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From LHC

e \We said that we basically got the high mass covered

137 fo~', 2016-2018 (13 TeV)

We got this

107 A

95% CL upper limit on the coupling gq

-o- Median expected
—o— Observed

Bl 68% expected
- 95% expected

500 1000 1500 2000 2500

But What about hei‘G”



Low Mass DM Bonanza

H
I I I I I Phil Harris



Following the Big Bang Dark Matter froze out and remained in universe

Before the LHC/Direct Detection we inclined to think DM from SUSY

SUSY fit too many pieces in the puzzle too elegantly
It made sense at the time

BTW the Higgs was also like this



~ WIMP Miracle

Increasing <o,v>

! i | s If we calculate the rate of
.................. Z SUSY to matter interactions
Q
. =
¢ O
(D
-
________________ @
Z
ey
x=m/T (time =)
—

Time (age and/or Temp of universe)

e |s it a miracle? or is it a coincidence?
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However
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However




People were Exciteci

The simplest supersymmetric theories—those that best explain
the Higgs boson—predict a zoo of new particles with masses
comparable to those of the W and Z bosons. Those were within
reach of the Large Hadron Collider, so when it turned on in 2009,
many particle physicists thought the discovery of superpartners
was imminent. But after the triumphant discovery of the Higgs
boson came ... no more new fundamental particles.

“I was shocked when supersymmetric particles were not

discovered in the early days of the LHC," Peskin says.




People were Excitedg

The simplest supersymmetric theories—those that best explain
the Higgs boson—predict a zoo of new particles with masses
comparable to those of the W and Z bosons. Those were within
reach of the Large Hadron Collider, so when it turned on in 2009,
many particle physicists thought the discovery of superpartners
was imminent. But after the triumphant discovery of the Higgs
boson came ... no more new fundamental particles.

“I was shocked when supersymmetric particles were not
discovered in the early days of the LHC,” Peskin says.

Not all theorists were caught by surprise. “There were many
people who were loudly saying that there was something wrong

with the basic picture of supersymmetry well before the LHC,"

says Nima Arkani-Hamed, a theorist at the Institute for
Advanced Study in Princeton, New Jersey. “You would have
thought that if all these particles were lying around not much
heavier than where we've been, they would leave some indirect
effects in low-energy physical process.”



The Dark
Sector




The dark secto;

~ ) ?
Standard Model ] Dark Sector
g W=T 7 ’}/ ﬁ forces + particles

dark matter?

Protons Dark Gluons
Electrons Dark Protons
Muons Dark Pions
Gluons and More Dark Everything....

e Dark sector has the possibility to be rich
- Lots of new interactions
- Potential for a broad range of complex dynamics

e Only fundamental constraint is that it interacts gravitationally



Go back to DM annihilatior;

There a few critical elements here
In the limit where mpy not Mmed/2

- 'N i
ann S
M2, —4am2,,) W M2_ T2

med med ™ med

Gets our rate of DM production; needs to be roughly constant

e i . . mpy 1
To simplify things, we fix the ratio of = —

Myed 3




Go back to DM annihilatior:

To get the right relic density

L q
()
2= C >-M--<
L q

Fix to 1

Large couplings &
Large masses or

\Small couplings &

Small masses

For fixed mDM/Mme .



L= =5 cosoi FwB" Dark Photon

Wﬁ’ cw Sw —Swe Z boson
cw  —CWE Photon

A;JJ twe O 1 @

e Dark photon is a spin-1 portal mediator to the dark sector

3
=

|

|
”
S

- For the minimal model we take the case of a vector mediator

e Dark photon differs from the simplified model in that it mixes

- Kinetic mixing with the visible photon adds some differences

» Mostly this modifies the DM content near Z poll

- Nearly every low mass experiment uses it as a proxy



Story

Coupling axis
< 1072

2
DM 1072
4 107
4” 10°°

— ) -6
€= &4 s P
w 1077

med)

aD:

DM

m_ /m

———— F

107°
This is the dark matter density 1™
107"
1072

Light Dark Matter

—

of Dark Matte;

One Plot

= UL II 1 1 1 1 LI I 1] ] I I LI II
https://arxiv.org/abs/1806.07396
LHC * :
LHC next 10 years
; S
—— Monojet b lim
— MA belst lim O
—— TK best lim
Vector Projection 3ab™ Z-5 qq+ O
Mpm S Z—>2qq
1 1 qud 3 1 1 1 1 L 1 11 I I_IQr: 1 L 11 II >
10 102 102
Mo(GeV) —E‘G



https://arxiv.org/abs/1806.07396
https://arxiv.org/abs/1806.07396
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Story of Dark Matter

One Plot

. o o 10_2 T T T T T T T 717 T T T T T 7171
US Cosmic visions report ‘r’g o LHIC https:/arxiv.org/abs/1806.07396 E
. £ =
https://arxiv.org/pdt/1707.04591.pdf g (o4t LHC next 10 years 3
E ' . =
° o® - ©
-6
0 7 Vector <@
0 ' Nediator Q.
0° -
-9 —— Monojet best limi
ﬂ’-:: 0 — MA bels: Iimi: t O
—-10 —— TK best limi
% ! Vector Projection 3ab’ Z- qq-:j t O
g )~ 11 Mom _1 Z-aq
C\§ ’—12 L1 qud 3 1 1 Lol l_lgr: Ll 1 >
Y 10 10° 102
" M, (GeV) —‘Cm
1078 Dark Photon ;
10-16¢ - - .
1 10 10? 10°
m, [MeV]

Light Dark Matter



https://arxiv.org/pdf/1707.04591.pdf
https://arxiv.org/pdf/1707.04591.pdf
https://arxiv.org/abs/1806.07396
https://arxiv.org/abs/1806.07396
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Story of Dark Matter

US Cosmic visions report
https://arxiv.org/pdi/1707.04591 .pdf

Pseudo—Dirac DM (Kineticld

What are all
" ' | of these experiments?

_____________________________

Dark Photon

102 103

" Light Dark Matter

Weakly Coupled


https://arxiv.org/pdf/1707.04591.pdf
https://arxiv.org/pdf/1707.04591.pdf

What do we get with small
couplings?

https://www.sciencedirect.com/science/article/pii/S2405428320300058
e Small couplings means interaction strength is weak

- This also means the rate of decay will be weak

- This also means the lifetime will be long

N 2
1 3 80 pm [ 104 100 MeV
CT = = = ~
I Nesrm 4 ce? Negy € My

Quick estimaterelic gives € ~ 10™* Dark Photon mass of 100 MeV

Going lighter we have lifetime grows quickly 80x10 um at 10 MeV
Thats a lifetime of 1 mm at 10 MeV



How do light
mediators decay?



What are the decays?

e Typically we assume a very large dark matter coupling

- That means SM coupling to get relic is small
- 107" = e2ay(mpy, /my)* = €?ap(1/3)* =~ 0.01€%a,

|
Taking ap = . we have €* ~ 1078
7

Pseudo—Dirac DM (Kmetlc M1x1ng) i BR ( A / N )()() 1
This means , N —
BR(A’ = ee) €2

A X
AN

10—6_

10—7_
10—8_

—

~ 1077
=y 10—10_
107!k
U 107120
S 10-1[E
10-14}

X

10—15_

10—16_
1 10 102 103




mdm

What about when DM IS
heavy?

Minimum Coupling
To satisfy relic
constraints

1 2 3 & 5
m

med

In this region we typically don’'t have strong constraints
However as a rule of thumb we aim to go for a
similar coupling to invisible




General Rules of Thuml:;

Current A’ Constraints:

1074

107°

1076

10~/

1078

10~

mgy [Ge
thermal targets a [GeV]
ap — 0.5,MAI/MX = 1.5 6

1072



General Rules of Thumg

Current A’ Constraints:

10~
Prompt
Region 10-5
107°
1077 :
W
. 107
Long Lived |
Region =2 |
101,
|
~11] | 1 VA
19103 1072 107" 1

mgy [Ge
thermal targets a [GeV]
ap =0.5,Ma /M, = 1.5 6



Decays of light DM?

For Light DM we are kinematically constrained

A K+

A et A u+ A T+
AR
S M- TT- K-



~ Key for Next Plotg

Coupling A B—L B Protophobic
gx Ee JdB-L dB 9p
2 1 1 1
w J— —_— —_— — —
et 3 3 3 3
1 1 1 2
Td s —— — — —
r:D 3 3 3 3
2
e

o 1T —1 —1 —1

L sy (47.‘.)2
xVe)V[.MV’r O o ]‘ 0 0

L C QXZCL’fJF’YMqu‘FZﬁXx;z
f X
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~ What are the decays?

(TR U] T 1
T i ‘ A’ model }
T 0.8 B
Q o F =hadrons -
0.6 / -
0.4 —
0.2F :

: j - . :

0O 0.5 1 1.5 2

my | GeV |
e Other thing to account for is the final state of these

- Note that muons and electrons dominate at low mass



|lll
|
[
R

B(B—L— F)

0.8F /
0.6:

0.4; %

L model -

|

Illlllllllllllll

0.2_—
% 0.5 l 1.5 2
mB_L[GeV]

e \We can add Neutrino decays

~ What are the decays?
|-

JF =hadrons
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What are the decays?

I
© - ‘: r B model -
g’ | \ .
T 0 8_ | i
M - JF =hadrons .
~— B | 7
Q) 0.6_— | ]
04 | -
- ':ll ‘ I :
0.2__ ! /.F /’l’ /1' _—
0 0.5 1 1.5 2

mp |GeV ]

e Even if we emphasize baryons, electrons dominate at low mass



How do we get this?

Frrr

+

N

H

~

~
'\,.1
-
=
o
7

N

[ IIIIII|
E —
IIIIIII|

oeTe™—F)
o(ete”—putu~)
[
-
W
|
=

[ Illllll

[
<
[l

F=ata"n"

F=ntn a0

,.
| ||| =]

2L
10 = F=2(rtn")
-3 i ! I
10 0.5 2
ere ¢
R.F(m) = - ++ —F — a_|AJ__( )|2 FX—)hadrons 127‘(‘ |:ZRX )‘l‘R (mX)
ete~—putp~ EM

Couplings to different final states change with model



What about other
signatures?

e So far we have been focusing on dark photons

- Spin-1 mediators with equal, or close to equal lepton couplings

e To cover the diversity of thought lets consider ALPs

- Axion Like Particles => Pseudoscalar mediators

LELELE | T T ™7

-a
-
S

= ee T |
S 2 For Yukawa-like
@ 10-1: hadrons Particles
4 : 5 |
2 - 1 Dominant decays
S Lo | _ typically are photons
= M ~ and muons

. Yukawa-like | ‘ Muons

10-3‘ e d " : P
107 10”" 10° 10’

ma [GeV]



How do you produce a
light particle?

e;mAl p e
— €
/ (4
D A /
: 5 i | ’ i A
Z Z

—————
Energy

—_—

Intensity

e As we lighter in mass, we aim for higher intensity and lower E



How do you produce a
light particle?

Energy

Intensity

e As we lighter in mass, we aim for higher intensity and lower E



How do you produce a
liaht particle?

Vi

K-l—
—————— Vv
+

Kt — ILL—'—VMV, V — xvx

¢ \When the mediator is very light we can decay into DM
- The decay results from light mesons K, 1T, n

- Sufficient freedom in particle decays to have these



Recag

e \We need to look for simple signatures
e \We know a few things:
- As DM gets lighter we need to crank up the intensity
» Allows us to go lighter coupling
- For light DM, mediator likely decays invisibly

- For heavy DM, mediator decays to SM that can be long lived

» And then decay to light stuff (ie electrons or muons)



How to Find
Dark Photons



So.....How do we find
them?

e There are a few nice features:

- Small coupling means long lifetime, which is very distinct

» There are not too many long lived non-interacting particles
- Invisible decays means we don’t see anything
» There are only a few invisible process

- Weak interactions means a larger detector might see it

» We can take advantage of neutrino physics



MonoPhoton Analysisi

Recall from Lecture 1

9 Z “ — . Z
- q >\M<:
q>;<:\~ >£< — o<
yr 2
Q7 Z
b

We used our simultaneous fit to search to do the photon analysis
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MonoPhoton Analysis

We can replace this with electrons and use an electron positron collider

—
o
)

Entries /0.1 GeV

10°

mg =\|m2,- 4m> (GeV)

Here we now have additional variables t

Entries / 0.1 GeV

Data/MC

o

-
(=]
()

-y
(=]
(]

—

© a o
LI L

- e
/ ’b<
e LL'L e
et
}r/'l.
L Queveres /—

nat can help us



Missing Masg

e This was the first approach to these style of searches

Before

e+ e- © ) Y

A
& ——hWWN A
After FPVANNSA
A Y
—_— — - — 7
piT + T =pl+



Missing Masg

e This was the first approach to these style of searches

Before

. . e’ < Y
A

After e NNV, A
E 2| # + + ’
ST T SR LCI L
Em;— + {' 3

> b l#{hl{ ﬂ!{ k

ST g ‘mlll Hl )
g1t ? ;
Babar Experiment TR

10—1_L ----- PSR ! PR N N
25 30 35 40 45 50 55



10'E M, no cuts

Events/5 MeV?
(=]

10°

10

Positron veto

200

300

400 500 800

M2miss [MeV?]

FPositron

HE veto

Small angle
calorimeter

BGO calorimeter

Dipole gap

Measure
Photon
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Missinag Mass

' Babar

BaBar (2017)

Belle Il 20 fb1




Missing Masg

e This was the first approach to these style of searches

Before

e+ e- © ) Y

A
& ——hWWN A
After FPVANNSA
A Y
—_— — - — 7
piT + T =pl+



Missing Masg

e This was the first approach to these style of searches

Before

e_

After
A _ Elastic Scatter
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Missina Mass
Darklight

<) ’
. 4 (7 - =/ ///#
» ! — % oo .y 4

Solenoid

" Use the known beam energy on
the target

Mgller Envelope

Tracking can allow us to
reconstruct full info




Missing Mass

107 ¢ (9p

o s/
ﬂﬂ’ w
1077 EpMiccly | APEX -

10_8 —
_g J. Bernauer, _'
10 R. Corliss,
P. Moran
10—10

SeaQuest ]
HIP

10_]_1 Y N N N T I




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

—>

pl.e_ — p;_ — pf/ —> El — Ef — EA/



- Missing Momentum

. -
14 Eg <L Ep

ﬁn — ﬁout + ﬁDM arget
e [T

i l

Ei=FEp '—-1

Tagger

Invisible

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

P = =pY = pi—pl = pi



recoil energy distributions, 4 GeV e on 10% Xo target
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Momentum vs Energy

recoil pr distributions, 4 GeV e on 10% X target

signal
region

—

Event Fraction

Irreducible Background
T =

My = 10-1500 MeV
Missing Energy

Inclusive Single e-
Background

p—
<

1.

1072

Event Fraction / 5 MeV

17

| 10 MeV

1

F’P

Missing Momentum

10% X, target = 4 MeV smearing

00 MeV
200 MeV
500 MeV

1000 MeV

1500 MeV

500

Electron |Pr| [MeV]

No Irreducible Background
b/c of electron id

Kinematics very

T m2-x

m2 (1 —

L )/ L

different from massless
photon bremsstrahlung

Heavy object arries away the beam energy
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w

10

Missing Energy
Experiment: NA64

100

©
o
)

10

EncaL GeV

40

HHHHH

e
uuuuuuuuuuuuu

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

= ’l L ‘.i:-\“i'}
& ECal HCal
— I [ ! [l )
!

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

Calorimeter

Recoll
TraXI(er

Tagging

Eout < Ein

Tracker
A

6 [ ]
N, ~ 1016 |

E. ~ few — 10s GeV

(" — )
- X
€ ; W<
A A X
Z
_ Y,

1) Measure each e- energy in/out

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



One particle at a timg

¢ 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

.
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Sensitivity

107 —
Extended LDMX Sensitivity
(p =0.5, mA‘=3 m,
U
]
10-11_
g
e/ 10—12_
§
13 W LDMX: 4 10 BOT (4 GeV) on 10% W (ue=11 yn
Nw 10 ™ Etended: 1 10" EOT (8 GeV) on 40% Al (ue=2,2 v
. I -14
5, 10
10-15 - | R IO [ — EDNEX:Phase 1 @8 Gelmwmwseesesenen
10-3 102 1071 1

I S I AN S N I T I |

1 10 10? 10°
m, [MeV]

e NA64 can reach some of the relic limits

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



Muon Beam MISSIan E

In high muon flux scenarios, a] ............. Thermal Dark Matter (Dark Photon Mediator) o my = =3 mX

tracking trigger is likely needed 10-6
107}
200Cc™m : : . .~
MAGNET - - PVin 15 GeV o9l
llllllllllllllll O —— ECAL p (
TAGGING TRACKER / P out 3 GeV I~ 109
TARGET / g
p- —--/“’- >< 10 101
........... HCAL g
Tt —11{ MiniBoo
EEEEE i AL S
........................ S [
RECOIL > w 107
SR S 1 TRACKER E I I
: : > 10713 =
10714 -
Muon is a MIP so thicker and active 15 _,/"/
target can make up for lower | | Il 1071 __,—,,,, MLigﬁngﬁifﬁte;"tﬁm
number of particles on target 10_161"
Y. Kahn, G. Krnjaic, NT., A . Whitbeck 1 T o 102 10

https://arxiv.org/abs/1804.03144
m, [MeV]

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

MAGNET

TAGGING TRACKER

TARGET | |

RECOIL
R ——ed TRACKER

Muon is a MIP so thicker and active
target can make up for lower | | 1]

M? Phase 2
Phase 1=1e10 MoT

Phase 2 =1e13MoT

10-1| Muon Missing Momentum

number of particles on target

Y. Kahn, G. Krnjaic, NT,, A . Whitbeck n : = 3
https://arxiv.org/abs/1804.03144 10 10 10 10r

. . . . m,y [MeV]
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
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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

2
Y T A
hadronic ALP ST fa N a



— |
neutral -
kaon
beam
Detector

KOTO/NAG2

gamma-ray
counters

charged-particle
counters

in-beam particle
counters

neutrino

neutron
counters

))))))

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*wae™

all kaon decays to get
mISSing mass

800 MHz
/ TR
| GTK {h B
u > - = —~ .|
e u gy gl
*Momentum \ . | STRAW
Decay Region 65m Tracker

10.12.09

|
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



n— By — n'yy

1074
S

]. O B 6 .............................
21
2 o
zgo B o, o SR |
A L

10—8_ é,g Ve 5

P - ------
ﬁi@:;a \
0 T [Gan et al (2020)]
T

00 02 04 06 08
B boson mass mp (GeV)

10724

-

y § R};‘ﬂ i_ ———
~ﬂNA64 ‘,” — qA (1

¢ =h
P
v Q,?f\ /

B -
o

kinetic mixing ¢
e
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dark photon mass m 4 (GeV)

e Build a beam of n and n’ particles using:

- ptDe—n/n’ + 3He*

1073 154 8™ 10"
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Probing Eta Decays

n,n — A — Tl




Phase 1 ~ 3 years @ 108u/s
Phase 2 ~ 3 years @ 2x10%/s

)

1074

|
10-5|
1076
1077

1078

1072

10719} . +
- o%_o -
u70
10-11 . N Y
1073 1072 107! 1
my [GeV]

Recurl pixel layers / \

61

Other Ideas

[

e Muon to 3 lepton can
probe a light dark
photon

V4 AN

Scintillator tiles Inner pixel layers

4

AN
—_—
_—
—> uBeam Target 6
—>

7

Scintillating fibres
e e e e

\

Outer pixel layers
10acm



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 — 1072
e To get milli-charged particles, lets look at photon field mixing

1 : K _ . ,
P = Lsy——B,B" - EBMVB'W + 7 (d+ie' B+ iMycp) x
Usual Gauge Trick

1 :
L = Lou—7BuB" +if (I+ieB + ixe B+ iMycp) 2



Milli- Charged Partlcles

4B
_6| i ]
¥ ol :
2 [Zi
§’ -8:-%% f\
0 | Sun NB: indirect
SR constraints (CMB,
-2} |

BBN, etc...) can be
f evaded { LHC

— |IP «—

11111111111111111111111111

Logo(my/eV)

Scintillator capable of identifying a weakly charged object
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11-Charged Particles

===« Total £C" cross section (+1 Gyeory)

IIIIIlI] L1l
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0—Cen’ — gL — P(2s)—>LE — Y@L
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........ pp (13 TeV)
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~

X

|
|
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Since dark photon mixes with photon
Can produced weakly charged DM with drell-yan
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—— MiniBooNE
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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

-
-
—— — - - - - - — - - - -———-—‘

M? Phase 2

>
A
D

Lo Phase 1=1e10 MoT
) Phase 2=1e13 MoT

Muon Missing Momentum

\

110 162 163
m, [MeV]

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 DN6I9

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 DNi

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

o0m
~ ) s N
X X
Y —_—
O— @i, x ,E\K
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



Long 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

I
I
Il

-11|
107402

10"

mgy [Ge
thermal targets a [GeV]
ap =0.5,Ma /M, = 1.5 6

1072
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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

n _Detector
€ e H

AI

| l
L E |

100 200 300 400
Distance (m)



| ong Lived DM

Hill

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

\O
-
T T

levation (m)
&
AT

““.
B E |

n _Detector
€ e H

Target A’

srsssnsnannnnnnnnnnnnpnafp

| 1 1 | | | | | ] ] | ] 1 1 | |

100 200 300 400

. 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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10 10° M, (MeV)

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

/8



Heavy Photon Search

"v
'\'\ HEAVY PHOTON
yet =1 mm (y/10) (10_804/0 2 g SEARCH
X (100 MeV / ™m A’) N l; B b
shield decay volume il 3 = Y
(IOcm-loom) (50 cm - 100 m)

Taréet ' Si Vertex Tracker ECal

10—4
a,
Q420
ET774 HCb

10—6
LHCb

e beam

thick target tracking, calorimetry, ...

NA48/2

107

o™ NA64

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 Ques;

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

T
?‘5 | LHC coverage
= (ATLAS, CMS, LHCb)
—
% A\ | 6\16‘66
S "('b(\ '(‘(\\)c,\, D)
@P‘ *‘O
> N
= o i
n
Ve SCHEMATIC
J/ 1 | | 1 | |
<near ~ m far—

CT

e \We can also use the LHC beam to look for long lived particles



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



@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)



. 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
1078 ' o
ap=0.5, mp=3 m, . .
0 experment overs slightly different
=< A
E 1() _.i\C,C‘)&‘
«—;— \\\k\cp \\\\O\\
- . K S A\ .
i ST L to have a light dark photon
3 WA low 10 MeV
wop-let R 2
- =t R = ‘ '
10! - kg .
e S | range of different
rertal W EEEA T .~ + .....0 nents all contributie
-1 10 102 1

10
m, [MeV]

e Expect the most interesting region to be measured soon

- Most projected experiment lines shown are likely to run



A hypothetical

How do we find
g-27?



A hypothetical Examplg

e \With of the discussion of g-2 lets consider a simple model

- Lets try to explain how to search for DM that solves g-2

Two Simple Explanations

Light weakly . Light weakly
M coupled vector M = K coupled scalar M

Y




A hypothetical Examplg

e Discussion Question?

- What are the different ways we can search for this guy

Two Simple Explanations

Light weakly
M coupled vector U

Y

Light weakly
H  coupled scalar M

Y : Y

The impact of the g-2 deviation gives a measure of coupling




Some Model Constraintg

e Before we develop an experiment:

- Think about the constraints on g-2 that impact our measurement

Relic density for m, = 50 MeV Dirac DM relic density with ¢’ that resolves Aa,
I - BABAR 4/ /
\ Q= Qpus /
I \ 107 -
2
=
N i ‘
S /
101 . & H, favored
: AN.g > 0.5
1.6 1.8 2.0 2.2 2.4 2.6 2.8 101 102
Mz /M
7/ m,, [MeV]

Mediator needs to be quite light ~100 MeV
DM needs to be lighter to satisfy the relic density



96

A rubric of final states

Invisible Visible
final state/ Long- |neutrinos| DM photons | electrons muons hadrons
mediator lived 0y, XY Y44 ete™ utu~ nr, . ..
vector
scalar

signature

missing momentum

prompt or displaced resonance




Lets try to search for |t

e \What are some ways to find it?
" U,y Y.e, U, T . . .
S
" \‘% W - <
7 V,S v, Y Y. €, U, ...
We can look for invisible
decays when DM is light

Can look for visible
decays, this could be
muons (minimal) or
electrons/photons

The key to all of this is being able to get a muon beam



VWhat do we do’.;

¢ Build a detector from a muon beam:

MAGNET fronanraenes 1 : : A DP1 iy

KMAG

Absorber
iwall | I

TARGET / FMAG (dump)

T 111111\]]
X

...... 11 HCAL A

Ny

N

|I\)|U‘[””
N
N[
N
3

RECOIL g
oo ————1 TRACKER : z=[0,5]m z

Zp, z2=8m

M3 @ FNAL
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What do we do?

¢ Build a detector from a muon beam:

Invisibly Decaying Muon — Philic Vector

1073}

gv 107}
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T T T
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VWhat do we do’:?oo

e Build a detector from a muon beam:

Invisibly Decaying Muon— Philic Scalar

1073
- [
__—‘— ,l
’
- I
M? Phase 1 /"
-4 s
gs 10t
- y
10-°} e
M? Phase 2
10° 10" 10° 10°
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Summary

e Given the diverse heavy mediator program at the LHC/ID/DD
- We have largely constrained possibility of heavy DM
e This pushes Dark matter to have different types of signatures
- Light dark matter with weaker couplings satisfies these rules
- Super weak DM from freeze-in is another alternative
e Light dark matter has the advantage that it requires a small COM
- However the weak coupling pushes light DM to intensity frontier

- Many creative ways to probe for light DM models



Discussion
Problem:
For SM decays,
when Is the
coupling too
small?



Thanks!



Dark Matter Density

e To get the current dark matter density:

- Assume that dark matter density p = mpnpy,

- Now lets consider the Hubble’'s constant

Noting the distance at freeze-out is d = —
g no

.
y and noting that v = Hd - H = p x v(no)

e Now writing out the densities in terms of temperature

2
T
_ P = %g‘T4 for relativistically moving particles (high temp)
é/( ) 3 —mpp
_n;= gDMT noting the number density is roughly np,, x ¢ T

T2



Expanding Furtheﬁ

e Now from Friedmann’s equations we have Hubble’s constant

St
H>=—=
- 3 P
2 4
T T
= —g.(T* - H? ~ 1.66°g.(T)—
- P =38 (T) g+(T') 7
T? T?
Now combining we have nov o« H > Ny X
- Mpl <0V>Mpl

e Now evolving this to current conditions we have

2

th 200aGeV - ( 3 X 1()_2601112/8 )

- (oV) (oV)



Expanding Furtheﬁ

e Now from Friedmann’s equations we have Hubble’s constant

3nG 7’ T
H*=—") p="—g.(T)T* > H? ~ 1.66%g.(T)—
_ 3 PP =58 (1) g:+(T) 7
T- T?
Now combining we have nov o« H > Nppy X
- Mpl <0V>Mpl
. . Npp
, S0 we have taking the ratio of photon to matter constant —— =~ C
n
Y
n 1 1
—_— m —
- n{)M <6V>TMpl <GV>mDMMpl
nI/lOW 1 T3

o - Pt =
npy - (ovympyM,y, (ov)M,,,



Dark Matter Densit;

e Gets us to a standard formula for the dark matter density

LR 3¢-10ms e e
e (ov)
~ 0.1 x a?/(200GeV)?
A (ov)

So the right dark matter density (0.12) corresponds to a
200 GeV mass for SM like coupling



