three or more events in our

FIG. 4. Experimental upper limits (90% confidence level) for
the WIMP-nucleon spin-independent cross section as a func-
tion of WIMP mass. We show the limit obtained from the ex-
posure analyzed in this work alone (black dots), and combined
with the CDMS II Si data set reported in [22] (blue solid line).
Also shown are limits from the CDMS II Ge standard [11] and
low-threshold [27] analysis (dark and light dashed red), EDEL-
WEISS low-threshold [28] (orange diamonds), XENON10 S2-
only [29] (light dash-dotted green), and XENON100 [30] (dark
dash-dotted green). The filled regions identify possible signal
regions associated with data from CoGeNT [31] (magenta,
90% C.L., as interpreted by Kelso et al. including the e↵ect
of a residual surface event contamination described in [32]),
DAMA/LIBRA [16, 33] (yellow, 99.7% C.L.), and CRESST
[18] (brown, 95.45% C.L.) experiments. 68% and 90% C.L.
contours for a possible signal from these data are shown in
blue and cyan, respectively. The asterisk shows the maxi-
mum likelihood point at (8.6 GeV/c2, 1.9⇥ 10�41 cm2).

signal region.

This model of our known backgrounds was used to in-
vestigate the data in the context of a WIMP+background
hypothesis. We performed a profile likelihood analysis in
which the background rates were treated as nuisance pa-
rameters and the WIMP mass and cross section were
the parameters of interest. The highest likelihood is
found for a WIMP mass of 8.6 GeV/c2 and a WIMP-
nucleon cross section of 1.9⇥10�41 cm2. The goodness-
of-fit test of this WIMP+background hypothesis results
in a p-value of 68%, while the background-only hypoth-
esis fits the data with a p-value of 4.5%. A profile like-
lihood ratio test including the event energies finds that
the data favor the WIMP+background hypothesis over
our background-only hypothesis with a p-value of 0.19%.
Though this result favors a WIMP interpretation over
the known-background-only hypothesis, we do not be-
lieve this result rises to the level of a discovery.

CDMS	  1304.4279v1	  

DAMA	  
CRESST	  
COGENT	  

Eidelweiss	  

AMS,	  Fermi,	  
Pamela	  etc	  



We	  also	  have	  some	  interes:ng	  null	  results…	  

Higgs	  

SUSY	  

GUT	  

ED	  

Superstrings	  

TOE	  
QG	  

SM	  

Before	  
LHC	  

Impressive	  edifice…	  

Aker	  
LHC	  

…now	  looks	  less	  robust!	  
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Wimp	  

LQ	  

G*	  



Why	  SUSY?	  

•  Two	  big	  reasons:	  
•  Dark	  maQer	  –	  strong	  evidence	  from	  astrophysics	  
–	  WIMP	  miracle	  fits	  with	  SUSY	  

•  Light	  Higgs	  –	  need	  new	  physics	  to	  stabilise	  mass	  

H!

f!

f	  

H	  

H	  

S	  
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ΔmH
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λ f

2

16π 2 −2ΛUV
2 + 6mf

2 ln(ΛUV m f ) +…[ ]   

€ 

ΔmH
2 =

λs
16π 2 ΛUV

2 − 2ms
2 ln(ΛUV ms) +…[ ]

SUSY	  

Need	  UV	  cut-‐off	  to	  get	  finite	  mass	  	  
SUSY	  provides	  correct	  coupling	  and	  
number	  of	  states	  for	  cancella:ons	  
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ĩeĩe
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SUSY	  Mass	  spectrum	  and	  cross	  sec:on	  
Sensi/vity	  depends	  on	  which	  
process	  is	  accessible.	  

Spectrum	  is	  model	  dependent	  

Limits	  are	  model	  dependent	  –	  assump/ons	  affect	  produc/on	  
and	  decay.	  Use	  simplified	  scenarios	  for	  interpreta/on.	  

Prospino	  

100	  events	  in	  2012	  

7	  

Mh≤125 GeV	  
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Classical	  SUSY	  Searches	  

•  R-‐parity	  conserva:on:	  neutral	  light	  LSP,	  (DM	  candidate),	  SUSY	  
objects	  produced	  in	  pairs.	  

•  Search	  for	  produc:on	  and	  decay	  of	  gluinos	  and	  squarks	  –	  
should	  have	  high	  rates.	  

•  Search	  for	  sleptons	  and	  gauginos	  produced	  directly	  and	  also	  in	  
cascade	  decays	  from	  strong	  produc:on:	  lower	  rate,	  but	  
cleaner	  signature.	  

•  ETmiss	  is	  key	  part	  of	  signatures.	  
•  Emphasis	  now	  on	  3rd	  genera:on	  	  
•  Interpret	  in	  simplified	  models	  –	  less	  emphasis	  on	  MSSM	  etc	  
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Figure 7: A simplified MSSM scenario with only strong production of gluinos and first- and second-
generation squarks, with direct decays to jets and neutralinos. Exclusion limits are obtained by using the
signal region with the best expected sensitivity at each point. The blue dashed lines show the expected
limits at 95% CL, with the light (yellow) bands indicating the 1� experimental uncertainties. Observed
limits are indicated by medium (maroon) curves, where the solid contour represents the nominal limit,
and the dotted lines are obtained by varying the cross section by the theoretical scale and PDF uncertain-
ties. Previous results from ATLAS [17] are represented by the shaded (light blue) area. Results at 7 TeV
are valid for squark or gluino masses below 2000 GeV, the mass range studied for that analysis.

set to 0.96 times the mass of the gluino.
In the CMSSM/MSUGRA case, the limit on m1/2 is above 340 GeV at high m0 and reaches 710 GeV

for low values of m0. Equal mass light-flavor squarks and gluinos are excluded below 1500 GeV in
this scenario. The same limit of 1500 GeV for equal mass of light-flavor squarks and gluinos is found
for the simplified MSSM scenario shown in Fig. 7. In the simplified model cases of Fig. 8 (a) and (c),
when the lightest neutralino is massless the limit on the gluino mass (case (a)) is 1100 GeV, and that
on the light-flavor squark mass (case (c)) is 630 GeV. Mass limits for the direct production of light-
flavor squarks (case (c)) hardly improve with respect to the 7 TeV data analysis because of increased
background predictions and uncertainties at 8 TeV in the low me↵ and low jet multiplicity channels used
to provide exclusions for these models.

8 Summary

This note reports a search for new physics in final states containing high-pT jets, missing transverse
momentum and no electrons or muons, based on a 5.8 fb�1dataset recorded by the ATLAS experiment at
the LHC in 2012. Good agreement is seen between the numbers of events observed in the data and the
numbers of events expected from SM processes.

The results are interpreted both in terms of MSUGRA/CMSSM models with tan � = 10, A0 = 0 and
µ > 0, and in terms of simplified models with only light-flavor squarks, or gluinos, or both, together
with a neutralino LSP, with the other SUSY particles decoupled. In the MSUGRA/CMSSM models,
values of m1/2 < 350 GeV are excluded at the 95% confidence level for all values of m0, and m1/2 < 740
GeV for low m0. Equal mass squarks and gluinos are excluded below 1500 GeV in this scenario. When
the neutralino is massless, gluino masses below 1100 GeV are excluded at the 95% confidence level in
a simplified model with only gluinos and the lightest neutralino. For a simplified model involving the
strong production of squarks of the first two generations, with decays to a massless neutralino, squark
masses below 630 GeV are excluded.
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ATLAS	  0-‐lepton	  search	  
2-‐6	  jets	  +	  ETmiss	  
Meff	  defines	  signal	  regions	  

Look	  for	  squarks	  and	  gluinos	  
with	  direct	  decays	  to	  SM+LSP	  

Search	  for	  strong	  produc/on	  of	  squarks	  and	  gluinos.	  	  
Very	  strong	  limits	  from	  coun/ng	  experiment.	  	  
Dominant	  background	  from	  Z-> νν.	  
Limits	  do	  not	  apply	  to	  stop/sboQom	  produc/on. 	  	  	  	  	  	  	   9	  

ATLAS-‐CONF-‐2012-‐109	  
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Figure 3: Observed me↵(incl.) distributions for channel C for “loose” or “medium” (left) and “tight”
(right) cuts. The histograms denote the MC background expectations, normalised to cross section times
integrated luminosity. In the lower panels the yellow error bands denote the experimental and MC statis-
tical uncertainties, while the green bands show the total uncertainty. The red arrows indicate the values
at which the cuts on me↵(incl.) are applied. The expected distributions for a MSUGRA/CMSSM bench-
mark model point with m0=1600 GeV, m1/2=400 GeV, A0=0, tan �=10 and µ > 0 are also shown for
comparison.
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Figure 4: Observed me↵(incl.) distribution for channel D. The histograms denote the MC background
expectations, normalised to cross section times integrated luminosity. In the lower panels the yellow
error bands denote the experimental and MC statistical uncertainties, while the green bands show the
total uncertainty. The red arrow indicate the value at which the cut on me↵(incl.) is applied. The expected
distributions for a MSUGRA/CMSSM benchmark model point with m0=1600 GeV, m1/2=400 GeV,
A0=0, tan �=10 and µ > 0 are also shown for comparison.
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m ˜ g >1400 GeV
m ˜ q >1100 GeV



20 8 Interpretations of the results
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Figure 8: Observed upper limit on the production cross section at 95% CL (indicated by the
colour scale) as a function of the parent and LSP sparticle masses for simplified models involv-
ing: the direct production of first- and second-generation squarks (D1, top left) and bottom
squarks (D2, top right); and pair-produced gluinos each decaying to the LSP and pairs of light
quarks (G1, middle), bottom quarks (G2, bottom left), or top quarks (G3, bottom right). The
black solid thick line indicates the observed exclusion assuming NLO+NLL SUSY production
cross section. The black solid thin lines represent the observed exclusions when varying the
cross section by its theoretical uncertainty. The purple dashed thick (thin) line indicates the
median (±1s) expected exclusion.
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Table 4: Event yields observed in data and SM expectations with their associated uncertainties
in bins of HT for events in the signal region that are categorised according to njet and nb. The
final HT > 375 GeV bin is inclusive for the njet � 4 and nb � 4 category.

HT bin [GeV]
njet nb 275–325 325–375 375–475 475–575 575–675 675–775 775–875 875–•

SM 2–3 0 6235+100
�67 2900+60

�54 1955+34
�39 558+14

�15 186+11
�10 51.3+3.4

�3.8 21.2+2.3
�2.2 16.1+1.7

�1.7
Data 2–3 0 6232 2904 1965 552 177 58 16 25

SM 2–3 1 1162+37
�29 481+18

�19 341+15
�16 86.7+4.2

�5.6 24.8+2.8
�2.7 7.2+1.1

�1.0 3.3+0.7
�0.7 2.1+0.5

�0.5
Data 2–3 1 1164 473 329 95 23 8 4 1

SM 2–3 2 224+15
�14 98.2+8.4

�6.4 59.0+5.2
�6.0 12.8+1.6

�1.6 3.0+0.9
�0.7 0.5+0.2

�0.2 0.1+0.1
�0.1 0.1+0.1

�0.1
Data 2–3 2 222 107 58 12 5 1 0 0

SM �4 0 1010+34
�24 447+19

�16 390+19
�15 250+12

�11 111+9
�7 53.3+4.3

�4.3 18.5+2.4
�2.4 19.4+2.5

�2.7
Data �4 0 1009 452 375 274 113 56 16 27

SM �4 1 521+25
�17 232+15

�12 188+12
�11 106+6

�6 42.1+4.1
�4.4 17.9+2.2

�2.0 9.8+1.5
�1.4 6.8+1.2

�1.1
Data �4 1 515 236 204 92 51 13 13 6

SM �4 2 208+17
�9 103+9

�7 85.9+7.2
�6.9 51.7+4.6

�4.7 19.9+3.4
�3.0 6.8+1.2

�1.3 1.7+0.7
�0.4 1.3+0.4

�0.3
Data �4 2 204 107 84 59 24 5 1 2

SM �4 3 25.3+5.0
�4.2 11.7+1.7

�1.8 6.7+1.4
�1.2 3.9+0.8

�0.8 2.3+0.6
�0.6 1.2+0.3

�0.4 0.3+0.2
�0.1 0.1+0.1

�0.1
Data �4 3 25 13 4 2 2 3 0 0

SM �4 �4 0.9+0.4
�0.7 0.3+0.2

�0.2 0.6+0.3
�0.3 – – – – –

Data �4 �4 1 0 2 – – – – –

 (GeV)TH
300 400 500 600 700 800 900

Ev
en

ts
 / 

bi
n

1

10

210

310

410
 = 8 TeVs, -1CMS, 11.7 fb

 3)≤ jj n≤= 0; 2 b
b

Data (signal region, n
 Expected Unc. ±Standard Model 

 
 = 250 GeV)

1

0
χ∼

= 600 GeV, m
q~

(m
1
0
χ∼ q → q~, q~ q~ →SM + pp 

 (GeV)TH
300 400 500 600 700 800 900

Ev
en

ts
 / 

bi
n

1

10

210

310

410
 = 8 TeVs, -1CMS, 11.7 fb

 4)≥ jj= 0; nb
b

Data (signal region, n
 Expected Unc. ±Standard Model 

 
 = 300 GeV)

1
0
χ∼

= 700 GeV, m
g~

(m
1
0
χ∼ q q → g~, g~ g~ →SM + pp 

Figure 3: Event yields observed in data (solid circles) and SM expectations with their associated
uncertainties (solid lines with bands) in bins of HT for the signal region when requiring exactly
zero b-quark jets and 2  njet  3 (left) or njet � 4 (right). For illustration only, the expectations
for the reference mass points of the signal models D1 (left, red dashed line) and G1 (right, red
dashed line) are superimposed on the SM-only expectations.

Table 5: A summary of the event categories used to provide an interpretation in the various
simplified models considered in this paper.

Model njet nb

D1 2–3 0
D2 2–3 1, 2
D3 �4 1, 2
G1 �4 0
G2 �4 2, 3, �4
G3 �4 2, 3, �4

CMS	  αT	  analysis:	  8	  TeV,	  11.7	  p-‐1	  

One	  interpreta/on	  in	  simplified	  
model:	  

10	  

Nj≥4	  Nb=0	  
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m ˜ g 

0	  lepton	  
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HT

Very	  interes/ng	  generic	  analysis:	  
covers	  all	  hadronic	  events	  with	  
0-‐4	  b-‐tagged	  jets.	  Use	  αT	  to	  
remove	  QCD	  

€ 

˜ g →qq ˜ χ 1
0
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2 3 The CMS apparatus

2 Interpretation with simplified models

To interpret the results of this search, simplified models [27–29] are used. These effective mod-
els include only a limited set of sparticles (production and decay) to enable comprehensive
studies of individual SUSY event topologies. The result of this search can also be interpreted in
a range of other relevant models, such as the constrained minimal supersymmetric extension of
the standard model (CMSSM) [30–32] or other effective or complete SUSY models that predict
event topologies with two or more energetic jets and significant ET/ .

In this paper, we focus on the interpretation in two classes of simplified models, the first of
which describes direct pair-production of squarks, including top and bottom squarks, that de-
cay to a quark of the same flavour and the LSP. The second class describes gluino-induced
production of (off-shell) squarks, again including top and bottom squarks, in which gluino-
gluino pair production is followed by the decay of each gluino to a quark-antiquark pair and
the LSP. The simplified models considered in this analysis are summarised in Table 1. For each
model, the LSP is assumed to be the lightest neutralino.

Table 1 also defines reference models in terms of the parent (gluino or squark) and LSP sparticle
masses, mparent and mLSP, respectively, which are used to illustrate potential yields in the signal
region. In the case of the model D3, a massless LSP is considered. The masses are chosen to be
reasonably high while still being within the expected sensitivity reach.

Table 1: A summary of the simplified models considered in this analysis, which involve both
direct (D) and gluino-induced (G) production of squarks, and their decays. Models D1 and
G1 concern the direct or gluino-induced production of first or second-generation squarks only.
Reference models are also defined in terms of the parent (gluino or squark) and LSP sparticle
masses.

Model Production/decay mode Reference model
mparent mLSP

[GeV] [GeV]

D1 pp ! eqeq⇤ ! qec0
1 qec0

1 600 250
D2 pp ! ebeb⇤ ! bec0

1 bec0
1 500 150

D3 pp ! etet⇤ ! tec0
1 tec0

1 400 0
G1 pp ! egeg ! qqec0

1q qec0
1 700 300

G2 pp ! egeg ! bbec0
1 bbec0

1 900 500
G3 pp ! egeg ! ttec0

1 ttec0
1 850 250

3 The CMS apparatus

The central feature of the CMS apparatus is a superconducting solenoid of 6 m internal diam-
eter, providing a magnetic field of 3.8 T. Within the superconducting solenoid volume are a
silicon pixel and strip tracker, an electromagnetic calorimeter (ECAL) comprising 75 848 lead-
tungstate crystals, and a brass/scintillator hadron calorimeter (HCAL). Muons are measured
in gas-ionisation detectors embedded in the steel flux return yoke of the magnet. Extensive
forward calorimetry complements the coverage provided by the barrel and endcap detectors.
The CMS detector is nearly hermetic, which allows for momentum balance measurements in
the plane transverse to the beam axis.

CMS uses a right-handed coordinate system, with the origin at the nominal interaction point,

Sensi:ve
	  to	  

many	  simplifed	  

models	  



pMSSM	  comparison	  
Compare	  simplified	  model	  exclusion	  to	  
pMSSM	  with	  20	  parameters	  

14 

Aside:  Similar results for SUSY exclusion are obtained for  
the gravitino model set..but we haven’t had time to update 
these analyses yet.  The overall coverage is greater here. 

Some	  pMSSM	  
model	  points	  
survive	  below	  the	  
“excluded”	  line	  –	  	  
Plane	  shown	  is	  
only	  one	  slice	  
through	  
parameter	  space	  
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Exclusion	  ≈	  
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CMS	  single	  lepton	  search	  8	  TeV	  
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,W)µ(φΔ
0 0.5 1 1.5 2 2.5 3

Ev
en

ts
   

   
  

-210

-110

1

10

210

310
W

1l→tt
2l→tt

Z
=600)

LSP
=1000,M

g~
SMS(M

=300)
LSP

=1150,M
g~

SMS(M
=0)

LSP
=1250,M

g~
SMS(M

Muons

CMS Simulation  = 8 TeVs  -1L = 19.4 fb

>500 GeVTH
>450 GeVT

lepS

Background	  from	  high	  pT	  W	  has	  small	  angle	  
between	  lepton	  and	  W	  formed	  from	  l+ETmiss	  

 [p
b]

σ
95

%
 C

.L
. u

pp
er

 li
m

it 
on

 

-310

-210

-110

) [GeV]g~m(
600 700 800 900 1000 1100 1200 1300 1400

) [
G

eV
]

0 χ∼
m

(
0

100

200

300

400

500

600

700

NLO-NLL exclusions

theoryσ 1 ±Observed 

experimentσ 1 ±Expected 

CMS Preliminary  = 8 TeVs -119.4 fb

0
χ∼ t  t→ g~, g~ g~ →pp 

Single-lepton
 searchb, Nlep

TS
2≥b 6, N≥jet N

>500 GeVTH
>1 φΔ

M.A.Parker	  	  	  	  Nobel	  Symposium	   12	  

€ 

pp → ˜ g ̃  g ˜ g → tt ̃  χ 1
0

€ 

m ˜ g >1.3 TeV for m ˜ χ < 500 GeV
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Gluino	  mass	  limits	  now	  above	  1.3	  TeV	  in	  these	  models	  

Look	  for	  decays	  to	  third	  family	  quarks	  
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What	  
mass?	  

ATLAS-‐CONF-‐2013-‐037	  
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Did	  we	  miss	  something?	  

•  Some	  escape	  routes:	  

•  RPV	  –	  reduced	  missing	  energy,	  long-‐lived	  LSP	  	  
•  Compressed/degenerate	  spectra	  –	  reduced	  pT	  final	  state	  

objects,	  long-‐lived	  LSP	  

•  Other	  SUSY	  breaking	  mechanisms	  (GMSB,	  AMSB)	  with	  altered	  
phenomenology	  

•  Stealth	  SUSY	  –	  low	  pT	  final	  states	  
•  More	  parameters	  eg	  pMSSM	  
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	  Not	  just	  retrea:ng	  to	  high	  mass	  scale	  
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14 6 Systematic uncertainties
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Figure 7: Observed and predicted mass spectra for candidates entering the tracker-only (left
column) or tracker+TOF (right column) signal region for the tight selection. The expected dis-
tribution for a representative signal scaled to the integrated luminosity is shown as the shaded
histogram. The top (bottom) row is for

p
s = 7 (8) TeV.

Long-‐lived	  par:cles	  
Small	  Δm:	  	  SUSY	  par/cle	  decays	  
in	  flight:	  look	  for	  disappearing	  
tracks	  

Very	  long	  life/me:	  SUSY	  par/cle	  
leaves	  detector	  -‐	  look	  for	  slow	  tracks	  

AMSB	  models:	  	  
Signal:	  high	  pT	  isolated	  tracks	  ≤	  5	  hits	  in	  TRT	  	  

Exclude:	  m(chargino)	  <	  103	  GeV	  
	  for	   	  m(chargino)-‐m(LSP)	  <	  160	  MeV	  	  

JHEP	  01	  (2013)	  131	   19	  

Exclude:	  frac:onal/mul:ple	  Q	  
	  -‐	  staus	  	  <435	  GeV	  
-‐	  Gluino	  R	  hadron	  <	  1.3	  TeV	  

Signal:	  high	  mass	  from	  :me-‐of-‐flight	  
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In	  stars,	  density	  is	  high	  enough	  for	  
	   	   	  8Be	  +	  4He	  -‐>	  12C**	  

…but	  rate	  should	  be	  very	  low.	  

Hoyle	  et	  al,	  1953,	  predicted	  existence	  	  
of	  resonance	  at	  7.65	  MeV	  to	  enhance	  
rate.	  Found	  experimentally	  with	  	  
required	  0+	  quantum	  numbers.	  
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Wallerstein	  1997	  

The	  Beryllium	  
boQleneck	     Big	  bang	  makes	  Hydrogen,	  Helium,	  2D,	  3He,	  7Li	  

  He+p	  -‐>	  5Li	  –	  highly	  unstable	  
  He+He-‐>	  8Be	  –	  decays	  back	  to	  2α	  with	  life:me	  

of	  10-‐16	  s	  
  Path	  to	  heavier	  nuclei	  appears	  to	  be	  blocked!	  

Q2:	  Is	  naturalness	  a	  good	  guide?	  

Crucial	  to	  Universe	  we	  know,	  is	  it	  natural?	  

Naturalness	  Reach	  of	  the	  Large	  
Hadron	  Collider	  in	  Minimal	  
Supergravity	  (2000),	  Allanach,	  
Heatherington,	  Parker,	  Webber	  



Extra	  dimensions	  and	  other	  exo:ca	  

•  Extra	  dimensions	  are	  a	  popular	  alterna:ve	  to	  SUSY	  	  
–  Black	  holes	  
–  Two	  body	  scaQering	  
–  Monojets	  
–  Excess	  high-‐pT	  leptons	  

•  Other	  exo:c	  models	  
–  W’	  and	  Z’	  
–  Compositeness/techicolour	  
–  Leptoquarks	  
–  Dijet/dilepton	  resonances	  
–  4th	  genera:on	  
–  …..	  
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Too	  much	  
for	  today!	  

Many	  models	  
aiming	  at	  high	  
scale	  

Lodewijk	  Toeput	  1587	  	  



CMS	  Black	  Hole	  search	  
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•  Calibrate	  background	  
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•  Set	  limits	  on	  effec:ve	  
Planck	  scale	  and	  
number	  of	  ED	  
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Limits	  on	  black	  hole	  
produc:on	  with	  masses	  
in	  range	  4.3-‐6.2	  TeV	  

CMS-‐EXO-‐12-‐009	  



ATLAS	  Monojets	  
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•  Monojets	  
sensi:ve	  to	  ED	  
models,	  WIMP	  
produc:on,	  
gravi:nos	  (GMSB)
…	  
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ATLAS-‐CONF-‐2012-‐147	  
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Sensi:ve	  to	  many	  forms	  of	  new	  
physics	  –	  Z’,	  RS	  gravitons,	  E(6)	  
GUT,	  composite	  technicolour	  
Higgs	  

RS	  Graviton>2.47	  TeV	  
for	  k/MPl=0.1	  

M(Z’)>2.4-‐2.9	  TeV	  
in	  various	  models	  
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•  Sensi:ve	  to	  many	  BSM	  
models.	  First	  limits	  on	  
RS	  Graviton	  to	  jets.	  
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,missT
E) : 'monojet' + χWIMP interaction (D5, Dirac  

Scalar gluon : 2-jet resonance pair,missT
Ebs : 2 SS-lep + (0-3b-)j's + →t~t, t~→g~

 qqq : 3-jet resonance pair→ g~
,missTE + τ : 3 lep + 1 τντ,eeνττ→

0

1
χ∼, ..., -

1
χ∼+

1
χ∼

,missTE : 4 lep + 
e

νµ,eµνee→
0

1
χ∼, 0

1
χ∼W→+

1
χ∼, -

1
χ∼+

1
χ∼

,missTEBilinear RPV CMSSM : 1 lep + 7 j's + 
 resonanceτ)+µe(→τν

∼+X, τν
∼→LFV : pp

 resonanceµe+→τν
∼+X, τν

∼→LFV : pp
 + heavy displaced vertexµ (RPV) : µ qq→ 0

1
χ∼

 : non-pointing photonsG~γ→0
1
χ∼GMSB, 

β : low τ∼GMSB, stable 
γβ, β, R-hadrons : low g~Stable 
±

1
χ∼ pair prod. (AMSB) : long-lived ±

1
χ∼Direct 

,missTE : 3 lep + 0

1
χ∼

)*(Z0

1
χ∼

)*( W→ 0

2
χ∼±

1
χ∼

,missT
E) : 3 lep + νν∼l(Ll

~
ν∼), lνν∼l(Ll

~
νLl

~ → 0
2
χ∼±

1
χ∼

,missTE + τ) : 2 ν∼τ(ντ∼→+
1
χ∼, -

1
χ∼+

1
χ∼

,missTE) : 2 lep + ν∼(lνl~→+
1
χ∼, -

1
χ∼+

1
χ∼

,missTE : 2 lep + 0
1
χ∼l→l~, Ll

~
Ll

~ ,missT
Ell) + 1 lep + b-jet + →+Z : Z(1t

~
→2t

~, 2t
~

2t
~ ,missT

Ell) + b-jet + → (natural GMSB) : Z(t~t~
,missTE : 0 lep + 6(2b-)jets + 0

1
χ∼t→t~ (heavy), t~t~

,missTE : 1 lep + b-jet + 0
1
χ∼t→t~ (heavy), t~t~

,missTE : 2 lep + ±

1
χ∼b→t~ (medium), t~t~

,missTE : 1 lep + b-jet + ±

1
χ∼b→t~ (medium), t~t~

,missTE : 1/2 lep (+ b-jet) + ±

1
χ∼b→t~ (light), t~t~

,missTE : 2 SS-lep + (0-3b-)j's + ±

1
χ∼t→1b~, b~b~

,missTE : 0 lep + 2-b-jets + 0
1
χ∼b→1b~, b~b~

,missTE : 0 lep + 3 b-j's + 0
1
χ∼tt→g~

,missTE : 0 lep + multi-j's + 0
1
χ∼tt→g~

,missTE : 2 SS-lep + (0-3b-)j's + 0
1
χ∼tt→g~

,missTE : 0 lep + 3 b-j's + 0
1
χ∼bb→g~

,missTEGravitino LSP : 'monojet' + 
,missTEGGM (higgsino NLSP) : Z + jets + 
,missT

E + b + γGGM (higgsino-bino NLSP) : ,missT
E + lep + γGGM (wino NLSP) : ,missT
E + γγGGM (bino NLSP) : ,missT
E + j's + τ NLSP) : 1-2 τ∼GMSB ( ,missTE NLSP) : 2 lep (OS) + j's + l~GMSB (

,missTE) : 1 lep + j's + ±χ∼qq→g~ (±χ∼Gluino med. 
,missTEPheno model : 0 lep + j's + 
,missTEPheno model : 0 lep + j's + 
,missTEMSUGRA/CMSSM : 1 lep + j's + 
,missTEMSUGRA/CMSSM : 0 lep + j's + 

M* scale  < 80 GeV, limit of < 687 GeV for D8)χm(704 GeV , 8 TeV [ATLAS-CONF-2012-147]-1=10.5 fbL

sgluon mass (incl. limit from 1110.2693)100-287 GeV , 7 TeV [1210.4826]-1=4.6 fbL

 massg~ ))t~(m(any 880 GeV , 8 TeV [ATLAS-CONF-2013-007]-1=20.7 fbL

 massg~666 GeV , 7 TeV [1210.4813]-1=4.6 fbL

 mass+
1
χ∼
∼

 > 0)133λ) > 80 GeV, 0
1
χ∼(m(350 GeV , 8 TeV [ATLAS-CONF-2013-036]-1=20.7 fbL

 mass+
1
χ∼
∼

 > 0)121λ) > 300 GeV, 0
1
χ∼(m(760 GeV , 8 TeV [ATLAS-CONF-2013-036]-1=20.7 fbL

 massg~ = q~  < 1 mm)LSPτ(c1.2 TeV , 7 TeV [ATLAS-CONF-2012-140]-1=4.7 fbL

 massτν
∼ =0.05)1(2)33λ=0.10, ,

311λ(1.10 TeV , 7 TeV [1212.1272]-1=4.6 fbL

 massτν
∼ =0.05)132λ=0.10, ,

311λ(1.61 TeV , 7 TeV [1212.1272]-1=4.6 fbL

 massq~  decoupled)g~ < 1 m, τ(1 mm < c700 GeV , 7 TeV [1210.7451]-1=4.4 fbL

 mass0
1
χ∼ ) < 2 ns)0

1
χ∼(τ(0.4 < 230 GeV , 7 TeV [ATLAS-CONF-2013-016]-1=4.7 fbL

 massτ∼  < 20)β(5 < tan300 GeV , 7 TeV [1211.1597]-1=4.7 fbL

 massg~985 GeV , 7 TeV [1211.1597]-1=4.7 fbL

 mass±

1
χ∼ ) < 10 ns)±

1
χ∼(τ(1 < 220 GeV , 7 TeV [1210.2852]-1=4.7 fbL

 mass±

1
χ∼ ) = 0, sleptons decoupled)0

1
χ∼(m), 0

2
χ∼(m) = ±

1
χ∼(m(315 GeV , 8 TeV [ATLAS-CONF-2013-035]-1=20.7 fbL

 mass±

1
χ∼ ) as above)ν∼,l~(m) = 0, 0

1
χ∼(m), 0

2
χ∼(m) = ±

1
χ∼(m(600 GeV , 8 TeV [ATLAS-CONF-2013-035]-1=20.7 fbL

 mass±

1
χ∼ )))0

1
χ∼(m) + ±

1
χ∼(m(2

1) = ν∼,τ∼(m) < 10 GeV, 0
1
χ∼(m(180-330 GeV , 8 TeV [ATLAS-CONF-2013-028]-1=20.7 fbL
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1
χ∼ )))0

1
χ∼(m) + ±

1
χ∼(m(2

1) = ν∼,l~(m) < 10 GeV, 0
1
χ∼(m(110-340 GeV , 7 TeV [1208.2884]-1=4.7 fbL

 massl~ ) = 0)0
1
χ∼(m(85-195 GeV , 7 TeV [1208.2884]-1=4.7 fbL

 mass2t
~

) + 180 GeV)0
1
χ∼(m) = 1t

~(m(520 GeV , 8 TeV [ATLAS-CONF-2013-025]-1=20.7 fbL

 masst~ ) > 150 GeV)0
1
χ∼(m(500 GeV , 8 TeV [ATLAS-CONF-2013-025]-1=20.7 fbL

 masst~ ) = 0)0
1
χ∼(m(320-660 GeV , 8 TeV [ATLAS-CONF-2013-024]-1=20.5 fbL

 masst~ ) = 0)0
1
χ∼(m(200-610 GeV , 8 TeV [ATLAS-CONF-2013-037]-1=20.7 fbL

 masst~ ) = 10 GeV)±

1
χ∼(m)-t~(m) = 0 GeV, 0

1
χ∼(m(160-440 GeV , 8 TeV [ATLAS-CONF-2012-167]-1=13.0 fbL

 masst~ ) = 150 GeV)±

1
χ∼(m) = 0 GeV, 0

1
χ∼(m(160-410 GeV , 8 TeV [ATLAS-CONF-2013-037]-1=20.7 fbL

 masst~ ) = 55 GeV)0
1
χ∼(m(167 GeV , 7 TeV [1208.4305, 1209.2102]-1=4.7 fbL

 massb~ ))0
1
χ∼(m) = 2 ±

1
χ∼(m(430 GeV , 8 TeV [ATLAS-CONF-2013-007]-1=20.7 fbL

 massb~ ) < 120 GeV)0
1
χ∼(m(620 GeV , 8 TeV [ATLAS-CONF-2012-165]-1=12.8 fbL

 massg~ ) < 200 GeV)0
1
χ∼(m(1.15 TeV , 8 TeV [ATLAS-CONF-2012-145]-1=12.8 fbL

 massg~ ) < 300 GeV)0
1
χ∼(m(1.00 TeV , 8 TeV [ATLAS-CONF-2012-103]-1=5.8 fbL

 massg~ ))0
1
χ∼(m(any 900 GeV , 8 TeV [ATLAS-CONF-2013-007]-1=20.7 fbL

 massg~ ) < 200 GeV)0
1
χ∼(m(1.24 TeV , 8 TeV [ATLAS-CONF-2012-145]-1=12.8 fbL

 scale1/2F  eV)-4) > 10G~(m(645 GeV , 8 TeV [ATLAS-CONF-2012-147]-1=10.5 fbL

 massg~ ) > 200 GeV)H~(m(690 GeV , 8 TeV [ATLAS-CONF-2012-152]-1=5.8 fbL

 massg~ ) > 220 GeV)0
1
χ∼(m(900 GeV , 7 TeV [1211.1167]-1=4.8 fbL

 massg~619 GeV , 7 TeV [ATLAS-CONF-2012-144]-1=4.8 fbL

 massg~ ) > 50 GeV)0
1
χ∼(m(1.07 TeV , 7 TeV [1209.0753]-1=4.8 fbL

 massg~  > 18)β(tan1.40 TeV , 8 TeV [1210.1314]-1=20.7 fbL

 massg~  < 15)β(tan1.24 TeV , 7 TeV [1208.4688]-1=4.7 fbL

 massg~ ))g~(m)+0
χ∼(m(2

1) = ±χ∼(m) < 200 GeV, 0
1
χ∼(m(900 GeV , 7 TeV [1208.4688]-1=4.7 fbL

 massq~ )0
1
χ∼) < 2 TeV, light g~(m(1.38 TeV , 8 TeV [ATLAS-CONF-2012-109]-1=5.8 fbL

 massg~ )0
1
χ∼) < 2 TeV, light q~(m(1.18 TeV , 8 TeV [ATLAS-CONF-2012-109]-1=5.8 fbL

 massg~ = q~1.24 TeV , 8 TeV [ATLAS-CONF-2012-104]-1=5.8 fbL

 massg~ = q~1.50 TeV , 8 TeV [ATLAS-CONF-2012-109]-1=5.8 fbL

Only a selection of the available mass limits on new states or phenomena shown.*
 theoretical signal cross section uncertainty.σAll limits quoted are observed minus 1

-1 = (4.4 - 20.7) fbLdt∫
 = 7, 8 TeVs

ATLAS
Preliminary

7 TeV, all 2011 data

8 TeV, partial 2012 data

8 TeV, all 2012 data

ATLAS SUSY Searches* - 95% CL Lower Limits (Status: March 26, 2013)
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q* (qg), dijet
q* (qW)
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q* , dijet pair
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jjmColor octet scalar : dijet resonance, 
µe

m, µ)=1) : SS eµe→
L
±± (DY prod., BR(HL

±±H ll
m), µµll)=1) : SS ee (→

L
±± (DY prod., BR(HL

±±H
 (LRSM, no mixing) : 2-lep + jetsRW

Major. neutr. (LRSM, no mixing) : 2-lep + jets
,WZT

mlll), νTechni-hadrons (LSTC) : WZ resonance (
µµee/mTechni-hadrons (LSTC) : dilepton, γl

m resonance, γExcited lepton : l-
jjmExcited quarks : dijet resonance, 

jetγ
m-jet resonance, γExcited quarks : 

llqmVector-like quark : NC, 
qνlmVector-like quark : CC, 
)

T2
 (dilepton, M0A0 tt + A→Top partner : TT Zb

m Zb+X, →New quark b' : b'b'
 WtWt→)5/3T

5/3
 generation : b'b'(Tth4

 WbWb→ generation : t't'th4
jjντjj, ττ=1) : kin. vars. in βScalar LQ pair (
jjνµjj, µµ=1) : kin. vars. in βScalar LQ pair (
jjν=1) : kin. vars. in eejj, eβScalar LQ pair (
µT,e/mW* : 
tb

m tb, SSM) : → (RW'
tqm=1) : 

R
 tq, g→W' (

µT,e/mW' (SSM) : 
ττmZ' (SSM) : 
µµee/mZ' (SSM) : 

,missTEuutt CI : SS dilepton + jets + ll
m, µµqqll CI : ee & 

)
jj

m(χqqqq contact interaction : 
)jjm(

χ
Quantum black hole : dijet, F T

pΣ=3) : leptons + jets, DM /THMADD BH (
ch. part.N=3) : SS dimuon, DM /THMADD BH (

tt,boosted
m l+jets, →tt (BR=0.925) : tt →

KK
RS g

νlν,lTmRS1 : WW resonance, 
llll / lljjmRS1 : ZZ resonance, 

 / llγγmRS1 : diphoton & dilepton, 
llm ED : dilepton, 2/Z1S

,missTEUED : diphoton + 
 / llγγmLarge ED (ADD) : diphoton & dilepton, 

,missTELarge ED (ADD) : monophoton + 
,missTELarge ED (ADD) : monojet + 

Scalar resonance mass1.86 TeV , 7 TeV [1210.1718]-1=4.8 fbL

 massL
±±H375 GeV , 7 TeV [1210.5070]-1=4.7 fbL

)µµ mass (limit at 398 GeV for L
±±H409 GeV , 7 TeV [1210.5070]-1=4.7 fbL

(N) < 1.4 TeV)m mass (RW2.4 TeV , 7 TeV [1203.5420]-1=2.1 fbL

) = 2 TeV)
R

(WmN mass (1.5 TeV , 7 TeV [1203.5420]-1=2.1 fbL

))
T
ρ(m) = 1.1 

T
(am, Wm) + Tπ(m) = 

T
ρ(m mass (

T
ρ483 GeV , 7 TeV [1204.1648]-1=1.0 fbL

)
W

) = MTπ(m) - Tω/T
ρ(m mass (Tω/T

ρ850 GeV , 7 TeV [1209.2535]-1=4.9-5.0 fbL

 = m(l*))Λl* mass (2.2 TeV , 8 TeV [ATLAS-CONF-2012-146]-1=13.0 fbL

q* mass3.84 TeV , 8 TeV [ATLAS-CONF-2012-148]-1=13.0 fbL

q* mass2.46 TeV , 7 TeV [1112.3580]-1=2.1 fbL

)Q/mν = qQκVLQ mass (charge 2/3, coupling 1.08 TeV , 7 TeV [ATLAS-CONF-2012-137]-1=4.6 fbL

)Q/mν = qQκVLQ mass (charge -1/3, coupling 1.12 TeV , 7 TeV [ATLAS-CONF-2012-137]-1=4.6 fbL

) < 100 GeV)
0

(AmT mass (483 GeV , 7 TeV [1209.4186]-1=4.7 fbL

b' mass400 GeV , 7 TeV [1204.1265]-1=2.0 fbL

) mass
5/3

b' (T670 GeV , 7 TeV [ATLAS-CONF-2012-130]-1=4.7 fbL

t' mass656 GeV , 7 TeV [1210.5468]-1=4.7 fbL

 gen. LQ massrd3538 GeV , 7 TeV [Preliminary]-1=4.7 fbL

 gen. LQ massnd2685 GeV , 7 TeV [1203.3172]-1=1.0 fbL

 gen. LQ massst1660 GeV , 7 TeV [1112.4828]-1=1.0 fbL

W* mass2.42 TeV , 7 TeV [1209.4446]-1=4.7 fbL

W' mass1.13 TeV , 7 TeV [1205.1016]-1=1.0 fbL

W' mass430 GeV , 7 TeV [1209.6593]-1=4.7 fbL

W' mass2.55 TeV , 7 TeV [1209.4446]-1=4.7 fbL

Z' mass1.4 TeV , 7 TeV [1210.6604]-1=4.7 fbL

Z' mass2.49 TeV , 8 TeV [ATLAS-CONF-2012-129]-1=5.9-6.1 fbL

Λ1.7 TeV , 7 TeV [1202.5520]-1=1.0 fbL

 (constructive int.)Λ13.9 TeV , 7 TeV [1211.1150]-1=4.9-5.0 fbL

Λ7.8 TeV , 7 TeV [ATLAS-CONF-2012-038]-1=4.8 fbL

=6)δ (DM4.11 TeV , 7 TeV [1210.1718]-1=4.7 fbL

=6)δ (DM1.5 TeV , 7 TeV [1204.4646]-1=1.0 fbL

=6)δ (DM1.25 TeV , 7 TeV [1111.0080]-1=1.3 fbL

 mass
KK

g1.9 TeV , 7 TeV [ATLAS-CONF-2012-136]-1=4.7 fbL

 = 0.1)PlM/kGraviton mass (1.23 TeV , 7 TeV [1208.2880]-1=4.7 fbL

 = 0.1)PlM/kGraviton mass (845 GeV , 7 TeV [1203.0718]-1=1.0 fbL

 = 0.1)PlM/kGraviton mass (2.23 TeV , 7 TeV [1210.8389]-1=4.7-5.0 fbL

-1 ~ RKKM4.71 TeV , 7 TeV [1209.2535]-1=4.9-5.0 fbL

-1Compact. scale R1.41 TeV , 7 TeV [ATLAS-CONF-2012-072]-1=4.8 fbL

=3, NLO)δ (HLZ SM4.18 TeV , 7 TeV [1211.1150]-1=4.7 fbL

=2)δ (DM1.93 TeV , 7 TeV [1209.4625]-1=4.6 fbL

=2)δ (DM4.37 TeV , 7 TeV [1210.4491]-1=4.7 fbL

Only a selection of the available mass limits on new states or phenomena shown*

-1 = (1.0 - 13.0) fbLdt∫
 = 7, 8 TeVs

ATLAS
Preliminary

ATLAS Exotics Searches* - 95% CL Lower Limits (Status: HCP 2012)

ED	  

CI	  

W’	  Z’	  

LQ	  

Q’	  Q*	  

Etc..	  



Q3:	  Do	  we	  have	  solid	  founda:ons?	  

We	  cannot	  solve	  our	  problems	  
with	  the	  same	  thinking	  we	  used	  
when	  we	  created	  them.
Albert	  Einstein	  

500-‐year-‐old	  Srikalahas:	  temple	  in	  Andhra	  
Pradesh	  collapsed	  in	  2010	  –	  	  
Founda:ons	  were	  only	  45cm	  thick.	  

Should	  we	  consider	  some	  
basic	  assump:ons?	  

-‐ CPT	  theorem?	  
-‐ Lorentz	  invariance/
discreteness	  of	  space-‐:me?	  
-‐ Time	  varying	  coupling	  
constants?	  
-‐ Much	  more	  complex	  dark	  
sector?	  
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Conclusions	  
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To	  explain	  the	  current	  and	  future	  LHC	  data,	  we	  need	  a	  strong	  
structure,	  with	  solid	  founda:ons,	  with	  both	  	  symmetry	  and	  variety,	  
capable	  of	  facing	  what	  ever	  Nature	  may	  produce….	  

Something	  
like	  this!	  

Gripsholms	  slo>,	  Mariefred	  

B S M



Backups	  
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What	  is	  αT?	  
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