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This Lecture

e | ast Lecture we went to the wild world of low mass DM

- Learned about many new and exciting ways to search for DM
p Out of this emerged a picture of signatures
» Also we are starting to think about the dark sector
e This lecture we ask what is going to become of the future
- How sensitive do we expect future experiments to be
- Let's deep dive into the crazy cooky world of the dark sector
p If we have a rich dark sector, what can we do?

e Finally, lets recap everything



How do you produce a
light particle?




Eéc <L Ep

Target/ECAL/HCAL

e |dea is to fire an electron on a target and measure energy

- Clean signature if we ensure there is no visibly radiated object

- Change in the energy will tell us we have radiated a dark photon
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- Missing Momentum

14 Eg <L Ep
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Tagger

Tracker

ECAL/HCAL

e |dea is to fire an electron on a target and measure momentum
- On top of calorimeter, have a tracker that gives electron momentum

- The addition of the tracker allows us to do e vs y separation
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Momentum vs Energy

recoil energy distributions, 4 GeV e on 10% X target recoil pr distributions, 4 GeV e on 10% Xo target
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Missing Energy
Experiment: NA64
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Aim Is to readout calorimeters
to get missing energy

e NAG64 is up and running and taking data
- 100 GeV electron beam on a target

- Potential to also make a muon beam



Missing Momentum
Experiment: LDMX
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e | DMX is in the design stage
- Active effort to build up the project towards a large scale realization

- Planning to start running in the late 2020s



Missing Momentum
Experiment: LDMX
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1) Measure each e- energy in/out

2) Trigger on missing momentum
3) Veto additional SM activity



One particle at a timé

¢ An important component of running with each experiment
- Only read out one electron at a time

Multiple Electrons at the same time will limit missing energy meas

Single Electron
Out
Single Electron
In

.




Sensitivit;
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e NA64 can reach some of the relic limits

e | DMX can reach all of the limits of the detectors



Muon Beam MISSIan P

In high muon flux scenarios, a] ............. Thermal Dark Matter (Dark Photon Mediator) o my = =3 mX
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e Another variant on this is with a muon beam

- A muon beam enables us to probe scalars (yukawa)

- It also enables muo-philic models (that can explain g-2)
e M3is the current proposed experiment to perform this

e NA64 may also be able to do Muon beams



Muon Beam Missing E

In high muon flux scenarios, a
tracking trigger is likely needed

Direct Annihilation, Muon —Philic Med1at01
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e Another variant on this is with a muon beam

- A muon beam enables us to probe scalars (yukawa)
- It also enables muo-philic models (that can explain g-2)
e M3is the current proposed experiment to perform this

e NA64 may also be able to do Muon beams



15

Probing Kaon Decays

Experiments Main goal SM value

inputs from tree-level measurements of

Vus 9 Vcb 9 Vub y Y

BR~ (84+1)-107"

Brod, Gorbahn, Stamou 2011

WAEZQ CERN

(running)

im; ‘s JPARC
- "' (running)

BR ~ (3.44+0.6) x 107

Buras, Buttazzo, Girrbach-Noe, Knegjens 2015

\%

K; — nvp

error reduced using other observables

CERN €ex ,AM; ,AMy,Syk

”l[ v [ﬂ (proposal) Kao n to I nVI SI b I e Buras, Buttazzo, Girrbach-Noe, Kiegjens 2015

Brod, Gorbahn, Stamou 2019
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Fire a well measured
Kaon beam to a detector
and look for decays

electromagnetic
\ calorimeter Veto
ant-neutrino

Photons and Muons

Hadron Beam

1t Identification

Aimed at identification of* e

all kaon decays to get
mISSing mass
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*Momentum \ . | STRAW
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Total Length 270m

Na62 Physics Handbook Workshop 1
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Using Missing Mass

o | - 2018 Data
& 0.12 RN cqrdortur
. | TV |
O 01§
~E 0.08
0.06 . -
| * B * o
0.04; i : o -
0.02  gidimitosaidi ey . . -, i3 Skt i
e * T
0
—0.02
—0.04

15 1 2alll 24 it i uSsi el 4
7" momentum [GeV/c]

w

)
* Buras, Buttazzo, Knegjens ‘15
20 s
<
— MFEN
— 15k arg A
L V..V,
—
N
N 10 >
&
~
. A, or A, only:
e sk L - i )
\m'/ 4 €x x Im A7 p / .\I/.
& A A | X|A
\(’;t‘ll«t;l] \'P X — . A
Y
0 L
0 5 10 15 20 25 30

B(KT — ntvi) [1071]

e Strategy: use missing mass to measure Kaon rate

- Combination of 119 and 1r* identified decays probes SM

e Decays allow for very precise probe
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e Build a beam of n and n’ particles using:

- ptDe—n/n’ + 3He*
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Probing Eta Decays

n,n — A — Tl
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More Exotic
Dark Photons



Milli-Charged Particleg

1 Kinetic Mixing
. / ‘uy !
g_gSM_LI_B/JtUBIM B B
SM dark
Massless Dark Photon sector

Kk~ 1072 =102

e To get milli-charged particles, lets look at photon field mixing




Milli- Charged Partlcles
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Scintillator capable of identifying a weakly charged object
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11-Charged Particles
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0.100
..... FerMINI (1 year)

Super-K (Cosmic-Ray)
—— LSND
—— MiniBooNE
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Proposed Experiment w/FNAL beam | =~ - DUNE (full run)
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Yu-Dai Tsal
Potential for large improvements over current bounds
with a number of new (+small) experiements



Lifetime
Frontier




Weakly Interacting DM

Direct Annihilation, Muon —Philic Mediator
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\

110 162 163
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Coupling values
are very small

If DM is stable
we can imagine

using the beam
to produced DM

Then we detect it
with the same tools
as direct detection

Turns out that neutrino detectors are quite similar to direct detection



Neutrino DN2I7

Normal Beam Neutrino Detector
Absorber Dirt Detector

Vu_>1/e

Decay Pipe

~100m - 100 km

e Neutrino physics produces neutrinos from Pion/Kaon decays

e Use a large volume sensitive detector to see neutrino




Neutrino DN2I8

Normal Beam Neutrino Detector

Proton  Target/

Beam Dump Dirt Detector

p

Dark matter production in Dark Matter
proton-target collisions scattering in detector

e Dark Matter produces DM from beam innteraction

e Use a large volume sensitive detector to see DM interaction




Typical Example:MiniBoone

Target Decay Pipe Beam Dump MiniBooNE Detector

p %

Bel  Air
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Y —_—
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Z A X
eEp,n ep,n

— ), \_ Y,

e Miniboone is a good example of how to observe DM
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Bounds form MiniBoone

- K'—m*+invis. 7 A oy : I

€ 107 Nl T MiniBoone is able to cover regions
E  HE “teer |l | that had been unexplored

c:\ld I '\“— 1/‘

cﬁ) 10° = NA64 \/"‘ W

> =

Dark Matter interactions are weak
Approaches the relic line

Direct

10_10 :_ m, = 3mx, o = 0.5 . . ]
— wBso%CL Experiments require really intense
-/ MB 90% Sensitivity b eams
10_11 = Relic Density t1o A
5 t2 [production| x [detection] o
_I | ] ] | ] I | | | | | | I |
10 b m, (G€1>V) Suppression Factor

e Aim to parasitically use existing and future neutrino experiments



Bounds from COHERENT

SNS Neutron beam @ORNL

Hg TARGET

SHIELDING MONOLITH

CONCRETE AND GRAVEL

il

CENNS-10 4ARS \CS' Pb Cube, Fe Cube, Nal 185kg

LN

19.3m

Coherent DM-
nucleus scattering

e Neutron source at Oak ridge is a good source pions and eta

DM production



| ong Lived DM

Current A’ Constraints:

How do we exploit the

long lifetimes
to look for dark matter?

Limited amount of
backgrounds
w/such lifetimes

10_10 Unique signature
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thermal targets a [GeV]
ap =0.5,Ma /M, = 1.5 6
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| ong Lived DM

Get a mound of dirt to clear out stuf
Look for long lived decays on the other side
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| ong Lived DM

Hill

Get a mound of dirt to clear out stuf
Look for long lived decays on the other side
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. e L Distance (m)
What's the right lifetime?
Any lifetime from ¢t = mm to the moon are possible




What are the bounds??
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e Many experiments run in the 80s have strong bounds



MAGIX@MESA
Shorter lifetime . DarkMESA

KLOE 2013

\"\ i"
" |
.

WAs‘\\ L/ RS

HADES
PHENIX A1 BAB

KLOE 2016

Sho[ter lifetimes

KLOE 2014

MAGIX beam produces a strong low E electron beam
Projected DM bounds can probe new territory
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Heavy Photon Search

"v
'\'\ HEAVY PHOTON
yet =1 mm (y/10) (10_804/0 2 g SEARCH
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shield decay volume il 3 = Y
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Taréet ' Si Vertex Tracker ECal
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Q420
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thick target tracking, calorimetry, ...

NA48/2

107
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HPS Full Lumi

0

S Simulation Preliminary

N RERAL T T TTTIT]
107~ 10! 10°
A" Mass (GeV)

e Heavy Photon Search operating now

10°°

- EXxpect some results soon 109

10—10

Orsay/E137/CHAR




NAGZ

e Experiment currently focusing on kaon decays

Y [m]

2 -

.

400 GeV
Proton Beam

Target KTAG GTK

——l-ag

Long Lived Particles in

STRAW CHOD

MUV3
SAC

Magnet

At

IRC Dump

spectrometer

DeteCtOr Magnet LKr

100 150 200 250
Z[m]

i ® Runs in various modes depending on beam

e | eft plot is from protons on a Be target



Spin Quest Experimen;

There is already an experiment operating
@Fermilab

120 GeV.
Protons I N
LA

Aim is to look for displaced objects
(Displaced have weak couplings)



Spin Quest Experimen;

There is already an experiment operating
@Fermilab

Sensitive to Dark Photon decaying
to muons



Dark Quesi

Want to add an ecal in this detector
And do a dark di-muon search

120 GeV L.
Protons || N
BN has,

':.’J:‘ \ “7‘,

add an ecal in this detector
do a dark photon to di-electron search in 3 years



Visibly Decaying Dark Photon

Dark Quest

* Babel, Beriin, Binoy, Evans, Gorl Sensitive to small
couplings above the
previous very long-lived

searches
Spectromet
DarkQuest Beam dump Dete
' { displa
p Target I t
DarkQuest (2026 4% —P—[ o
10_8 | 1 111 LLl«rl// l \1\\1\1 ll{l’l \h__l’/’l Lot
1072 107" 10° 10" {
m A [GQV]

Addition of the Ecal
Allows for a broad range of other options



And @LHC

Mathusla

Multi-layer tracker
Surface

Double layer tracker

LLP decay volume
7’ -

Floor detector =‘=,= E
A

s’ -

Giant Detector the size of an IKEA
Store on the Surface

e Can also use the LHC collisions to look for long lived particles



2m long
spectrometer

.5 m long
decay volume

0.55T permanent

magnets 1m

interface tracker < >
scintillators  emulsion+target

e FASER is a small detector along the beam near ATLAS

- Can also look for collinear dark photons of ATLAS collisions
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Dark Photon DM Heavy

e As we saw before

- Dark Photon can also be displaced

SM - LHCDb has used this effectively

Displaced selection can push to
- smaller couplings

ulmud"‘“‘i

S\

meson decays

2

90% CIfexclusion regions on [m(A’),

10_6 “ Lalists ha-dh‘ g
1077 These results ~O(0.1-1% . LHCDb
of Run 3 data.
10—8 Ilten Soreq Thaler, MW, Xue [1603 08926]
d to 16 data samp IMI| & triaqe
1077
10-10 u [ Luch
107" - Previous Experiments
10—|2 P | 1 1 PR R S A |

1072 107! 1 10
m(A") [GeV |



46

Dark Photon DM Heavy

e As we saw before

- Dark Photon can also be displaced

- LHCDb has used this effectively

Prompt Search

meson decays oM

Displaced Search

90% CL exclusion regions on n(A’), £?

- 10—4 — . T— .
Y nnn&.a..wl_““ -:_"FJM‘}
10" \/\'Pr.”ﬂl' i\ gl hﬁﬂwy M R

1077 \ lhese results ~O(0. T-19%)
of Run-3 data.

LHCb

10 i3 fiten Sored. Thialer, 41, Xue [1603.08926] —

) < ‘ ple LUMI & trigger
10 9 \ ‘ u ‘\(/ ' \ .
- ] Luchs 1
outside detector \

' g

Preyious Expjeriments

10~

1%} 1‘(_')' (”‘(:) - - s e e . rerorore
1 ()()l ()l | I(
[0 107, L [CGev] l {0

l()()(l()() | S

m(A") [GeV |



. HC on Dark Photon
e Tt

*+ A"
1074 |

NAGL, Sy l“l-t")‘

107

CLDMN, 16 GeV. 10"

p—

10°° k= : SHiP. 10” pot
- "ATHUS, 4, ,/4 ‘ |
]0-.\ i Al 44l i i A L‘WA A A A Laia
1 10 10° 10° 0
m,. Me\/l)

e FASER probes similar region to DarkQuest

- Mathusla bounds are not as sensitive as older experiments



Putting it All Together

r o LEL 58 ol "':"al
107 | Al U
" il I I . .
e . 1 Overall each experiment covers slightly different
r 1 - .
{05 [ = LHCb f 1 territory
E wu Belle - II e
i | RS 3
10°° I::SAKE | | Y33 Sy _
| | L Its very hard to have a light dark photon
v . LDMX | | Vo :
107 )\ F2g - with mass below 10 MeV
= mm LongQuest,  ~(|__.- \ \/,-v’ 3
10-8:r ms DarkQuest | \.' | -..
= . FASER | | ' g
L nae2 3 5 5 Broad range of different
experiments all contribute

1000

e Expect the most interesting region to be measured soon

- Most projected experiment lines shown are likely to run



Putting it All Together

LDMX Phase I Sensitivity & Impact of Backgrounds
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e Expect the most interesting region to be measured soon

- Most projected experiment lines shown are likely to run



Disucucssion
Questions

How do we find
g-27?



Drivers for the
next 10 years



Dark Matter searches not @ collider
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Goal: get to the Neutrino background wall



Dark Matter searches not @ collider

[ sssss LAT 45 dSphs 15 years

CTA 100h (1% sys)

1 0'25 - Hess GC Halo
i Relic Density

-26 e \

— ¥ 203015

v —>bb

-

10—27 -

10 10°
10 m,,,, (GeV/c®)

Goal: get to the Relic density
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Light Dark Matter Goal

Can we make it to
the relic line?




Light Dark Matter Goal

10_8 = BaBar
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101
m,,GeV

With invisible Searches
Can we make it to

the relic line?
when 2mpm < mMMep

With visible Searches
Can we make it to

the relic line?
when mpum < mMMEeD

Lots of conditions, but at least a target



BR(H—Inv)
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Up to 100 TeV’.;

yet to be determined

We take 100 TeV as a
benchmark
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The same flttmg scheme applies to 100 TeV (fits 1ab™)
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Straddling the lines of
Precision

e The fit can constrain all the systematics simultaneously



No End in sight
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No End in sight
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Higgs Invisible Now

* Higgs to invisible !
- Direct detection and collider are head to head

—102°

—

Y

1333333

—

DM-nucleon cross section [cm?

—

Competitive with the best direct detection experiments



9 S Invisible 100 TeV

Comdpgtltlve with the best direct detection experiments.
.Eim“‘o
= 1041 30 ab™ (100 TeV)
S 107 (H — inv.) < 0.0001
% 10 —
e 10 Taking optimistic bound

1 10 102 10°
DM mass [GeV]

Higgs invisible of 10 corresponds to g,,, from 10~ to 10~



High Mass Reach

* Probing High mass reach

10

1 M, [TeV]

AxnaI-Vector

| As with the LHC

<1 searches we find that

Dijet searches are about
1.5x larger in mass
range

We can cover the full

<1 allowed range of the

relic density with a 100
TeV machine

10
Mmed [TeV]

w/high mass mediators searches
Cover large most(if not all) allowed space)



Can Dark Matter
Be More
Complicated?
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Extrapolating to the full
dataset

T 1T,
E

B

10% thedry

..._|So how do we go lower
with the LHC?
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Our Current models

e For the most part we have looked at simplified models

- Spin-0 and Spin-1 mediators that couple to DM

Lyector = —gDM Z;,;, X’YMX — Yq Z Z,l,,l, C.Tyﬂq — 9 Z Z;/;, nylig
qzu,d,s,c,b,t EIG,,U,,T

_ 0 _
£Sca1ar — —4gDM ¢XX — Ygq E Z Yq 44

q:u7d787c7b7t
DM DM
A 4 “‘V
' 3¢ ' 34
0... 0...



This talk: What if we make
things more complicated

e \What if we kept the same mediators?

- But we make the dark matter unstable

Evector = —4JDM Z;,;, X’YMX — Yq Z Z,l,,l, quﬂq — ge Z Z//;, Z’YHK
qzu,d,s,c,b,t EIG,,U,,T

_ 0 _
£Scalar — —4gDM ¢XX — Ygq E Z Yq44
q=u,d,s,c,b,t DM




BR(H—Inv)

(0] S B A B B AL B B
1 =
107" & . —
- - Basic Sys
- -+~ New Unc.
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107E ."No Sys E
- FCC-ee
107° =— 1% =
107" 1 10 10? 102 10* 10°
Luminosity (fb™)
DM*
d,e,M,.. &

Beating down the Bkg

A displaced signature allows
us to look for something
distinct

This can significantly reduce
backgrounds




Crazy Cooky Dark Sector

" Standard Model

g w-

=7 7

Protons
Electrons
Muons
Gluons and More

?

)

¢ |s there a Dark Les Houches”?

a4 )

Dark Sector
forces + particles

)
g dark matter? )

Dark Gluons
Dark Protons
Dark Pions
Dark Everything....

- If so are they talking about our Kaons as dark LL particles?



Quick (worrisome)
Distraction

Freeze-In
Mechanism



What else do we get’.;

: Freeze-Out -
8!
>
S -10-
e
-12;
_14. \“ B
[ | Yr
—16} \
00 05 10 15 20 25
logqoX log1px
Dark Matter is thermal and at some Coupling between SM and DM is so weak

point stops interacting due to expansion It never thermalizes but builds up over time

e Dark Matter freeze-in can motivate alternative couplings

- Long lifetime can allow for alternate production model
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Variations of Freeze-In

-4t Blue decays to Red
-6 - _
> :DarkOFurte ©ze Relic From Dark Freeze-out
S -8l
oy i .
= ol \\ —— Type of freeze-in
_12/V\/eaker DM Depends on the DM model
L, IQOUPJ'”LQI N
o Interactions between DM
‘Dark Freeze Relic From Freeze-in Can drive the DM production
> Out
c_g)_ -8/ \
- Stronger DM
-12+F Coupllng \\‘
llllllllll ‘ 1 1 1 | 1 Il L i 1 1 1 1 1 |
0 1 2 3 4

l0g4ox

e \With a complex dark sector there is a wide variety of options

- In all cases they imply a weak coupling with SM early on



log10(Qomh?/0.12)

What results from this’.;

e Again we get very weak couplings between SM and DM

2 0 s A
V(®,s) = p2|®| + n(®T®)2 + ‘;—852 + st SRles

......................... T

4.
: 0 :— ag/m > 1cm2/g rk Freeze/out A
27 - Scalar Model
h -1tk
Or v\
i Our Depressing -2
-2¢ : < f
[ Atlernative o |
h 2 I
-4, o -3r

nnnnnnnnnnnnnnnnnnnnnnn

-10 -8 -6 -4 -2 0
log4gy Freeze—-in
~ 5.3 x 1021\ ( ) N
0.12 bsl\ QeV

Super Weak Couplings

logg(ms/GeV)



Something to keep in Mind

* Freeze in mechanism puts a wrench in everything
- Allows for the possibility of very weak SM and matter couplings

- Many different approaches to search for DM would be impossible

e QOur best hope for understanding freeze-in is currently with CMB

- Need to look for glimpse of dark sector motivated freeze

° Elg)h mté)tlr;[a long lifetimes make it possible at a high intensity beam

- However, the production cross section is tiny



Long-Lived
Signatures



Inelastic Dark Matte;

e \What if we kept the same mediators?
- We can add an unstable particle that will then decay to DM
- This is a first, very simple complication to the DM

e | et’'s go through the exercise of how this changes things

- Lets start with monojet




Inelastic DM

e Question 0: How do you build inelastic DM?
- Any DM model and add an unstable particle the decays to DM

- We can use the simplified models for reference here

e Question 1: What are the current model restrictions?
- Inelastic has the freedom of lifetime
» Lifetime can be almost anything
- Does the relic density change?
» In this case its not really impacted
» Freeze-out is driven by the unstable particle (portal coupling)
* Freeze-in mechansim is not relevant here
» An upper bound in lifetime of ctT=10’km comes from BBN(nuclear composition)

e | ets use our knowledge of LHC to put together some bounds on inelastic DM
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Inelastic DM Signature

beam "I::::::::::--.<Z

detector

invisible

displaced

2 5
'y, X ap Qe € (sz - le)



How would you search for it?

Mono-jet

Simplified Models : Vector,Axial,Scalar,Pseudoscalar



How would you search for it?

Mono-jet

Simplified Models : Vector,Axial,Scalar,Pseudoscalar

You can

Build it on top of
Monojet /

Displaced Object
Signatures



Searching for DM*at LHC

Decay In the tracker :
Displaced track signature
NO missing transverse energy



Searching for DM* at LHC

3 ==
o

o ==
;-

3
3
3
-

2 +

——F T
[ e — —— — —{ — 1
P — — — —— —- T )
—— e e === )

+*

+ + + +

1 1

lron return yoke interspersed

Decay in Calorimeter:
Calorimeter/Muon Signature
Missing Transverse Energy



Searching for DM* at LHC

Large Detector
Outside of Detector

Decay Outside of the Detector:

Missing Transverse Energy in Detector
Many proposals for new detectors (i.e. Mathusla)



A simple example

e \What if perform a search for a displaced vertex

— T
- ATLAS Simulation

4 {s=13TeV

- Split-SUSY Model, §—qa z‘:

. R-hadron: m§=1200 GeV, m%0=100 GeV,T=1ns

Events/GeV

:'t‘... N T + Standard Tracking
Bt * 4

A i } Standard + LRT

Vertex reconstruction efficiency

1000 2000 3000 4000 5000 6000 7000 8000 9000100( Ly mettesethe b e e
m; (GeV) 100 150 200 250

R [mm]

Monojet Displaced Vertex

By combining the monojet search with a displaced vertex search
Can continue to search for long lived DM and scale it to 3ab-’
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What are backgrounds?

e Can have Nuclear interactions:

- Also Kaon and Pion decays can give long lived vertex

» We can often easily remove these guys
https://arxiv.org/pdf/1807.03289.pdf

CMS

Outgoing system EXE Nl

O

BPIX detector
support rails 15

o
Events/(0.4x0.4 mm?)

BPIX detector -
longitudinal 5
support

IIIIII

Pixel detector O
support tube )

BPIX detector _—"
outer shield -10

Nuclear Interactions

: 15
Incoming BPIX detector .~

direction layer 1,2, and 3 _o()

P A % l L1

BPIX detector ey e
‘ PV inner shield 15 20

TIB detector X (cm

vl\)




Constructing an LL analysis
 Can recast the dark matter searches

i AMSSmJa’on
% r ws\svmimz;‘
- € - Atasormy « 120GV, M« 100GV, o 05
% 2 F" b Sandad Tsig
o 10 E pale """y
@ P 5 k 4.’++. b Sancad 4 LAT
;C'; 2 - - < 0.6:— ) Ph | ++. _
it " 1 O : o4t "...0.. i +++'H+|‘+HH?*H
. X )( s
1 0-4 R T “.2:0
10 o R[mm]
- :
f E -
i %
1000 2000 3000 4000 5000 5000 7000 8000 3000100¢ o g
m, (GeV)
Preselection 1 C

Run analysis on reduce background and correct for eff
(Approximates right scale)



Constructing an LL analysis
 Can recast the dark matter searches .

g qus Simdaton
Q '2 13TV

'é :'so:s.m'wati-m; i
§ wh o Background Efficiency Rate ;. e
: R W : / :; M T
§ 10° ’. .':h < 1 0-2 .
w . “vbi
10

1

1 ]
1000 2000 3000 4000 5000 6000 7000 8000 3000100
m (GeV)

1
(43
09 ;
D
an g
0’ S
o
A &
s =
w
WS
os B
-
03
a2
01

Preselection
Signal Efficiency Rate

Following displaced vertex analysis we can envision doing monojet
with a secondary vertex cut and using the same simultaneous fit

background method

A

LAS released an efficiency map to allow for a recast of results

89



charged
particles

Multi-layer
tracker in the roof /S e
Scintillator ‘ 8
surrounds .
detector & DV 4| Alr =
. H
Surface ¥ HE
&
—— ® ' ’
SIGNAL: ’ High-energy
= "i‘l‘_t;al P muon from LHC
S .
ATLA Cosmic Rays
’
g or CMS ¢ QCD hadrons ] (charged particles)
stopped in rock
e -~
LHC beam pipe
| o |
100m 200m

e | ets compare this with a large volume detector



Codex-b

DELPHI CODEX-b

~ - - -
S 1, & oy --‘ i
.
| 10m
shiield veto — 10m
UXA wall Pb shield P8
(a) Location in the cavern (b) Detector geometry

e Similar idea to Mathusla, but a lot smaller



VWhat do these events look

Number of Decays in a volume for a | I | ke?
fixed Higgs BR vs lifetime in 3ab-1 Give these guys
o a lifefime
§ 10* InSide ——— Mathusla Events 3ab" DM
o 10k CMS/ATLAS
. 10 TraCker — Tracker Events 3ab A “‘v
o
|
10‘1 DM*
102 Inside a
. large volume g,e,M,..:
" Detector
CE. ... ... BRH=INV=10?,
-2 0 2 4 6 8 10

log, , (c7) (M)

To simulate the signal we can take Higgs events and decay them

The large boost pushes liftetimes to small values



VWhat do these events look

Number of Decays in a volume for a | I | ke?
fixed Higgs BR vs lifetime in 3ab-1__ ©Ive these guys '
o Sensitivity - d “fe%
= corrected DM
102; “v

10 =

it .. .BR(H=Inv)=10°,

-2 0 2 4 6 8 10
log,, (c1) (m)

Small Lifetimes
Using existing detectors works well

Large Lifetimes
Using existing detectors works well



Another way to view It

— Mx=5GeV —mx=20GeV — mx=40GeV — MATHUSLA ... ATLAS
N , | | (4 events) (exclusion)
4
§ u‘..‘ ‘.‘- \ _>an 1 03
__0.001}-% v A\ 10
2 - 10 €
X = -
| > |, X
= 107° g <
o8 = 10-1 &
- =410
1071 5 _ =
e Js =14Tev| 3 o
@ 3ab™ B
a @i
1079 - ] 10
0.001 0.100 10 1000 10 10

ct(m)
e Detectors far away allow us to probe much longer lifetimes

- Open unexplored space @LHC lots of new territory to probe



95% CL upper limit on B(h—XX)

95

Current Analyses

CMS Preliminary
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August 2021

- Dimuon scouting
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e Several final states we have already reached 10-4 benchmark



Condensing into one plot
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Condensing into one plot
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e Relic Density bounds are the same as previous models



359" (13 TeV)
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e Relic Density bounds are the same as previous models



MET+D|spIaced searches
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Condensing into one plot

o 1 SERELEEE i 1 T T ¢ T T - =
10—1 = '/ =
E / ’ .
— . —
102 ' , =
10_3 = =
E —— Monojet best limit E
- —— MA best limit =
1074 & . P —— TK best limit —
- Vector Projection 3ab Z- qq+i =
- "“ovn 1 Z-qq —
T My, 3 —— Qh? .

1 0—5 | 11 qud 3 1 1 1 1 L1 11 I 1 1 1 1 L1 11 l |

10 10° 1

mDM?éeV)



Axial Coupllng Bound

1 1 llllll' i | Illlll‘ IIIIIIE
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e \With Axial-vector model Relic density requires larger coupling
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(Pseudo)Scalar
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e Similar Large improvements insensitivity

- How this plays into DM is a more complicated question



A SUSY example

* SUSY bounds With heavy objects its

- Lots of heavy objects harder to win
o S0 —~—— =
& Lok, PP—q Projection 3ab’ 102
e E — 1< 250m
18005_ o g::ksrm 10
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400(—
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LL and MATHUSLA

Project CMS bound :
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Other Long-Lived
Models

Heavy Neutral
Lepton
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Heavy Neutral Leptons

e Explanation for DM comes from heavy neutral

L =yLHN = MpiN

etpons

yhv N

= U°M
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Heavy Neutral Leptons

e Explanation for DM comes from heavy neutral leptons
- Minimal version gives up to 3 leptons for each flavor

- In the minimal version 2 heavier leptons are a few GeV in mass

\\l\ K/‘NuTeV
T Y \\JCMARM
yo)
Y
\lﬁ’j\ﬂ BAy
S 1078 LN
B ¥
AU
10—10
SeeSaW
10—12 1 1 1 | 1 10—12 1 1 1 | 1
0.2 0.5 1.0 2.0 5.0 10.0 0.2 0.5 1.0 2.0 5.0 10.0
M [GeV] M [GeV]

The small mixing gives rise to very weak interactions

This model can potentially explain dark matter
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Right Handed Neutrinos
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Probing HNLs that are LL

- . Weak Coupling can make this
For a sufficiently light HNL a Long Lived Decay
w fw< u— 3e puts bounds 1

107°

e Since HNLs are long-lived objects

10
- Search for them at long lived experiments

10—9 L

- Signature will be similar to a v, decay

PPPPP

10-1

NAG2 give good decay «

O
/
005 010 015 020 025 0.30 0.35 0.40 0I45
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Classic DM: Wlno/nggsmo

Myt — Myo ~ 165 MeV
Fermion tr1plet with Y 0 ( wino )

arxiv:0706.4071 Mass degeneracy
0.15 | / Gives long lifetime

v

v LSP
0 05 1S 225 33 Mass needs to be < 3TeV

N
-
==

e \While it was not the focus of these lectures
- One potential SUSY possibility can be a long-lived chargino
- Particle can have a lifetime and decay to dark matter (LSP)
e \Wino gives a heavy DM candidate (2-3 TeV)
e Higgsino is lighter (< 1 TeV)



A“LAS Si"ﬁ

T

lation Preli

wino

higgsino

mixed (B/H)

mixed (B/W)

Collider Limits

@) 100 Tev
@ 14 Tev

gluino coan

stop coan.

squark coan.

Classic DM: Wino/
Higgsino

Striking signature of a track from a
heavy particle disappearing

Will have large dE/dx
Will also have a soft pion
Lifetime likely a few m




Even Crazier
Models




SIMPs

¢ (Going beyond the simplified models
- There are even other ways to make dark matter at collider
- A popular way is to modify the strong coupling sector

Dark Matter eats itself

3 - 2 Freezeout

JTU

JT — — —/‘ (m = dark matter) | o

s Mr N
N\

fr \

I A ) ) mm:[z[GeV]
3—2 Mechanism explains
several astrophysical phenomenon



e Get the right relic density Dark Sector SM interaction is needed

114

How It manifests

- Coupling needed to SM through a dark photon or other portal

- Coupling needs to be small, gives long lived signatures

e This model allows for a rich complex dark sectors

- Dark Pions, and other Dark QCD options

Coupling to Electrons

XENONI10

Coupling to Photons

: |

o

2 — 2 annihilations

No kinetic equilibrium

N

PO

1072

0.1
Mpm [GCV]
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Phenomenology

e From the rich dark sector we have a few decays

—

A/\/f< d
|4 A Vs A

Dark Vector Stable
Meson Decay Dark Matter

Like other DM models Dark Photon fo
Long lived signatures Neutral Dark
present Vector Meson

€, D —>» Al
Presence of complex
Dark Sector makes 7

Interesting signals



And at LHC

¢ \e can have even more complex scenarios

dd
dsm
dsm A’
dd

Consider A Mediator
Showering to Dark QCD

5
oc These dark sector
ot Quarks can decay
Ad into SM

In some scenarios
e -y these jets will
Emerge with some lifetime
“Emerging Jets”
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How do we search for'

¢ Again there are many ways to search for these: th ese?

https://ar\\xiv.org/pdfﬂ502.05409.pdf -2 2 I‘c}nd 3—})0<liyldlef:§|yls, mwﬂ/ﬁr :.?f -
‘ 5

Belle-1I ) ]

104 ]
€
107> 5
106 | ]
10-7 Lt
101 10° 10!
m [GGV]

Can get displaced jets
@LHC Emerging Jets

There is a lot of room for exploration here


https://arxiv.org/pdf/1502.05409.pdf
https://arxiv.org/pdf/1502.05409.pdf

Or Even More Complicatec;f

e \We can have even more complex scenarios

In the dark sector
we can have
heavily modified
physics

One type of
Interaction is an
Instanton

Soft Unclustered Energy Pattern (SUEP aka “soup™) or Soft Bomb
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SUEP dynamics

e \We can have even more complex scenarios

13 TeV, pp,j Ldt=1 pb" = QCD Instanton
40 GeV <m, < 80 GeV *  HardQCD

Sphericity

—— N=10,AUC = 0.597 |
—— N=25,AUC = 0.855
— N=50,AUC = 0.950

Selection: Inclusive

=

»
Number of Events

Probability Density
N

[y

=

0O 01 02 03 04 05 06 07 08 09 1
S

Same for both -



Selecting
The Long Lived

Events



How do we Trigger these?

* Displaced tag can reduce the background by 107

* Displaced objects
- Depend on whether we can reconstruct them

/
Displaced




Tools for Displacement

N U
LTIMING \\ _ T
e U | [ ey [g
— | '}raang Hl ‘ - e

|_JECAL L
e N
- 6.08m >
Go Fast

Go Fast: Heavy Long Lived Particles will not move at the speed of light



Tools for Displacement

= o __MATHUSLA
\EEE /—/ Surface '4/ #g
LTIMING \ g |\ - - A
\\ ‘ m Jii‘;L’p ///g ¢¢¢¢¢¢¢ E
™ S Go L 8
'}rapL ng=———1111111] [y .~ I:;_P O Ong
. _J[EcCAL |
/—)i/ ) . \\ N EC N PPN 2 Lo72121- LN, A0
HCAL . — ATLASICMS 200
m
6.08m - > m >

Go Fast

Go Fast: Heavy Long Lived Particles will not move at the speed of light
Go Long: Long Lived particles will escape the detector by a long range



Tools for Displacement

N\

LTIMING \___
I— |
Py ==

P
= 6.08m
Go Fast

Go Hard: Forward region contains high boost and high particle flux
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Tools for Displacement
Go Fast

“ /ﬁ __MATHUSLA _
Surface 74/ #8
LTIMING \ T A
R I —— S ™ It i)
e I I ‘ — T G L S
'}racL ng x"fLP O O n g
[ECAL 1 ""/ LHC beam ¥
/_/ \ N - - (RSN UI VSN ———— A S0 1l A
/' [HCAL — ATLASICMS 200
- | m
6.08m -« > m >
A
. LHC
. beam
T

Barrack D UXA shield . : L

f \ | E ‘
[ H ]
E 8
= “se] LLP [ — ]
""""""""" shield + veto
E! CODEX-b ~ = . L
5 WA
"% P8
< 10m 26m =R |
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Fast Long Hard & Strong

|

3.

.\ -\-.c.-

5

at ’ ...- 5
L TRLER
-.

_ .u... :



Recapping

It All
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What to take away?

2 TeV

7))
(/p)
©
=
o
§1 GeV
<<
©
-
0.01 GeV

Visible Searc

Prompt
Beam Dump

Coupling(gq;€)
Lifetime (cT)

hes Invisible Searches

LHC

ex-D)

Bea
Missi
Energy

Missing
Momentum

—_—

Coupling(gq;€)

us\a'(\’od

Neutrino

4




What to take away?

| want to search for dark matter at an accelerator, what do | do?
Is there a portal mediator that couples to the SM?

(if no proceed to jail do not collect $200 and find another DM model)
Is my mediator heavy (above 1 GeV)?

@&
Use something else Use LHC
Is DM the dominant BR? Is DM the dominant BR?
< Q
Construct a visible s the DM coupling ~ AAre decays LL Mono-X
Next Slide not too small eo @@
Use Missing W\ | If ,
s | |me > 2m
Momentum Repurpose a  Next Slide Mathusla/

3
(NA64,M3,LDMX)  neutrino detector | HC-LL search Codex-b



What to take away (cont'd)?

Light DM Constructing a visible search LHC

Does mediator

Is my mediator LL? decay to | eptons?
S %
%O %@ e $

Does it decay Does it decay Does it decay something di-lepton

to leptons? to leptons? in addition to quarks? Search
L O V7
< S, = ®
. Search for
Hmmm?  Prompt Displaced Di-jet Somethin

di-lepton - Search J

LH%b Displaced Di-lepton

( ) Hadronic (ParkQuest,

(Neutrino, HPS,...)
NA62,DQ,...)




Table of Useful Infc;

Scalar ALP/ (Axial) Vector/ | Heavy Neutral
PseudoScalar Dark Photon Lepton
: : : Vector: Indirect Detecti
Spin Independent DD| Indirect Detection Spin Independent DD nairect Detection
Axial-Vector:

Spin Dependent DD

Other ways
to observe it

Missing mass

Missing mass

Missing mass

......... M Onojet/H|ggS Monojet/Mono-H|ggS MonOJetN/A

Invisible
di-muons/ di-muons/ | Visible
.....di-photons | di-photons | ~ dileptons | . Ty final state
di b-quarks/ di b-quarks/ di-leptons/ same-sign leptons
di-tops di-tops di-jets +\W boson
Benchmark
_ Relic?
............................................................................................................................. Relic-Benchmark s,

Relic Benchmark
At High mass

Relic Benchmark
At High mass

Neutrinoless 2[3 decay



Dark Sector from
Snowmass

Benchmarks in Final State x Portal Organization

, DM Production Mediator Decay Via Portal | Structure of Dark Sector :

1 I
\ Ty VS. Y [Ma/my=3 ap=.5] |
I

= imp VS. Y [0,=05, 3 m, values] 'iDM My, VS. Y [ma/m,=3,ar=.5] (anom connection)
% : My, VS.Ap [ma/m,=3, y=yq] .:%A \(,i 2[[3222\; sr; ode agnostic] 'SIMP-motlvated cascades [slices TBD]
D My VS. Ma[0o=05, y=yi] e U(1)8/ /83 (DM or SM decays)
= iMillicharge m vs. q ' !

imx VS. SiNB [A=0, fix mg/m, gp] !

iDark Higgssstrahlung (w/vector)
:scalar SIMP models?
Leptophilic/leptophobic dark Higgs?

o (thermal target excluded 1512.04119, Me VS. Sin@ =0
O 'should still include) e 9[ | o
8 'Note secluded DM relevance of S=#SM of !Ms VS. SING [A=s.t. Br(H—¢d ~102)]"
!

|

1

|

]

1

]

| 1

L — - R R R R 'l' ....................................... e R — .'
| I

| ]

1

]

. mediator searches :

I
I )
o ! ‘my vS. Ug ' '
cC ! ' U I !
S 'elu/ralal709.07001? iy O ' Sterile neutrinos with new forces? !
3 i mN VS. T : :
() : :Think more about reasoanble flavor structures : :
7 1 ................................... S - I — :
: ima vs. f i g
! fa/l [a=0, fix m,/m, gp] (thermal !m vs. fg ' . . !

N ;MxVs. 19 9o a

] : target excluded) :m, vs. f,=f, (separate?) : FV axion couplings :
< | What about f,, e . Think more about reasoanble coupling . :
| I 1

i relations including fyz

+ Neutron portal? Hidden valleys (or are these out-of-scope?)? See e.g. 2003.02270
Bold = BRN benchmark, italic=PBC benchmark. others are new suggestions. Underline=CV benchmarks that were not used in BRN
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Conclusions

Particle dark matter always comes in at least pairs:

- A DM candidate and a (portal) mediator

- It can quickly become much more complicated

The type of mediator interaction drives the interpretation

- Vector/Dark Photons yield diff benchmarks to ALPs/Scalars
- However Relic bounds underpin much of our exploration
Both the Visible and invisible searches play a role

- Its all about the mediator in the end

Rich dark sector leads to a large variety of new final states

- Motivating new low energy experiments & searches
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What to take away?

2 TeV

7))
(/p)
©
=
o
§1 GeV
<<
©
-
0.01 GeV

Visible Searc

Prompt
Beam Dump

Coupling(gq;€)
Lifetime (cT)

hes Invisible Searches

LHC

ex-D)

Bea
Missi
Energy

Missing
Momentum

—_—

Coupling(gq;€)

us\a'(\’od

Neutrino

4







How do we search for”

¢ Again there are many ways to search for these: th ese?

Go Fast
j& Surface

LTIMING

ATLAS/CMS
-

detector



log, (cT) (m)

10

Now run the fit and

e Here is Higgs to Invisible:

]

'BR(H—>Inv)

-t
o

<

2%

10

11 1 10—5
10 20 30 40 50 60
Mpm

T
ta

extrapolate

his is where displaced
agging dominates

For long lifetimes
Higgs to invisible
still dominates

Efficiency map was only released for mass > 10 GeV
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08
06

- 04

I L L I L BB
- ATLAS Simulation
[ {s=13TeV -
- Split-SUSY Model, §—qg z‘:
1— R-hadron:m§= 1200 GeV, mi‘,=100 GeV,t=1ns —
:'g‘, T + Standard Tracking
IR AT #o _
C t ht ¥ Standard + LRT
- .
¢ ]
Y * +"+++++++ wbdi
SR it E4L i
b by +++ 1
_ LV 1) [RY) ¥ _
) I Ly ."1. LI ’ﬁ..“.’ ot .
0 50 100 150 200 250 300
R [mm]

How Do 2ndary vtxs

Nr aeks (Truth vertex)
3

Modifying the tracking is critical

e Tracking modified

10}

—0.1
| L Lol L Lo o
10? 10°
m (Truth vertex) [GeV]
High Eff
For short-ish
Vertices

138

e”?

—_
o
N

Np, oo (17U vertex)

Vertex selection efficiency

10—

behav

T T T L II T T T T
ATLAS Simulation
Vertex efficiency: Region 5
46 mm < Ry, <73 Mm

1

>
e
09 o
O
_: 0.8 D
107 5
| 13}
—06 @
- (O]
7))
4 0.5 x
Q
| 04 o
>
—0.3
- —0.2
1 —o.1
1 1 _O

10? 10°

m (Truth vertex) [GeV]

10-30%
For displaced
Vertices

- Use unassigned hits and allow for large displaced vertices

Hit sharing in the track fit is also modified



" .-
Fermilab
result -
& &
Standard Model Experiment
Prediction Average
175 180 185 19.0 195 200 205 210 215

a,x 10" - 1165900
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@LHC

T
?‘5 | LHC coverage
= (ATLAS, CMS, LHCb)
™
. e s\‘e‘ee‘
g ’((3(\ ’(\(\\36\’ y )
@P‘ *,‘0‘
> '%r \c,Ooe
< (Bas. Yo
= v R o
S - o i
n
V¢ SCHEMATIC
\L 1 | 1 |
<—near ~1m far—
CT

e | HC long lived experiments probe very high COM collisions

- There are many other things we can explore (see later)



How do we Trigger these?

» Displaced tag can reduce the background by 10~

* Displaced objects
- Depend on whether we can reconstruct them

Displaced decay
INn tracker volume

Special
Trigger

/
1. No Trgcks Displaced Note PUPPI MET
2.Calo hits Would remove
these guys
(like TK met)
1. Small Calo ME NVith a track trigger at L1

2. Large Track MET We can probably get this



How do we Trigger these?

» Displaced tag can reduce the background by 10~

* Displaced objects
- Depend on whether we can reconstruct them

Normal MET
trigger

Displaced decay
In calo volume

1. No Tracks
2. No Calo
3. Muons?

/
Displaced

1. Large MET

2 \Weird muons? WVith a MET trigger at L1

Get this but not great




How do we Trigger these?

 Displaced tag can reduce the background by 107

* Displaced objects
- Depend on whether we can reconstruct them

Displaced decay Displaced at
In Pixel volume L1 does not
exist now

0. displaced?
1. Tracks
2. Calo

iIsplaced

%

1. Strange dijet?



\&Dd() we Trigger these’?

Detector
us away \

Displaced decay

Normal MET
Out of volume trigger
1. No Tracks ’ Contend
2 No Calo Displaced with normal
3. External L1 rates
Detector?

(large latency)

1. Large MET



How do we Trigger these?

* Many displaced searches use a MET trigger

— Basically unless there is a displaced lepton
- L1 MET is high right now : remains a limiting factor

Displaced decay ?ﬁec';!
in tracker volume 99
/
1. No Tracks 6isplaced
2.Calo hits
1. Small Calo MET Nith a track trigger at L1

2. Large Track MET We can probably get this



Higgs@100 TeV?

« Akey feature at high p_

"L_Q 1 ;I | b I b I I 11 I L I | I 1T ] UL L I L | B I;
o — _
=107 ggHt =
) = S
Sqp2L qqH <+— __
B = -
= - ttH -

3| _—

Lﬁ . - — ggH-merged .

10 = ] 0/1/2jet LO merged =
5|
107 = =
6| B
107 = =
107" & =
0_8 b—l | l L 11 I | - l | l | I - l | I l | I - l | S - l 1.1 -

500 10001 506 2000 2500 3000 35004000 4500 5000
Boson P, (GeV)

Inclusive ttH can be made relatively pure



log, (c7) (M)

0
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What about a larger
detector?

¢ Now with the Mathusla detector:

L

With a larger detector
Farther out

! ~ We probe longer lifetimes

107

0+ We can reach Higgs BR

— down to 10-°

10 20 30 40 50 60
Mpm

Since we look for an upward going event low energy is possible



What's the high energy
collider goal’?

* The universe would collapse outside the |

Too much 8000
dark matter

Ayisuaq o119y

3000

2000

— N w . o, o -4 (e D

Current LHC _‘20 A

SearCheS 4000 6000 800 D00 14000
Myq [GeV]



What's the high energy
collider goal’?

* The universe would collapse outside the |

3 0
000
g Iog ®
3 O
Too much 8000 085
dark matter ~o.7 D
w
06 —
. <<
000 05
3000 04
03
2000
02
1000 D1
2000 4000 6000 800 10000 1 0 14000
Mya [GeV)

Can we probe to an upper bound in the relic?



Future of the LHC
& High Energy




Events/GeV

PIcking up From Pas;

¢ |In previous talks we looked at the monojet analyses

- Lets go back to our toy analyses and look at how it behaves

e For simplicity lets look at the one that did Higgs to invisible

5 ; I I LI I | B I llllll I I : % El I I | I LI I l LI | I LI [ LI I rribi I I ]
10 ’ . -+data E 9 10° 0 -+ data E
10 4 MOHO]et Zjets h Q 1 VBF Zjets 3

- wjets s GC) N wjets 1

e M < 400 GeV Btop - > 10 . M. > 400 GeV Btop E
10 . Il " 'monojet E L | l [|vbf .
10° 2 =

0 E :

i N

n ; j

10" . \ -
500 1000 1500 2000 2500 3000 3500 4000 4500 500 1000 2000 3000 4000 5000 6000 7000 8000 9000100(

B (GeV) m; (GeV)
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Extrapolating Full analysis

- | | A | | LB REAAS LA -1
3 10 2 3 g =
o 5 0 o data = 0 ) 3
@ 19 2jts @ vbf digon +data -
§ g qc, wiets § 10 3
2 g R | Il ~
L vt ]
10 10 3
1 1 -
107" 10" .
107 ] 102
3000 5000100C 1000 2000 3000 4000 5000 6000 7000 8000 9000100(
m, (GeV)
> > bl Mbhd Rk
3 3
@ P vbf single + data
§ | § wjets
i i Btop

1000 2000 3000 4000 5000 6000 7000 8000 9000100 1000 2000 3000 4000 5000 6000 7000 8000 9000100 1000 2000 3000 4000 5000 6000 7000 8000 9000100
m; (GeV) m; (GeV) m; (GeV)

e Can run the full machinery and extrapolate to full LHC luminosity



Extrapolating to the full
dataset
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Combining it all
Adding the hypothetical di-jet projection

DDvs Q. vs FCC DDvs ©_vs FCC
gasooo: (g=1) > 3% “Axial (g = 1)
= .:. S, v Wall
Bao000f == E% 7000E . \Relic DM
' i 18h7 @ 100 TeV
25000} 2000
: 5000
20000 iy
: 4000
15000} Sz
: 3000 i e i
10000f '! uhléﬁ
: 2000 Lo
5000 ! il
e 100 L
10000 20000 30000 40000 50000 60000 70000 0 = U
m., . [GeV] 2000 4000 6000 8000 10000
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Adding the complementary projection
 Can we bound the scalar and pseudo scalar?

w [GeV]

DDvs Q. vs FCC DDvs Q. vs FCC
3500~ Scalar (g = 1) % | Pseudo (g=1)
3 ¢H 200001+ ,
- — vWall(f) O |— FermiLAT
3 3000 Rehc1DM E§18000;‘ —— Relic DM
L 1ab” @ 100 Tev 16000f|- [+ 1 ab™' @ 100 TeV
2500} :
f 14000{t
2000 12000}
1500} 10000}
i 8000
1000% 6000}
| a
[ (# 2000} |
0-,_, it —— 1 ol :/ /J__.l[ ‘ | )]
0 1000 2000 3000 4000 5000 6000 7000 0&]1111 1111[111111111' ENESEERE ENENE NEE
0 5000 10000 15000 20000 25000 30000 35000 40000

mMed [GeV] mMed [GeV]



Collider Bounds’;

Vector 15 TeV >100 TeV 70 TeV 20TeV
Axial 15 TeV 6 TeV 3 TeV 20TeV
Scalar 3.5TeV 3 TeV 6 TeV 3.5 TeV
Pseudo 4 TeV 1 TeV 40 TeV 3.5 TeV

For Spin 1 mediators 100 TeV Machine can close many scenarios

For Spin O: its mostly closed, but not complete



What are our targets now?

e \Without a 100 TeV machine we can’t fully bound DM
- However, we can make very strong statements

- How strong, really depends on you

p There is a lot of room to discuss here

e More importantly
- There is no real ultimate bound for everybody
- But there are many good targets that we will hit soon

e Can we get better bounds jus with planned future experiments?



How would you search for it’?

Data vs 13 TeV 2015) |z| <400 mm
(] T T

'g‘ k [ l | E
= 100 E
> - >
g 50_ . R _| 10-5.8
> f?ﬁ‘ﬁf 2
0- M
: AN
-50" g = 10
-100-
NN L R BRI ‘07
—-100 -50 O 50 100

Vertex x [mm]

e |f the lifetime is very long the unstable DM* escapes

- This is just our normal monojet search



How would you search for it’?

Data vs 13 TeV 2015) |z| <400 mm
[ |

£

£ S

=100 :

o 2

% 50— - 10_5-%

> C >
... DM o

DM ¥ 50 R Ss= o

: Secondary :
9.6, H,.... 1007 Vertex ? -
co e P P

_le‘lJ | |
-100 -50 0 50 100
Vertex x [mm]

e |f the lifetime is very long the unstable DM* escapes

- This is just our normal monojet search

e |f the lifetime is short the unstable DM* leaves a vertex

- This is unusual and allows us to dramatically reduce bkg



An example search
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Inelastic DM

Fermionic iDM, m, =3m, A=0.1, ap=0.1

‘t_;i I | I 1 LS. L N ~ | I LI I~ I L | L I =
€2 Jo. N TN N\ \ BaBar =
= iz AV TR \ . ~ \ -
[\ LEP |8 4{99\%\ S~ "\ (DLJ) ]
1 = RS ~—— ™. LHC EWPT T
=3 — o o —o—c—o—o—c \T=<.T "~ O TS T NN\ — - —r—
in | = R 3
3 , \ Ty < - -
' | < ) | -
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beam

target detector



