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Thermal Dark Matter
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Dark Matter Beyond WIMPs
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Dark Matter Beyond WIMPs
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Light DM & Dark Sectors




Light DM & Dark Sectors

With 3000/tb @ 14 TeV:

¥ 700 bilion W
¥ 100 billion Z

¥ 200 million H
¥ 2000 trillion B




Collider Searches for Dark Matter

¥ With such a large rate, why isnOt MET alone sufbcient for
discovering light DM?
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Collider Searches for Dark Matter

¥ With multiple states in the dark sector, decays of heavier particles
can give distinctive signatures

jet jet
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¥ For light dark matter passing MET cut ! boosted Pnal states
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Light DM & Dark Sectors

Signatures:
¥ Generally get MET

¥ New particles are often boosted ﬁ:
AN

¥ Can often getlong lifetimes

B =) 10m cr(D*) ! 0.1 mm

c(KJ)! 1cm c(B-)! 0.1 mu
c.f.hidden valleys (Strassler, Zurek 2006)
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Multicomponent Dark Matter

¥ Consider two representative scenarios:

1. Inelastic Dark Matter:

¥ not currently covered

¥ can represent many
dark sectors/HVs

|lzaguirre, Krnjaic, BS arXiv:1508.03050 (PRD)



Multicomponent Dark Matter

¥ Consider two representative scenarios:

1. Inelastic Dark Matter:

¥ not currently covered

¥ can represent many
dark sectors/HVs

|lzaguirre, Krnjaic, BS arXiv:1508.03050 (PRD)

2. New Electroweak State: ' Pt
¥ generic extension of X = i’ $
SM but hard to bnd )

Ismail, 1zaguirre, BS arXiv:1605.00658 (PRD)
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1) Inelastic Dark Matter

¥ |n Inelastic Dark Matter (IDM) scenarios, interactions always
Involve two different dark particles

Tucker-Smith, Weiner, hep-ph/0101138

Al My" M1> 0

¥ Greatly suppressed direct & indirect DM signals!

X1 X2 Y1 f
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An Inelastic Benchmark

Tucker-Smith, Weiner, hep-ph/0101138; Izaguirre, Krnjaic, BS, 1508.03050

¥ Higgsed dark QED
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An Inelastic Benchmark
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¥ Higgsed dark QED
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An Inelastic Benchmark

Tucker-Smith, Weiner, hep-ph/0101138; Izaguirre, Krnjaic, BS, 1508.03050

¥ Higgsed dark QED
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An Inelastic Benchmark

¥ Howdo! 12interact under force?

| 12 are Majorana (particle = antiparticle):

!ﬂi"”! iA:1 =0
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An Inelastic Benchmark

¥ Howdo! 12interact under force?

| 12 are Majorana (particle = antiparticle):

!ﬂi"u! iA:J =0

¥ |If parity conserved, only inelastic
Interaction allowed

L ! ig'F,"HI 1Af1
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An Inelastic Benchmark

¥ The dark photon can kinetically mix with our photon

Lmix = | 5

| >

FuF'™ A

heavy
particles
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An Inelastic Benchmark

¥ The dark photon can kinetically mix with our photon

Lmix = %Fp! F!u! A’

heavy
particles
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An Inelastic Benchmark
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Improving the Searches

Il pHoAR

L'y, ~
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¥ Get displaced decay!
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Improving the Searches

¥ The leptons aresoft, so trigger on monojet + MET
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Improving the Searches

L'y, ~

Il pHoAR
NEw

¥ Get displaced decay!

¥ The leptons aresoft, so trigger on monojet + MET

¥ The DM produced through on-shell AQso typically boosted

Yo#t
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Improving the Searches

J

¥ Monojet + soft displaced lepton jet + MET

¥ Existing searches requiretwo LJs or
one DV w/ very energetic leptons

Require M1 > 120 GeV
Leading jet pr > 120 GeV, veto 3rd jetpr > 30 GeV

Two displaced (impact param > 1 mm) muon tracks, pr > 5 GeV,
crossing within 1 mm of one another at a vertex in tracker

"R < 0.4 between muons
Al | <04 between lepton jet and MET
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¥ Leptonic backgrounds could be

Backgrounds

negligible

ATLAS \s=8TeV, 20.3 fb™
Up channel @ Data | Signal MC

. I . i

g Signal
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2
Number of leptons in vertex

(a)
1504.05162

¥ Also did toy MC simulations

¥ Plot sensitivity for ten
signal events



L HC Results
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2) New Electroweak Multiplet

¥ One of the simplest dark matter scenarios (Ominimal DMO)
Cirelli, Fornengo, Strumia, hep-ph/0512090

¥ Expected in natural weak-scale theories (SUSY)
¥ e.g.Higgsino doublet

(i)
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2) New Electroweak Multiplet

¥ One of the simplest dark matter scenarios (Ominimal DMO)
Cirelli, Fornengo, Strumia, hep-ph/0512090

¥ Expected in natural weak-scale theories (SUSY)
¥ e.g.Higgsino doublet

(i)

¥ Electroweak symmetry ensures states arenearly degenerate

o NP

Stoker et al.,1989; Chenet al.,1995;Thomas, Wellls9 hep-ph/9804359, ...




Higgsino Doublet

¥ With minimal splittings, dominant decay modeis !*! "*!°
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Higgsino Doublet

¥ With minimal splittings, dominant decay mode is ! * ! 2! °

¥ OChargedO particle is invisible!
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Higgsino Doublet

¥ With minimal splittings, dominant decay mode is ! * ! 2! °

¥ OChargedO particle is invisible!

m 6 B =
£ - []100 Tev %
S -------ecooeennee s, S
4F Z
3 8
R e
1
B | | | | | Il | | | |
% 500 1000 1500 2000
m [GeV]

Low, Wang, 1404.0682
20



Higgsino Doublet

- : Ismail, Izaguirre, BS, 1605.00658
¥ Use fact that OinvisibleO particles are actuallycharged

it jet

VS.

¥ Can getsoft photon correlated with MET direction
¥ Collinear enhancement when DM is highly boosted

¥ Take hit in signal rate to improve S/B
24



Higgsino Doublet

¥ Subdominant W background becomes important

e 2E-E+[1! cos! é(v,Eq)]

0.6 Vs $ 14 TeV
R
204 -
¥ Photon direction more £ 03 - —
correlated with MET for <02 | —
: | o Higgsino L
SIS 0o background
00 05 10 15 20 25 30
" 1# MET"
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Higgsino Doublet Results

¥ Optimize over other kinematic cuts (MET, jet pr, etc.)

HL-LHC 100 TeV, 3/ab

solid = 5% syst."
dotted = 2% syst.
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Quintuplet Results

¥ Can also consider other states, like a quintuplet with Y =0

¥ With 20/fb, competitive with current bound (~400 GeV in comb.)

| Vs " 14TeV, 3ab"!
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Recap

¥ Dark sector physics can show up in monojet + MET + E

¥ Nothing
1 or more lepton jets/DVs

1 or more soft photon
=

o Y GG 4
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Recap

¥ Dark sector physics can show up in monojet + MET + E

E Loming (lepton, VBF, E)

1 or more lepton jets/DVs

|lzaguirre, BS, 2015

1 or more soft photon
=

o Y GG 4
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Recap

Dark sector physics can show up in monojet + MET + E

E Loming (lepton, VBF, E)

1 or more lepton jets/DVs

|lzaguirre, BS, 2015

1 or more soft photon
=

o Y GG 4

Many diverse models and frameworks predict similar signatures

Look for soft/displaced objects: may need other associated
objects to pass trigger

Current searches are great, but simple variations could uncover

new physics that has been missed so far!
25



Back-up slides
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Dark Sector Portals

¥ Mediators dominantly couple to SM via renormalizable portals

KINETIC MIXING PORTAL NEUTRINO PORTAL
! .
) g N !
AVAVAVAVAVAVAN \VAVAVAVAVAVAY. S VA
ZO\
GAUGE PORTAL HIGGS PORTAL
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Sterile Neutrinos

o O

X

v

lzaguirre, BS 2015; Batell, Pospelov, BS 2016
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Motivation: Neutrino Masses

¥ SM neutrino masses can come from RH neutrinos,N

29



Motivation: Neutrino Masses

¥ SM neutrino masses can come from RH neutrinos,N

%, M =
L =yL[HN A 2NNCN
IH "2y?2
m =
| SM MN

2
¥ Form ~0.1eV.we have Mpy! GeV (1Oy_14>

¥ Larger couplings also possible in, e.g, pseudo-Dirac
models (Inverse see-saw)

29
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Neutrinos at Colliders
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Neutrinos at Colliders
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N M N
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Neutrinos at Colliders

N Vl N X n
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¥ Consider a simplibed model with My |V 'n| as free params.
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Displaced/Boosted Signatures
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Displaced/Boosted Signatures

o

Mn ! Mw
C :>
cly | mm

ATLAS (s=8TeV,20.3fb"

¥ No sensitivity with current LJ/DV i = | Sow
search N

¥ Leptonic backgrounds expected to = =
be negligible — = s

Number of leptons in vertex
(a)
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Displaced/Boosted Sgnatures

H ¥ LJ selections:
¥ Hard lepton for trigger, two soft

muons in MS

¥ Expect zero backgrounds when
require a displacement of > 1 mm

¥ Veto back-to-back muons

95% CL reach (signal yield! 3)

0.001

prompt multilepton

~
N
S
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....................
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<& 13 TeV, 30/fb
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Sterile Neutrinos from a Dark Force

¥ N production can be enhanced if there is a Odark forceOF-L)

N
Ve L ¥ Look for pairs of (soft) displaced
vertices

N
i -
| e HL-LHC MS
S HL-LHC ID
1 $| 1
= | Ui m Planck 95%
| ! -—————---____._.._.:._..___'_':'_'-_- ----- |
l R TR e e . N,
LT (! m!Z)soI

L, 19%&"" Batell, Pospelov, BS 2016



1) Inelastic Dark Matter

¥ In Inelastic Dark Matter (IDM) scenarios, interactions always

Involve two different dark sector particles
Tucker-Smith, Weiner, 2001

¥ Occurs In theories with approximate U(1) symmetry
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Inelastic DM Collider Signals
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DM

SM

Inelastic DM Collider Signals

jet

VS.
DM D
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Inelastic DM Collider Signals

jet

VS.
DM D
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Inelastic DM Collider Signals

A’ photon mixing
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Inelastic DM Collider Signals

n2 AS
) ”D4,A
M 2,

A= Ml

photon mixing

|7L|T > 120 GeV v
Leading jet pr > 120 GeV

Two displaced muons, pr > 5 GeV,"
crossing within 1 mm of one another

"R < 0.4 between muons

Al | <04 between lepton jet and MET

show sensitivity to 10 signal events: 13 TeV, 300/fb
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Results
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