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Content of Lecture 5

• Introduction to search strategies at the LHC

• Complete and simplified DM models, their searches at the LHC
and complementarity with other DM searches

Subject is very vast, so idiosyncratic choice of subjects + citations disclaimer
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The Large Hadron Collider (LHC)
- The most powerful particle accelerator in the world, 27 km around, 100 m below ground
- 1600 superconducting magnets operating at 1.9 K
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.

DM search strategies at the LHC
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ATLAS
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CMS
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LHC multipurpose experiments: ATLAS and CMS

Are very large and very complicated detectors!!
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Theorist version of an LHC detector

• Inner layer of silicon detectors: displaced vertices
• EM tracker: path of charged particles
• Calorimeters: stop e, 𝛾 and hadrons
• Outer radius of 𝜇 detectors: muon momenta
• Magnetic fields bend charged particle paths: measure

momentum

There is no DM detector! DM signal is missing energy and
momentum, actually MET (𝑝𝑇 ). But so is for neutrinos!
In hadron colliders, the initial momentum along the beam axis 𝑥𝑝ℎ𝑎𝑑 of the colliding partons is not
known so the amount of TOTAL missing energy/momentum cannot be determined. However,
the initial par tonic momentum transverse to the beam axis 𝑝𝑇 = 0, so any net momentum in
the transverse plane indicates Missing Transverse Energy (MET) really 𝑝𝑇
(advantage of lepton colliders: can measure the total missing energy/momentum)
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Protons are bags of partons
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Protons are bags of partons But not sure the content of the bag
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p-p collisions are very complicated
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p-p collisions are very complicated Fig. from T. Tait
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DM searches at the LHC
Main signature:
DM particles escape detection at colliders, thus they are characterized by
missing transverse energy (missing E𝑇 , MET) in collider events.

Caveats:
- The DM particles may be too heavy to be produced (above a few TeV).

- A signal produced by a particle escaping the detectors with lifetime ≃ 100
ns cannot be distinguished from one with lifetime > 1017 s as required for DM
particles.

- Hadron colliders are relatively insensitive to DM that interacts only with leptons.

- A DM signal may be hidden by backgrounds.
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Main backgrounds for DM MET search
• “QCD background”
Measuring MET is difficult because requires measuring accurately EVERYTHING
VISIBLE. Miss-measurement of jet energies is a source of fake missing
momentum.

• Neutrinos are a background if they cannot be identified
- Z → 𝜈𝜈 20% of the time - look like DM MET.

- W → 𝜈ℓ, if the charged lepton ℓ is missed, 𝜈 cannot be identified and looks
like DM MET.

- Same for 𝜏 decays, also produce 𝜈’s and ℓ’s
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Searches at the LHC
- Either in complete theories
DM through known decay chain
(specific UV complete models e.g. SUSY,
or simplified topologies)

- Or direct DM production plus a visible particle either in effective field theories
(EFT) or simplified DM models
photon or gluon (“monophoton” or “monojet”
signal) or mono-W’s (leptons), mono-Z’s
(dileptons), or mono-Higgses.

Initially done only for EFT
i.e. CONTACT INTERACTIONS
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Spectrum of DM Theory Space Fig. from T. Tait
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.

Complete and simplified DM models,
searches at the LHC and

complementarity with other DM searches
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UV complete models - E.g. Supersymmetry (SUSY)
Most studied model
• Symmetry between bosons and fermions.
• Models are completely calculable
• Hierarchy: maintains EW scale ≪ GUT scale
• Requires two Higgs doublets minimum.
• Every known particle has supersymmetric partner(s)

Fermions: Bosons:
SM fermions: ℓ, 𝑞 sfermions: ീℓ, ̃𝑞
gauginos: ീ𝐵, ඉ𝑊 , ̃𝑔 SM gauge bosons: 𝐵, 𝑊, 𝑔
Gravitinos: ീ𝐺 graviton
higssinos: ീ𝐻 Higgs bosons

• 𝑅-parity= (−1)3𝐵+𝐿+2𝑆 is 𝑃𝑆𝑀 = +1, 𝑃𝑆𝑈𝑆𝑌 = −1
distinguishes SM particles and SUSY partners
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Many versions of SUSY- Many parameters

MSSM
• Minimum number of particles (SUSY partners+ two Higgs doublets)
• Number of parameters: those of the SM + 106!!!
• Parameter reduction:

– pMSSM: simplified weak-scale MSSM: SM + 19 p.
– CMSSM: constrained MSSM: SM+5 parameters
(𝑚0, 𝐴0, 𝑚1/2, tan𝛽, 𝜇)
– mSUGRA: minimal supergravity: SM+5 parameters (𝑚0, 𝐴0, 𝑚1/2,tan𝛽, sign of 𝜇)

NMSSM
• Non Minimum number of particles (extra singlet Higgs, etc)
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Many versions of SUSY- Many parameters

Fig. from P. Gondolo

Dark Matter School, Lund, Sept. 26-30, 2016 20



Graciela Gelmini-UCLA

SUSY models
• If R-parity is conserved, the Lightest Supersymmetric Partner (LSP) is stable,

thus a good WIMP dark matter candidate (if neutral and colorless):
– ̃𝜈 sneutrino, ീ𝐺 Gravitino (partner of graviton), ̃𝑎 axino (partner of the axion) or
ඉ𝜒0 neutralino (gaugino/ higgssino, partner of neutral gauge boson/Higgs boson)

• In the MSSM the usual LSP is the lightest neutralino. In the basis ീ𝐵, ඉ𝑊3, ඉ𝐻0
1 ,

ඉ𝐻0
2 the mass matrix is

tan𝛽 = 𝑣2/𝑣1, 𝑀1 ∶ Bino mass, 𝑀2 ∶ Wino3 mass, 𝜇 ∶ mixes 𝐻1 𝐻2

• If one stage unification of fundamental forces: 𝑀2 = 2𝑀1,
if 𝑀1 < |𝜇|, LSP= ീ𝐵 typical cMSSM, if 𝑀1 ≃ |𝜇|, LSP = mixed ീ𝐵- ീ𝐻 OK

• If R-parity is conserved, an unstable SUSY particle decays into another SUSY
particle and SUSY particles are only produced in pairs from SM particles.
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LHC typical SUSY decay chain

Typical topology:

• missing energy

• multiple hadronic jets

• number of leptons
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mSUGRA Start at the GUT scale with few parameters and use renormalization
group equations to get to the electroweak scale.

pMSSM (phenomenological MSSM) Has 19 SUSY parameters
directly defined at the electroweak scale: 𝜇, 𝑚𝐴, tan 𝛽, A𝑏, A𝑡, A𝜏, M1, M2,
M3, m𝑄1, m𝑄3, m𝑢1, m𝑑1, m𝑢3, m𝑑3, m𝐿1, m𝐿3, m𝑒1, m𝑒3
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mSUGRA/cMSSM were in serious troubles by 2013

SO:• Use more parameters, pMSSM, or more particles NMSSM or
• Simplified SUSY model spectrum (SMS) with 100% BR for decay chain

considered
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pMSSM (phenomenological MSSM) LHC bounds
Cahill-Rowell et al 1305.6921

Only a few Bino LSP models with coannihilation can still constitute all the DM

LSP ീ𝐵-like (typical in CMSSM) is overdensed - or fine-tunned
(𝜎𝑎𝑛𝑛𝑖ℎ into 𝑓 ̄𝑓 through ീ𝑓 exchange is helicity suppressed ∼ 𝑚𝑓 )
LSP ീ𝐻-like and ඉ𝑊 -like are underdensed unless 𝑚 ≃ TeV’s (large 𝜎𝑎𝑛𝑛𝑖ℎ to W+W−, 𝑍𝑍 or𝑓 ̄𝑓 )
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pMSSM - Complementarity of Searches neutralino in the pheno-
menological MSSM with 19 free parameters, 50 GeV<m< 4 TeV, 2 105 points, each a
model- Notice 𝑅 = Ω𝜒 /Ω𝐷𝑀 : fraction of DM density. 𝑅𝜎 in vert.axis. Cahill-Rowley et al. 1405.6716

Models will be tested by:
• direct detection (green) - black
line is reach of LZ
• indirect detection with
FermiLAT and future CTA (red)
• other indirect detection (blue)
• escape all other searches and
will be tested only at the LHC
(magenta).
• Gray regions will survive all
searches in the near future.
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SUSY Simplified Models Spectrum (SMS)
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At the other extreme of a complete theory is Effective Field Theory.
“MONO”-Searches at the LHC
Direct DM production plus a photon or gluon (“monophoton” or “monojet”
signal) or mono-W’s (leptons), mono-Z’s (dileptons), or even mono-Higgses.

Initially done only for
CONTACT INTERACTIONS
(EFT couplings)
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“MONO”-Searches at the LHC
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EFT “Mono”- searches at the LHC direct production plus a photon or
gluon (monophoton monojet signal) for CONTACT interactions Beltran et al 1002.4137; Fox et al 1203.1662

CAVEAT: in direct DM detection “contact interaction” if mediator M> 𝑞 >
MeV’s but at LHC 𝑞 much larger,M> 100’s GeV- Compare with care!
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“Mono”- searches at the LHC - direct detection limits must
be compared with care.

The approach using single effective operators with contact interactions, is limited
because of absence of possible interference between different operators, effect of
lighter mediators than those necessary to have a contact interaction at the LHC...

A mediator heavy at the partonic LHC energies is also heavy in direct detection
BUT THE OPPOSITE IS NOT TRUE. If the mediator is light for the LHC, could
itself be produced (and at LEP etc) so limits change.

Now trying to use “simplified models” and classify classes of mediators in the
s-channel and the t-channel, or by the way the DM relic density could occur (e.g.
proposed “Benchmarks for DM detection at the LHC” De Simone, Giudice & Strumia
1402.6287)
. Lots of work to do in this direction...
“LHC Dark Matter Working Group” recommendations: 1603.04156
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EFT vs “simplified model”
• Many different FT couplings have the same EFT limit! Many,
many models to study. How to classify them?

• For light enough mediators, limits on them are important.
The mediators themselves can be created at the LHC and other
accelerators.
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Example: EFT vs a “simplified model” Buchmueller, Dolan, Mc Cabe 1308.6799
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How to present “simplified models”
“LHC Dark Matter Working Group” recommendations, 1603.04156
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“Mono” searches - Simplified Model - Vector mediator-
SI
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“Mono”searches - Simplified Model Axial-Vect. mediator
- SD

How would these results compared if for this particle Ω/Ω𝐷𝑀 = 𝑓 = 0.01?
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Example of complementarity of DM searches Simple contact
interaction model considered for the Snowmass 2013 study (Bauer et al. 2013)

ℒ = 1
𝑀2

𝑞
𝜒̄𝛾𝜇𝛾5𝜒 ൑

𝑞
̄𝑞𝛾𝜇𝛾5𝑞 + 𝛼𝑆

𝑀3
𝑔

𝜒̄𝜒𝐺𝑎𝜇𝜈𝐺𝑎
𝜇𝜈 + 1

𝑀2
ℓ

𝜒̄𝛾𝜇𝜒 ൑
ℓ

̄ℓ𝛾𝜇ℓ ,

The interactions with quarks mediate SD direct signals
(∗), and those with gluons mediate SI direct signals.
𝑀𝑞, 𝑀𝑔, and 𝑀ℓ are chosen so that the relic density is
exactly that of the DM though thermal production.
(∗ You will prove that 𝛾𝜇𝛾5 leads to SD scattering).

Notice that: the limits would be very different if
the DM candidate accounted for only a fraction
Ω/Ω𝐷𝑀 = 𝑓 < 1 of the DM (∗)

(∗ In exercise 10 you will explore this - assuming the indirect limits come from DM annihilation).

Dark Matter School, Lund, Sept. 26-30, 2016 38



Graciela Gelmini-UCLA

Important complementarity of dark sector particles and
mediators searches More complete Simplified Model Chala et al. 1503.0591

Dark Sector Particle (DSP) 𝜒 and mediator R in all channels:
(a) DM annihilation which sets the relic abundance,
(b) DM scattering in direct detection experiments,
(c) monojet signatures, in this case due to initial state radiation of a gluon,
(d) LHC Dijet resonance signatures purely through mediator-quark couplings and
(e) dijet associated production (at UA2, CDF, CMS, and ATLAS)
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Example of combined constraints (at 95% CL): everything excluded!
Chala et al. 1503.0591

This shows that for each LHC DM Simplified Models there should be a complete
study of the mediator particles in all experiments too.

A lot of work remains to do at the LHC!
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Brief comment on accelerator dark sector searches Dark Sectors
Workshop 1608.08683
Dark sectors include one or more mediator particles coupled to the SM via a portal. The portal
relevant for dark sector-SM interactions depends on the mediator spin and parity: it can be a
scalar 𝜑, a pseudoscalar 𝑎, a fermion 𝑁 , or a vector 𝐴′ (dark or hidden photon).

Many proposals to detect dark sector particles in all types of accelerators (fixed
target, lepton colliders, B factories).
e.g. Dark Photons 𝐴′ search at LHCb via rare heavy quark decay modes producing
a 𝐴′ which could either produce MET or a visible decay, 𝐴′ → 𝜇+𝜇− with or
without a displaced vertex.
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