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Why we expect new long-lived particles?

(1) Top down:

Many models predict them: SUSY, baryogenesis, dark matter etc

(2) Bottom up:

New “light” (< 10 GeV) particles must be neutral under SM (otherwise == by LEP + LHC)
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Plot by Brian Shuve

Low mass particles tend to be
long-lived, especially if they decay
through an off-shell mediator

(e.g. W boson)



Dominant paradigm: The Fabulous Five
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Dominant paradigm: The Fabulous Five

Aka “portals”

Axion-lilke Fmr&de Heavv Neukbral Lep&on

(ALP) (HNL)
harges 0 Fae
Milicharge Dark Higqs
Farhde
Dark Pho&ah
Why expect these?

Unlike e.g. a WIMP, the dark photon does NOT predict its own existence, let alone a
preferred parameter range!
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What are “good” models?

s my model: Examples

KK K Falsifiable?
If we don’t see X, is the idea dead?

K K Predictive?
Does it predict new phenomena?

K Self-consistent?

Unitarity, existing bounds,
viable UV completion exists

The distinction between “falsifiable” and “predictive” is of course subjective and up for interpretation...
e.g. Falsifiable by whom: Ourselves or our great-grandchildren? etc.
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Fabulous Five vs “complete” models

Do the Fab 5 frequently appear in complete models?
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YES  FANTASIA
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Are the Fab 5 sufficient?
NO

Axion-Lilke Par&ic:te (AL‘P) Barvoge&aesm

Dark photon
Milicharged particle
Dark Higgs
Heavy Neutral Lepton (HNL)

Low scale seesaw
Relaxiown
Heav:j Axions
Hidden sector Dark Maklter




Fabulous Five vs “complete” models

Do the Fab 5 frequently appear in complete models?

Axion-like particle (ALP)
Dark photon
Milicharged particle
Dark Higgs

/ \ e
YES  EANTASIA

\ /

Heavy Neutral Lepton (HNL)

.

o

Are the Fab 5 sufficient?

NO
Baryogenesis
Low scale seesaw
Relaxiown
_ Heav:j Axions
See back-up slides Hidden sector Dark Maklter

| will try to illustrate both points with a few examples




Asymmetric Dark Matter / Baryogenesis ”

Why is there more matter than anti-matter? Dark photon
Baryogenesis needs: Standard Model offers:
« CP violation — CKM phase
« Out of equilibrium dynamics — Electroweak phase transition
« Baryon number violation — Electroweak sphaleron processes

Unfortunately, SM phase transition and CP violation are too weak. @

Sakharov (1967)


https://en.wikipedia.org/wiki/Andrei_Sakharov

Asymmetric Dark Matter / Baryogenesis
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Solution: Put all your hopes and dreams in the dark sector! Dark photon
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E. Hall, T. Konstandin, R. McGehee, H. Murayama: arXiv 1911.12342 my [MeV]

For latest dark photon limits & projections, see B. Batell et. al. arXiv 2207.06905



Asymmetric Dark Matter / Baryogenesis

Solution: Put all your hopes and dreams in the dark sector!

Example

Composite dark sector with “dark neutron” as
the dark matter candidate

Deplete dark pions through decay to dark
photon

/

8l

Generally, dark photons are very useful to get
rid of dangerous particles before BBN or to
directly set DM relic abundance

E. Hall, T. Konstandin, R. McGehee, H. Murayama: arXiv 1911.12342
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For latest dark photon limits & projections, see B. Batell et. al. arXiv 2207.06905



Axion quality problem 7
.

ALY

Axion solution to strong CP problem is fairly fragile:

Only QCD breaks Peccei Quin symmetry Other sources of Peccei Quin breaking (e.g. Gravity)

V(a) V(a)

a
a Y &

Problem most severe for low mass axions, though solutions certainly exist



Axion quality problem 7
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P. Agrawal and K. Howe: arXiv 1710.04213
For latest axion limits & projections, see J. Jaeckel et. al.: arXiv 2203.14923



Axion quality problem
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P. Agrawal and K. Howe: arXiv 1710.04213
For latest axion limits & projections, see J. Jaeckel et. al.: arXiv 2203.14923

ALY




9
Axion quality problem 7
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P. Agrawal and K. Howe: arXiv 1710.04213
For latest axion limits & projections, see J. Jaeckel et. al.: arXiv 2203.14923
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Axion quality problem 7
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P. Agrawal and K. Howe: arXiv 1710.04213
For latest axion limits & projections, see J. Jaeckel et. al.: arXiv 2203.14923



Axion quality problem

Can we make the axion heavier without spoiling the strong CP problem?

Enter: a dark sector

Dark
Sector

V. A. Rubakov: arXiv 9703409
P. Agrawal and K. Howe: arXiv 1710.04213, 1712.05803
A. Hook et. al.: arXiv 1911.12364

ALY




Axion quality problem 7

Can we make the axion heavier without spoiling the strong CP problem? *

Enter: a dark sector AL?

Dark
Sector

Some cleverness is needed to not spoil the
strong CP problem

V. A. Rubakov: arXiv 9703409
P. Agrawal and K. Howe: arXiv 1710.04213, 1712.05803
A. Hook et. al.: arXiv 1911.12364



Axion quality problem

Can we make the axion heavier without spoiling the strong CP problem?

Enter: a dark sector

Dark
Sector

ATLAS/CMS |

m tracking
=== 10 tracking
== offline

My, (GGV)

10V 101 102
mq (GeV)
Some cleverness is needed to not spoil the Axion MUST couple to gluons, and
strong CP problem likely couples to photons (photon jets)

V. A. Rubakov: arXiv 9703409

SK, S. Kumar, D. Redigolo: arXiv 2112.07720
X. Cid Vidal et. al. : arXiv 1810.09452

P. Agrawal and K. Howe: arXiv 1710.04213, 1712.05803 See also A. Hook et. al.: arXiv 1911.12364

A. Hook et. al.: arXiv 1911.12364



Fabulous 5 vs other dark sector models

Do the Fab 5 frequently appear in complete models?

/ \ DDy
Yes - FANTASI[A

(but “falsifying” often difficult)

\ /

Are the Fab 5 sufficient?

Low scale seesaw
Relaxion
Heav:j AxiLons
Hidden sector Dark Maklter

Axion-like particle (ALP)
Dark Pha&on
Milicharged particle
Dark Higgs
Heavy Neutral Lepton (HNL)

Now let’s take a look at three examples of “non-Fab 5” models
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Example 1: muon-phylic bosons

-——
- -~

H ’ N
Motivated by the muon g-2 anomaly — e
Two types:
1. muon-phylic scalar (couples to photons at 1 loop)

2. Ly -L,gauge boson (couples to 7, vy and v, at tree-level)
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Example 1: muon-phylic bosons

-——
- -~

K /
Motivated by the muon g-2 anomaly - -
Two types:
1. muon-phylic scalar (couples to photons at 1 loop)
2. Ly-L,gauge boson (couples to 7, vy and v, at tree-level)

Both require either tuning or a non-trivial mechanism in the UV to pick out this particular
flavor pattern without adding dangerous flavor violation

The latter can certainly be engineered, but at the moment still unclear whether
“being muon-phylic” can be made into a prediction, as opposed to a postdiction

Muon-phylic bosons are therefore most useful a stand-in for a more general boson with
suppressed couplings to electrons



13
Example 2: inelastic dark matter

Similar the Z-Higgsino coupling in MSSM

Irrelevant operators can naturally introduce a tiny
splitting between x1 and xo
— no Z-mediated direct detection

But disappearing tracks from xz — x1 + SM!



13
Example 2: inelastic dark matter

Similar the Z-Higgsino coupling in MSSM Easily replicated in a dark sector
X1 X2 X1 X2
> > > >
Z A
Irrelevant operators can naturally introduce a tiny X2 — X1 + SM decay naturally long-lived
splitting between x1 and xo due to phase space suppression

— no Z-mediated direct detection

But disappearing tracks from xz — x1 + SM! et

Collider pheno: MET + soft displaced vertex

Figure from E. Izaguirre, G. Knrjaic and B. Shuve: arXiv 1508.03050
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Example 3: Neutral Naturalness

Status of “vanilla” solutions to the hierarchy problem a bit bleak

{s=8,13 TeV, 20.3-139 fb March 2021

ATLAS Preliminary
TL production
Limits at 95% CL

200 400 600

800 1000 1200
m( t,) [GeV]

= Observed limits

= = Expected limits

Data 15-18, ¥s = 13 TeV, 139 fb

— monojet,?1 — bff i?
[2102.10874]

— oLt ti? /1, beE? /3, - bff i?
[2004.14060]

— L —)ti?/ - bwi:’ /T, bff %
[2012.03799]

— 2L X/ 1 bWR, /T, bif
[2102.01444]

0
1

Data 15-16, ¥s = 13 TeV, 36.1 fb ™
~ ~0 ~ ~0 ~ , ~0
i 11—>tx1 /11—>bWx1 /1, — bff X,
[1709.04183, 1711.11520,
1708.03247, 1711.03301]
> ~0
ek R
[1903.07570]

Data 12,¥s =8 TeV, 20.3 fo ™
Bt o 100 /T, - bWR, /T, - bff 7
[1506.08616]

Can we still have < 1 TeV
top partners?

Yes, if the top partner
carries dark sector color
instead of SM color
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Example 3: Neutral Naturalness

Citation history: Twin Higgs” as the first & simplest example

70 F

60 | I —

50

40 F
“Oh wait...”

Times cited

30 F

20

or “Surely, SUSY will
show up @ LHC!”

2006
2008
2010
2012
2014
2016
2018
2020

Year

-

Higgs 25 fb
discovery

Z. Chacko, H. Goh, R. Harnik: arXiv 0506256


https://arxiv.org/abs/hep-ph/0506256

. |-
Example 3: Neutral Naturalness

Twin Higgs is an example of a “hidden valley”
M. Strassler, K. Zurek: arXiv 0604261

Some Twin Higgs models predict “dark shower” / “emerging jet” phenomenology:

.
.
.
.
»

P. Schwaller, et. al.: arXiv 1502.05409

Some cool results on emerging jets (CMS 1810.10069)
and semi-visible jets (CMS 2112.11125 and ATLAS ATLAS-CONF-2022-038)


https://arxiv.org/abs/hep-ph/0604261

. |-
Example 3: Neutral Naturalness

Twin Higgs is an example of a “hidden valley”
M. Strassler, K. Zurek: arXiv 0604261

Some Twin Higgs models predict “dark shower” / “emerging jet” phenomenology:

3 General question:

“How do we build a suite of maximally inclusive
searches?”

See dark showers white paper: arXiv 2203.09503
« Long lived particle searches

Jet substructure / precision QCD

Machine learning

P. Schwaller, et. al.: arXiv 1502.05409 Much more theory work is needed / in progress.

Some cool results on emerging jets (CMS 1810.10069)
and semi-visible jets (CMS 2112.11125 and ATLAS ATLAS-CONF-2022-038)


https://arxiv.org/abs/hep-ph/0604261

Summary

Do the Fab 5 frequently appear in complete models?

7 Yes T | FAT[TJAS[A'

(but “falsifying” appears difficult)

No
wecially @ LI—IC)/

Are the Fab 5 sufficient?




Summary

Do the Fab 5 frequently appear in complete models?

0 Dsney
/ Yes \ [T h ¢

FANTASIA

(but “falsifying” appears difficult)

No
wecially @ LI—IC)/

Are the Fab 5 sufficient?

The Fab 5 appear to be good representatives of complete models and great
benchmarks...

.. but need to take care to not over interpret them! On their own, they have no
predictive power

There are already a good number of other examples, but | think we probably need more

Fab 5 should NOT become the new CMSSM!
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Thanks!




. ow scale seesaw

Where do neutrino masses come from?
(Forbidden by gauge invariance in the Standard Model)

Seesaw mechanism:

f—’ Breaks lepton number

L D> yHLN + M,;N*
2
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Leptons
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o
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2.4 MeV 1.27 GeV 171.2 GeV
/3 u 23 C 23 t
up charm top
4.8 MeV 104 MeV 4.2 GeV
*d s b
down strange bottom

- mMuon ¢ sterile B
eutrly’ 10 neutring

J" sterile
' 2 neutrino
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. ow scale seesaw
L34~

Where do neutrino masses come from?
(Forbidden by gauge invariance in the Standard Model) Heavy
neukbral
Lep&ov\
Seesaw mechanism:
/—> Breaks lepton number
L > yHLN + My, N* —
— EIR D y—HLHL Y [ \\\\ \;\i\:\“}‘ CODEXb ’:.—‘”:::/IL,C'J;/":‘—————’F—CC-hh
M M MATHUSLA ‘\;&\ N ! Fecee / /’W 3 Tev/
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M2 M s My 0 100
M [GeV]
N

A. M. Abdullahi et al: arXiv 2203.08039



Low scale seesaw W

Heavv
newtral
Lep&ov\

Where do neutrino masses come from?
(Forbidden by gauge invariance in the Standard Model)

Seesaw mechanism:

/—> Breaks lepton number

L > yHLN + My, N* —
2 1072 N LHe 1 . )
\\\ \\\ //:,, > -
IR Y N % CODEXb T | e ]
— L D) M—HLHL o] e N R (T e
\ N [ .
o 12 1 ATHUSLA M frccee /3ty
2 1015 GeV A
Y | <H> | Y € 1076 - Lo NN v\ ¥ LHeCyrl  pu10Tev,
5 my = ~01ev x (4) x Rl N
M ! My I I S N W
10-° A s 1 ST A0RIA TN "
2 i 1 :_,', ALl -=1
Y 1 GeV A } Fcc-hh DV
zO.ler( X —— :
—8 10710 ' SH CEPC
3 x 10 MM .-+ FCC-ee DV
°|(H)[?
N U2 ~ Yy H _ my ~ 10_10 % 1 GeV 10

My2 — My My T T w e w

M [GeV]

A. M. Abdullahi et al: arXiv 2203.08039

Is there interesting parameter
space here?



. ow scale seesaw

Where do neutrino masses come from?
(Forbidden by gauge invariance in the Standard Model)

Add a Dirac mass:

W
o

LOyHLN + MyN?*+ MpNN

2
M
— s L MHLHL
MD
o _ v Mu|{H)
v M%
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A. M. Abdullahi et al: arXiv 2203.08039

J. Kersten and A. Y. Smirnov: arXiv 0705.3221
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Low scale seesaw W

Where do neutrino masses come from?

(Forbidden by gauge invariance in the Standard Model) Heavy
neutbral

Lep&ov\

Add a Dirac mass:

K—* Preserves lepton number

) -
LOyHLN + My N“+ MpNN . \ e |
104 N N :
\ \ e
2 M % copexb =T I -
N T T FCC-hh
s IR LM gy My < Mp -+ S foe
M7, BT . recee L mi3Tey
2 2 10y AT L))
 m Y My ’<H >‘ & NS AR B TRecne
I/ - M 2 10—8 i S i Eq'_:,:\‘l::z \::\:::::>~__‘\_\\___ _-‘l:
D LN b v\ Fcchhov
. ’ < > ‘2 10-10 A o S CEPC
% U2 % y H _— mV # FCC-ee DV
M 127 My 10-12 |
l 10 10  10* 102  10° 10
M [GeV]
Direct relation between neutrino masses and A. M. Abdullahi et al: arXiv 2203.08039

mixing angle is broken!

J. Kersten and A. Y. Smirnov: arXiv 0705.3221



Relaxing the hierarchy problem

P. Graham, D. Kaplan, S. Rajendran: arXiv 1504.07551

LD (N> —gAo)H'H Dark
~ ~" - HE‘SSS
p? (o)

During inflation, the “relaxion” scans the Higgs mass

V(9)

- A / - \/

The scanning can be stopped after the Higgs mass I
becomes negative due to a back reaction

Figures from G. Perez
https://indico.cern.ch/event/910753/contributions/3831618/
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Relaxing the hierarchy problem

P. Graham, D. Kaplan, S. Rajendran: arXiv 1504.07551

LD (A4 gA¢) HTH| — Dark Higgs

Vi

p? (o)

During inflation, the “relaxion” scans the Higgs mass

V(o)

§2(¢) =0 ¢

The scanning can be stopped after the Higgs mass
becomes negative due to a back reaction

Figures from G. Perez
https://indico.cern.ch/event/910753/contributions/3831618/

Darke
Higqs


https://indico.cern.ch/event/910753/contributions/3831618/

Relaxing the hierarchy problem

Darke
Higqgs

100 — . . . . .
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A. Banerjee, et. al.: arXiv 2004.02899



Freeze-in dark matter

Freeze-out
>
DM SM
DM SM

Relic density set by DM annihilations to
the SM

Freeze-in

DM SM

DM SM

Similar interactions to freeze-out, but with

very small coupling

L. Hall, et. al.: arXiv 0911.1120

number density

W

&5

Milicharged
par&ir.:i.e.

1/T



Freeze-in dark matter 0
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Freeze-out W midlcharged
> par&ir.:i.e.
DM SM
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Stellar bounds L
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DM SM 103 1072 107' 100 10° 102 10°
m, [MeV]
(adapted from Griffin et. al.: arXiv 1807.10291)

DM SM

Similar interactions to freeze-out, but with

very small couplin
y piing R. Essig, J. Mardon, T. Volansky: arXiv 1108.5383

_ X. Chu, T. Hambye, M. Tytgat: arXiv 1112.0493
L. Hall, et. al.: arXiv 0911.1120


https://arxiv.org/abs/1807.10291

