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Complementarity of searches

Evidence

Cosmological /-—

e.g. Cosmic Microwave Background,
Matter Power spectrum, Galactic rotation curves, Lensing, Milky Way satellites

ect Detection

.g. Fixed target,
trino experiments

energy



Anatomy of a typical detector @ LHC
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What does a collision event look

* Detectable objects are
photons, electrons, muons,
hadrons (which form jets),
and invisible neutrinos (in the

form of missing momentum
or MIET)

* Most new particles will decay
into SM particles

e \We use kinematic
distributions of detectable
objects to define signal (i.e.
new physics) and
background (i.e. SM physics)

CMS./ CMS Experiment al LHC, CERN
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Writing down a model for DM

Is it a Scalar? Vector? Dirac or Majorana Fermion?
Does it couple directly to some SM particle (Z, h) ?
If there is a mediator, how does the mediator couple to SM?

to Dark Matter?

Complete Models

Effective
] eg. SUSY, Universal Extra
Field Theory Dim,
Little Higgs,...
PRO: Simple, PRO: Theoretically well

Easy to relate motivated, fully

Simplified models

observables calculable, extra particles
. . Trying to get the best of both worlds
CON: bad high- CON: Model Prejudices,
EnErQY IDEA: write down the simplest field complicated to
ehaviour content (often a DM field + one understand

mediator)



Bottom-up renormalisable DM models

New
Symmetries
0 Z> Zo+

# Fields

Pure “"Higgsino” or “Wino"

1 "Minimal DM" Scalar singlet DM
Inert doublet DM

Singlet-Doublet (N,N+1 plet) DM| Dark Photon
2 nn Higgs Portal DM s-channel
o s/t-channel scalar mediator V/A mediators

Z' mediator +

3 SUSY neutralinos higgs'
?? L-R models
Hidden Valley

models




Dark Matter from adding only 1 new field

Dark Matter makes up ~20% of our universe; an EW scale particle (a.k.a. WIMP)
seems to be a good fit

QOh* ~ 0.1 = (ov) ~1pb-c

= My, ~ O(10° — 10°%) GeV; g ~ ggw

What are minimal EW possibilities?

e SU(2) doublet fermion (a.k.a. Higgsino) = ~ 1.2 TeV §_,J’> i t .
e SU(2) triplet fermion (a.k.a Wino) = 2.7 TeV EE : %
* SU(2) 5-plet fermion (MDM) = ~10 TeV S é
® SU(2) 7-plet scalar (MDM) = ~10 TeV

Cirelli et al; arXiv:hep-ph/0512090 T — ——

100 TeV collider?



Idea for a "next-to-minimal” scenario

One SU(2) x U(1) singlet y + one SU(2) N-plet w
/2 stabilises the lightest state
1

1
Lpm = Z'WE“DM# T iXTE'ua,uX - <§MWP T §mXX + hC) + /v‘qua,rtic + Lomix

1k 1~
LQuartiC — 5 K¢T¢XX T 5 X¢T ¢¢A¢A Strong limits from DD

NIE
A(M —m)

A
Loinix = KqﬁTTa’qﬁ Yy + h.c. —» 0~ N=3

A\ | i N g vt
Lunix = 3 C o 0100 bt + he. —>  OF \/;A3(M ) EI




Collider searches: Quintuplet model

X
5m / ) W Syt rt
M—m{ \xg YT — X?W* — KVX(l)
X5 = XTh* = bbx3

Charged track searches

Displaced lepton search From [-loop only



Direct Detection constraints
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* Look at parameters that gives right relic density
* Low mixing angle gives low DD cross section; however, not a problem at the
LHC because production is primarily Drell-Yan!

Brimmer et al; arXiv:1703.00370
10 Brimmer, Bharucha, Desai; arXiv:1804.02357



Prompt search limits: SUSY searches

May 2017 ATLAS Preliminary {s=8,13 TeV, 20.3-36.1 fb™
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> o N
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—~_ — X4 Xo . o —
SN2 - —— via WZ 21+3l, 13 TeV, ATLAS-CONF-2017-039  All limits at 95% CL _
x B via Wh Ibb+lyy+F*+3l, arXiv:1501.07110 7]
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LHC limit on WH final state; not stronger than displaced leptons
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Other limits: charged track searches

Doubly charged

o
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Rule out long-lived region i.e. when mass difference is smaller than pion mass
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Disappearing track searches
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Displaced Lepton Search

CMS Simulation

14 CERN-PH-EP/2013-037, CMS PAS EXO-16-022



The CMS displaced lepton search
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Combination of displaced lepton and charged tracks
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Filling the gaps in DM searches

DM + s-channel mediator Dilepton, dijet, mono-jet,
displaced vertices

DM + t-channel mediator “squark” & “slepton” searches,

(disappearing) charged tracks,
displaced leptons

SU(2) n-plets jets+MET, di-lepton+MET searches,
mono-jet, mono-photon,

(disappearing) charged tracks,
displaced leptons

ALPs Di-gamma,
non-pointing photons

Sterile Neutrinos, leptons+MET, Z/higgs+MET
Heavy Neutral leptons displaced vertices, displaced leptons

18



ATLAS Long-lived Particle Searches* - 95% CL Exclusion

Some LLP limits

ATLAS Preliminary

Status: July 2015 fLdt=(18.4-203) b1  V5=8TeV
Model Signature  [Ldt[fb] Lifetime limi Reference
LI Ll T L B A ) L T l'll'll L T """' Ll T "ll'll L T T r
RPV x} — eev/epv/uuv  displaced lepton pair ~ 20.3 x‘l’ m(g) =13 TeV, m(x}) = 1.0 TeV 1504.05162
cag - 28 aspisceavicrjos 203 | e m(E)= 1170V mc) =107 150405162
S AMSB pp —» xix?.xix;  disappearingtrack 203 |7 lifetime - 02230m m(x}) = 450 GeV 1310.3675
(%)
B AMSBppoxixlaix]  largepixeldE/dx 184 | X} lifetime . 13190m m(x;) = 450 GeV 1506.05332
GMSB non-pointing or delayed y 20.3 | x} lifetime - o0854m SPS8 with A = 200 TeV 1409.5542
Stealth SUSY 20DMS verticos 195 | & ifetime o006 ~(z) = 500GeV | 150403634
Hidden Valley H — mym, 2 low-EMF tracklessjets 20.3 | =, lifetime - 041757Tm m(n,) = 25 GeV 1501.04020
T, HiddenValley H > mr,  2ID/MS vertices 195 |y lifetime osiesam  m(r,) =25Gev 1504.03634
I
o
ﬂé FRVZ H — 2y4 + X 2 e-,u—,n-jets 203 | valifetime |G H = 2y4 + X, m(yg) = 400 MeV 1409.0746
I FRVZH - 4y,+X 2 e-, u—, m-jets 203 | yalietime [EEESE0mR H — &y + X, m(yq) = 400 MeV 1409.0746
§8 Hidden Valley H — mym, 2 low-EMF trackless jets 203 | =, lifetime . 0650m m(z,) = 25 GeV 1501.04020
wn
i
@ HidenValley H > mm, 2 IDIMS vertices 195 | ay lifetime - oa43181m m(n,) = 25 GeV 1504.03634
_§ FRVZ H — 4yy + X 2 e—, u—, m-jets 20.3 | ya lifetime - 28160 mm H = 4y4 + X, m(y4) = 400 MeV 1409.0746
I
S Hidden Valley ® — m,r, 2low-EMF tracklessjets 20.3 | m lifetime - o02979m oxBR = 1 pb, m(m,) = 50 GeV 1501.04020
S g Hidden Valley ® — mr, 2 ID/MS vertices 195 |, lifetime i oreateiml o <8R = 1 pb, m(m,) = 50 GeV 1504.03634
el
=~ Hidden Valley ® — mr,r, 2 low-EMF trackless jets 20.3 n, lifetime oxBR = 1 pb, m(r, ) = 50 GeV 1501.04020
§ § Hidden Valley ® - mm,  2ID/MSvertices 195 | =, lifetime oxBR = 1 pb, m(r,) = 50 GeV 1504.03634
L HVZ'(TeV) > avar 2ID/MSvertices 203 | =, lifetime oxBR = 1 pb, m(r,) = 50 GeV 1504.03634
o
£
O HVZ'@2TeV) - quqy 2ID/MSvertices 203 | =, lifetime oxBR = 1 pb, m(,) = 50 GeV 1504.03634
lllll 'l 1 LA L 1L 1Ll L 1 L L L Ll L 1 L L 1L Ll L 'l lIIllll 1 1 Ll
0.01 0.1 1 10

100 ¢z [m]

*Only a selection of the available lifetime limits on new states is shown.

ARE WE MISSING SOMETHING?



Summary

* Long-lived particles predicted by many theories as a natural
consequence

e || P searches often have nearly zero background and can
orovide a clean signature

* |t a model predicts LLPs, these searches are more sensitive
than traditional searches

e Co-annihilation partners in DM models are often long-lived
and can provide the first indications of signal

* Important to look at LLPs to cover full range of DM theory
possibilities.



