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How to Search for Exotics

‣Search for broad excess or resonance
‣ Familiar final states : e+e-, μ+μ-, bb, dijet, e+MET, μ+MET, top-like ...
‣ Unexpected : e+jet, μ+jet, e+μ, high multiplicities, ...

‣Measure properties of particles directly
‣ anomolous dE/dx, timing, weird tracks, displaced vertices, etc.
‣ (Obviously they need to be at least meta-stable for this...)

‣Exotic decay modes of known particles

9



CMS Exotica Physics Group Summary – March, 2014
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Large Hadron Collider
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Mμμ = 1.824 TeV

Di-lepton

mT = 2.31 TeV

Lepton + ETmiss

CMS-PAS-EXO-12-060
CMS-PAS-EXO-12-061

http://cds.cern.ch/record/1522476?ln=en
http://cds.cern.ch/record/1522476?ln=en
http://cds.cern.ch/record/1519132?ln=en
http://cds.cern.ch/record/1519132?ln=en
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Familiar Final States

‣ Perform “bump hunts” in
‣ Dilepton invariant mass spectrum
‣ Lepton+ ETmiss mT distribution

‣ Background shapes taken from MC and 
normalised to control regions in data
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CMS-PAS-EXO-12-060
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Lepton+MET final 
state is a signature of 
W+invisible, eg. Wχ0χ0

DM production characterised using effective field 
theory with vector or axial-vector couplings

For W+MET search :
DM couplings to u and d 

may be different. 
Interference characterised 

through parameter ξ
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CMS-PAS-EXO-13-004
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CMS-PAS-EXO-13-004
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CMS-PAS-EXO-12-048

Single jet can result from 
initial state radiation
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CMS-PAS-EXO-12-048
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FIG. 5. The LUX 90% confidence limit on the spin-
independent elastic WIMP-nucleon cross section (blue),
together with the ±1� variation from repeated trials, where
trials fluctuating below the expected number of events for
zero BG are forced to 2.3 (blue shaded). We also show
Edelweiss II [44] (dark yellow line), CDMS II [45] (green
line), ZEPLIN-III [46] (magenta line), CDMSlite [47] (dark
green line), XENON10 S2-only [20] (brown line), SIMPLE [48]
(light blue line) and XENON100 100 live-day [49] (orange
line), and 225 live-day [50] (red line) results. The inset
(same axis units) also shows the regions measured from annual
modulation in CoGeNT [51] (light red, shaded), along with
exclusion limits from low threshold re-analysis of CDMS II
data [52] (upper green line), 95% allowed region from
CDMS II silicon detectors [53] (green shaded) and centroid
(green x), 90% allowed region from CRESST II [54] (yellow
shaded) and DAMA/LIBRA allowed region [55] interpreted
by [56] (grey shaded). Results sourced from DMTools [57].

upper limit on the number of expected signal events
ranges, over WIMP masses, from 2.4 to 5.3. A variation
of one standard deviation in detection e�ciency shifts
the limit by an average of only 5%. The systematic
uncertainty in the position of the NR band was estimated
by averaging the di↵erence between the centroids of
simulated and observed AmBe data in log(S2b/S1). This
yielded an uncertainty of 0.044 in the centroid, which
propagates to a maximum uncertainty of 25% in the high
mass limit.

The 90% upper C. L. cross sections for spin-
independent WIMP models are thus shown in Fig. 5
with a minimum cross section of 7.6⇥10�46 cm2 for a
WIMP mass of 33 GeV/c2. This represents a significant
improvement over the sensitivities of earlier searches [45,
46, 50, 51]. The low energy threshold of LUX permits
direct testing of low mass WIMP hypotheses where
there are potential hints of signal [45, 51, 54, 55].
These results do not support such hypotheses based
on spin-independent isospin-invariant WIMP-nucleon
couplings and conventional astrophysical assumptions

for the WIMP halo, even when using a conservative
interpretation of the existing low-energy nuclear recoil
calibration data for xenon detectors.

LUX will continue operations at SURF during 2014
and 2015. Further engineering and calibration studies
will establish the optimal parameters for detector
operations, with potential improvements in applied
electric fields, increased calibration statistics, decaying
backgrounds and an instrumented water tank veto
further enhancing the sensitivity of the experiment.
Subsequently, we will complete the ultimate goal of
conducting a blinded 300 live-day WIMP search further
improving sensitivity to explore significant new regions
of WIMP parameter space.
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CDMS II silicon detectors [53] (green shaded) and centroid
(green x), 90% allowed region from CRESST II [54] (yellow
shaded) and DAMA/LIBRA allowed region [55] interpreted
by [56] (grey shaded). Results sourced from DMTools [57].

upper limit on the number of expected signal events
ranges, over WIMP masses, from 2.4 to 5.3. A variation
of one standard deviation in detection e�ciency shifts
the limit by an average of only 5%. The systematic
uncertainty in the position of the NR band was estimated
by averaging the di↵erence between the centroids of
simulated and observed AmBe data in log(S2b/S1). This
yielded an uncertainty of 0.044 in the centroid, which
propagates to a maximum uncertainty of 25% in the high
mass limit.

The 90% upper C. L. cross sections for spin-
independent WIMP models are thus shown in Fig. 5
with a minimum cross section of 7.6⇥10�46 cm2 for a
WIMP mass of 33 GeV/c2. This represents a significant
improvement over the sensitivities of earlier searches [45,
46, 50, 51]. The low energy threshold of LUX permits
direct testing of low mass WIMP hypotheses where
there are potential hints of signal [45, 51, 54, 55].
These results do not support such hypotheses based
on spin-independent isospin-invariant WIMP-nucleon
couplings and conventional astrophysical assumptions

for the WIMP halo, even when using a conservative
interpretation of the existing low-energy nuclear recoil
calibration data for xenon detectors.

LUX will continue operations at SURF during 2014
and 2015. Further engineering and calibration studies
will establish the optimal parameters for detector
operations, with potential improvements in applied
electric fields, increased calibration statistics, decaying
backgrounds and an instrumented water tank veto
further enhancing the sensitivity of the experiment.
Subsequently, we will complete the ultimate goal of
conducting a blinded 300 live-day WIMP search further
improving sensitivity to explore significant new regions
of WIMP parameter space.
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FIG. 9: The raw gamma-ray maps (left) and the residual maps after subtracting the best-fit Galactic di↵use model, 20 cm
template, point sources, and isotropic template (right), in units of photons/cm2/s/sr. The right frames clearly contain a
significant central and spatially extended excess, peaking at ⇠1-3 GeV. Results are shown in galactic coordinates, and all maps
have been smoothed by a 0.25� Gaussian.

of the Galactic Plane, while values greater than one are
preferentially extended perpendicular to the plane. In
each case, the profile slope averaged over all orientations
is taken to be � = 1.3 (left) and 1.2 (right). From this
figure, it is clear that the gamma-ray excess prefers to
be fit by an approximately spherically symmetric distri-
bution, and disfavors any axis ratio which departs from
unity by more than approximately 20%.

In Fig. 11, we generalize this approach within our
Galactic Center analysis to test morphologies that are

not only elongated along or perpendicular to the Galac-
tic Plane, but along any arbitrary orientation. Again,
we find that that the quality of the fit worsens if the the
template is significantly elongated either along or per-
pendicular to the direction of the Galactic Plane. A mild
statistical preference is found, however, for a morphology
with an axis ratio of ⇠1.3-1.4 elongated along an axis ro-
tated ⇠35� counterclockwise from the Galactic Plane in
galactic coordinates (a similar preference was also found
in our Inner Galaxy analysis). While this may be a statis-

Observe a gamma-ray excess from 
galactic centre in the Fermi-LAT data

Raw Residual

8

FIG. 7: The spectrum of the dark matter component derived in our Galactic Center analysis, for a template corresponding to an
NFW halo profile with an inner slope of � = 1.2 (left) or 1.3 (right), normalized to the flux at an angle of 5� from the Galactic
Center. We caution that significant and di�cult to estimate systematic uncertainties exist in this determination, especially at
energies below ⇠1 GeV. Shown for comparison (solid line) is the spectrum predicted from a 35.25 GeV dark matter particle
annihilating to bb̄ with a cross section of �v = 2.15⇥ 10�26 cm3/s ⇥ [(0.3GeV/cm3)/⇢

local

]2 (left) or �v = 1.0⇥ 10�26 cm3/s
⇥ [(0.3GeV/cm3)/⇢

local

]2 (right). The dot-dash and dotted curves include an estimated contribution from bremsstrahlung, as
shown in the right frame of Fig. 2.

FIG. 8: The value of ��2 as a function of the inner slope
of the dark matter halo profile, �, as found in our Galactic
Center likelihood analysis. The best-fit value is somewhat
shallower than found in our analysis of the larger Inner Galaxy
region, favoring � ⇠ 1.17 (rather than � ' 1.26).

V. THE GALACTIC CENTER

In this section, we describe our analysis of the Fermi

data from the region of the Galactic Center, defined as
|b| < 5�, |l| < 5�. We make use of the same Pass 7 data
set, with Q2 cuts on CTBCORE, as described in the pre-
vious section. We performed a binned likelihood analysis
to this data set using the Fermi tool gtlike, dividing
the region into 200⇥200 spatial bins (each 0.05�⇥0.05�),

and 12 logarithmically-spaced energy bins between 0.316-
10.0 GeV. Included in the fit is a model for the Galac-
tic di↵use emission, supplemented by a model spatially
tracing the observed 20 cm emission [43], a model for
the isotropic gamma-ray background, and all gamma-ray
sources listed in the 2FGL catalog [44], as well as the
two additional point sources described in Ref. [45]. We
allow the flux and spectral shape of all high-significance
(
p
TS > 25) 2FGL sources located within 7� of the

Galactic Center to vary. For somewhat more distant or
lower significance sources ( = 7� � 8� and

p
TS > 25,

 = 2� � 7� and
p
TS = 10 � 25, or  < 2� and any

TS), we adopt the best-fit spectral shape as presented in
the 2FGL catalog, but allow the overall normalization to
float. We additionally allow the spectrum and normal-
ization of the two new sources from Ref. [45], the 20 cm
template, and the extended sources W28 and W30 [44]
to float. We fix the emission from all other sources to the
best-fit 2FGL values. For the Galactic di↵use emission,
we adopt the model gal 2yearp7v6 v0. Although an up-
dated Galactic di↵use model has recently been released
by the Fermi Collaboration, that model includes addi-
tional empirically fitted features at scales greater than 2�,
and therefore is not recommended for studies of extended
gamma-ray emission. For the isotropic component, we
adopt the model of Ref. [46]. We allow the overall nor-
malization of the Galactic di↵use and isotropic emission
to freely vary. In our fits, we found that the isotropic
component prefers a normalization that is considerably
brighter than the extragalactic gamma-ray background.
In order to account for this additional isotropic emission
in our region of interest, we attempted simulations in
which we allowed the spectrum of the isotropic compo-

Compare observed spectrum with 
DM annihilation model
χ0χ0→bb, mχ = 35.25 GeV

arXiv:1402.6703 [astro-ph.HE]

http://arxiv.org/abs/1402.6703
http://arxiv.org/abs/1402.6703
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Fermi-LAT
Gamma-ray data from 25 
dwarf spheroidal galaxies
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FIG. 5. Constraints on the dark matter annihilation cross section at 95% CL derived from a
combined analysis of 15 dwarf spheroidal galaxies assuming an NFW dark matter distribution
(solid line). In each panel bands represent the expected sensitivity as calculated by repeating
the combined analysis on 300 randomly-selected sets of blank fields at high Galactic latitudes in
the LAT data. The dashed line shows the median expected sensitivity while the bands represent
the 68% and 95% quantiles. For each set of random locations, nominal J-factors are randomized
in accord with their measurement uncertainties. Thus, the positions and widths of the expected
sensitivity bands reflect the range of statistical fluctuations expected both from the LAT data and
from the stellar kinematics of the dwarf galaxies. The most significant excess in the observed limits
occurs for the bb̄ channel between 10 GeV and 25 GeV with TS = 8.7 (global p-value of p ⇡ 0.08).

36

Set limits on DM co-
annihilation cross-section

Phys. Rev. D 89, 042001 (2014)

Expectation from primordial 
DM abundance :
~3 × 10-26 cm3s-1
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All these searches probe the same interaction...

q

q χ0
χ0

production

co-annihilation

sc
at
te
ri
ng

Use the effective field theory to convert limits on 
σ(pp→χ0χ0) to limits on σ(χ0-nucleon) and 
compare with direct detection expts (scattering)
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CMS-PAS-EXO-13-004
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Caveat
‣ Several papers discuss validity of the effective field theory
‣ eg Buchmuller, Dolan, McCabe : arXiv:1308.6799
‣ EFT is only valid for high mediator mass
‣ ( Also, valid region has Γmed/mmed > 1 ! )

‣ Collider limits on σ(χ0-nucleon)
‣ Need to be taken with a pinch of salt ! 

‣ Proposal from paper above
‣ Present limits using simplified models
‣ Parameters : mmed, mχ , gq, gχ, Γmed

33
30 

D
M

 S
ea

rc
he

s:
 C

ol
lid

er
 v

s.
 D

ire
ct

 d
et

ec
tio

n 
 O

. B
uc

hm
ül

le
r 

  
  

 

30 

Absolute Limits in simplified models"

Examples: CMS monojet search!
and Xenon100!

Assumes:"
!  gu,gd couplings only!
!  width calculated from g!
!  g=1 ~Γ/6 ; g=0.5 ~Γ/8π!

95% exclusion contour!

Would need to also better !
characterize dependence on !

couplings.!
This could be done by defining !
some benchmark scenarios.!

!
Would also need to look at other "
operators/diagrams (of course).  "

  !

gu,d = gDM = 1
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Long Lived Particles
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Long Lived Particles

‣ Long lifetimes are common in the SM
‣ Constrained interactions + potential barrier

‣ We should expect them in BSM scenarios !
‣ Split SUSY, GMSB, RPV, ....

35
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lepton number 
conservation +

 W mass

Strassler & Zurek, Phys.Lett.B651 (2007)
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Simulated h→XX→eeμμ event

CMS-PAS-EXO-12-037

Simulated
H0→X0X0→μ+μ-e+e-

p p

χ0

ℓ+
ℓ-

Characterise X0 decay with track impact 
parameters (d0, z0) and decay length (LXY)

http://cds.cern.ch/record/1669814?ln=en
http://cds.cern.ch/record/1669814?ln=en
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CMS-PAS-EXO-12-037
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Displaced Dileptons

‣ Azimuthal separation between dilepton momentum vector and displaced vertex vector
‣ Signal at small values - define control region with Δϕ > π/2
‣ Background populates signal and control regions equally
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CMS-PAS-EXO-12-037
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CMS-PAS-EXO-12-037
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Limits on exotic decays of H125 !
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Displaced Dijets
‣ Select events with two jets with good tracks and a common secondary vertex
‣ Jet pT(1,2) > 60 GeV, η < 2
‣ Vertex χ2/dof < 5

‣ Remainder of selection based on 3 orthogonal criteria
‣ 1. Jet 1 : N prompt tracks, “prompt energy fraction”
‣ 2. Jet 2 : N prompt tracks, “prompt energy fraction”
‣ 3. Vertex/cluster likelihood discriminant (based on four variables)

‣ Background estimation then based on an extended ABCD using these 3 criteria
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Cross-check in control region with 
inverted missing hits requirement :

L

xy

< 20 cm(low) > 20 cm(high)

prompt tracks  1  1

prompt energy fraction < 0.15 < 0.09

vertex/cluster disc. > 0.9 > 0.8
expected background 1.60± 0.26(stat.)± 0.51(syst.) 1.14± 0.15(stat.)± 0.52(syst.)

observed 2 1

Table 1: Predicted background and the number of observed candidates for optimised selections.
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Signal event in low LXY category

Signal event in high LXY category
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“Leptonic”

“Charge flipping”

Tracker Muon

Stable Massive Particles
‣ Identify a (meta)-stable charged particle as it traverse the 

detector

‣ Examples
‣ R-hadrons
‣ Long lived stau
‣ Vector-like confining gauge theories

‣ SMP signature
‣ High momentum
‣ Highly ionising
‣ Long time-of-flight

‣ Special case of strongly interacting R-hadrons
‣ Nuclear interactions with material may change flavour
‣ Neutral <=> Charged
‣ Multiple analyses :
‣ “Tracker-only”, “TOF-only”, “Tracker+TOF”
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SMP

‣ Mass reconstruction
‣ Approximate Bethe-Bloch formula before minimum
‣ Extract parameters by fitting to the proton line

‣ Search for tracks with high mass
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SMP
‣ Standard interpretation in terms of gluino, stop, stau (GMSB)
‣ Inc. “charge suppressed” model of R-hadron nuclear interactions (any interaction results 

in a neutral R-hadron)
‣ Different fractions of gluino/gluon initial states
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SMP
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‣ Limits on DY production of charged particles with Q != 1
‣ Neutral under SU(3) and SU(2)L , only couple to Z and photon

Theoretical Prediction
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|Q| = 2e/3   (LO)
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SMPs in pMSSM
‣ The analysis is sensitive to large fraction of SUSY parameter space

‣ Acceptances for results on previous slides are estimated using full GEANT simulation
‣ Detector effects are important and complex (eg. amount of material traversed)
‣ This is impractical for parameter space scans

‣ Instead parameterise acceptance as function of individual particle properties
‣ This is valid for lepton-like particles
‣ Use large full simulation samples to parameterise acceptance of Tracker+TOF analysis in 

bins of pT, β, η
‣ Use this to re-cast Tracker+TOF result for any given model
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Stopped SMPs
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Figure 2: Probability for the produced R-hadron to stop anywhere inside the CMS detector for
different gluino masses, and

⇥
s = 10 TeV. The solid line show stopping probability for both

electromagnetic and nuclear interactions, while the dashed line shows that for electromagnetic
interactions only.

fully simulated stopped gluino events are passed on to the full trigger emulation, and default
reconstruction, and are analysed as normal Monte Carlo data. With Phase 2 of the simulation
we are thus able to estimate the trigger and reconstruction efficiencies of our online and offline
cuts.

For Phase 3, we wrote a toy Monte Carlo simulation in order to determine how often a stopped-
gluino decay will occur during our trigger window. We define our trigger window to be one
that occurs during a beam gap or during an interfill period. The interplay between collision
time, stopped particle lifetime and our trigger window is illustrated by the cartoon in Figure 3
which shows the number of stopped undecayed particles in CMS at a given time. Particles
are produced when there are collisions increasing the number of stopped undecayed particles,
but this is counterbalanced by the decay of those particles. For running periods long relative
to the lifetime of the gluino, the number of particles approaches saturation at L�⇥. When the
beam is off, particle production obviously stops and all the number of stopped particles falls
off exponentially in accordance with its lifetime3.
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Figure 3: Cartoon illustrating number of stopped undecayed particles as a function of time.

Phase 3 of our simulation takes as input the stopping efficiency determined in Phase 1 and
the combined trigger times reconstruction efficiency obtained in Phase 2. These efficiencies are

3The stopped particle lifetime can itself be measured by fitting this exponential decay, provided a period with
no collisions of suitable duration is available.
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Highly ionising particles may stop in 
the detector
Search during periods of no 
collisions
Trigger includes a “no collision” 
condition using BPTX monitors

http://dx.doi.org/10.1007/JHEP08(2012)026
http://dx.doi.org/10.1007/JHEP08(2012)026
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Reconstruct photon 
direction from conversions

arXiv:1207.0627

Searching for a neutral long lived particle (eg Χ0) that decays 
to photon + invisible particle (eg G)~

~

ECAL Timing [ns]
-2 0 2 4 6

N
um

be
r o

f e
ve

nt
s/

0.
16

 n
s

0

5000

10000

15000

20000

25000

30000
rawT
calibT

 0.001± = 0.499 rawσ

 0.002± = -0.412 rawµ
 

 0.001± = 0.438 calibσ

 0.001± = 0.015 
calib
µ

  

CMS Data  = 7 TeVs

Use ECAL signal 
time to estimate TOF

γ

χ0
G~

p p

Use cluster shape 
in ECAL



Jim Brooke (Univ. of Bristol)

Displaced Photons

63

arXiv:1212.1838
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http://lanl.arxiv.org/abs/1212.1838
http://lanl.arxiv.org/abs/1212.1838
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Exotic Higgs Decays

‣We know there must be 
BSM physics

‣We know Higgs bosons 
couple to mass

‣H125 is one of the least well 
measured SM particles...

65

We should be looking for exotic decay modes !
See arXiv:1312.4992 for comprehensive survey
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Exotic Higgs Decays

‣ SM modes
‣ H125 → μμ, H125 → ee

‣ h125 → γ+MET

‣ H → invisible
‣ VBF, Z(ll)H, Z(bb)H, monojet, ttH

‣ Charged H
‣ H+/- → cs, cb, tb,τν

‣ H125 → XX → γγγγ

‣ LFV in H → μτ

‣ 2HDM
‣ H → h125h125, A → Zh125 → multi-

leptons, γ
‣ A → Zh(125) → llbb
‣ heavy H → ZA → llbb
‣ heavy H → ZA → llττ

‣ NMSSM
‣ H2 (125) → H2H1 → 4τ
‣ H → a1a1 → 4μ
‣ H3 → H2(125)H1(60-125) → bbbb
‣ H2(125) → a1a1 → γγγγ
‣ H1 → γγ
‣ H2(125) → H1H1 → 4τ, 2τ2b, 2μ2b, 

4b

‣ MSSM
‣ H → hh → γγbb

66

https://twiki.cern.ch/twiki/bin/view/CMS/HiggsExotics#LFV_in_H
https://twiki.cern.ch/twiki/bin/view/CMS/HiggsExotics#LFV_in_H
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arXiv:1404.1344

Invisible decay modes are well motivated by the 
existence of dark matter !

We search in ZH and vector boson fusion 
production modes
‣ With Z→ll and Z→bb final states

Already have indirect limits from fits to visible decay 
modes
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http://arxiv.org/pdf/1404.1344.pdf
http://arxiv.org/pdf/1404.1344.pdf


Jim Brooke (Univ. of Bristol)

Invisible Higgs

68

 [GeV]miss
TE

150 200 250 300 350 400 450 500

Ev
en

ts
 / 

20
 G

eV

-110

1

10

210

310

410 CMS
-1 = 8 TeV, L = 19.5 fbs

VBF H(inv)

Observed

inv) = 100%→B(H
 = 125 GeV,HVBF m

V+jets

, tW, DY(ll)+jets, VVtt

 [GeV]jjM
1500 2000 2500 3000 3500

Ev
en

ts
 / 

10
0 

G
eV

-210

-110

1

10

210

310

410 CMS
-1 = 8 TeV, L = 19.5 fbs

VBF H(inv)

Observed

inv) = 100%→B(H
 = 125 GeV,HVBF m

V+jets

, tW, DY(ll)+jets, VVtt

V+jets backgrounds -> control regions with visible leptons
QCD multijet -> ABCD method
Remainder -> MC

VBF jet topology
pT > 50 GeV, fwd-bkwd, Δηjj > 4.2, Mjj > 1100 GeV, Δϕjj < 1.0, 30 GeV CJV

ETmiss > 130 GeV
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arXiv:1404.1344

Limits on σ×BF and σ×BF/σSM

BF(H125→inv) < 0.65 obs (0.49 exp)

http://arxiv.org/pdf/1404.1344.pdf
http://arxiv.org/pdf/1404.1344.pdf
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arXiv:1404.1344

Combination of Z(ll)H and Z(bb)H

BF(H125→inv) < 0.81 obs (0.83 exp)

http://arxiv.org/pdf/1404.1344.pdf
http://arxiv.org/pdf/1404.1344.pdf
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arXiv:1404.1344
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Future plans : combination with indirect limits !

BF(H125→inv) < 0.58 obs (0.44 exp)

http://arxiv.org/pdf/1404.1344.pdf
http://arxiv.org/pdf/1404.1344.pdf
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Conclusion

‣Try to leave no stone unturned !

‣Search for new physics using a wide range of methods
‣Familiar final states & unfamiliar final states
‣Directly detect particles with anomolous properties 
‣Exotic decays of 125 GeV Higgs !

‣No signals yet...
‣Hope for some hints in Run 2
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