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Dark Sector Candidates, Anomalies, and Search Techniques
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Beyond WIMP,

SO many new ways to probe possible DM,
But mostly for (ultra)light DM

Table Top experiments (nuclear or electron
scatteribg/absorption) for direct detection

Cavity experiments for axion like particles, Beam

Dump Experiments, Quantum Sensing (atomic
physics)

Cosmological Probes (indirect, CMB, star cooling,
LSST,...)

At colliders (including facilities for LLP such as
FASER Il, SHIP....)

etc



Dark Matter: where are we?

* maybe another way to look at DM: Stochastic

Gravitational Wave at a nanoHertz scale
\

NANOGrav

éuip

Green Bank, Wut\nmln

n&‘?‘

PTAs are galaxy-sized GW detectors that allow us to search for nHz GWs



Dark Matter: where are we?

* maybe another way to look at D Apart from astrophysical

Sy explanation:
Gravitational Wave at a nanoHe P
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NANOGrav | -cosmic inflation
-first-order phase transitions

-topological defects



Dark Matter: where are we?

* maybe another way to look at D Apart from astrophysical

Sy explanation:
Gravitational Wave at a nanoHe P
. N a

NANOGI;V ! -cosmic inflation

Green Bank, West Virginia
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» Explicit scale for DM is add-hoc, unless well motivated:

WIMP - solving Hierarchy Problem for EWSB

QCD Axion- Peccei-Quinn scale for solving strong CP problem

* A well motivated way of having a new scale generated dynamically (without
imposing explicit scale):

Dimensional Transmutation: if a theory is approximately scale invariant,
a small deformation can lead to the emergence of an infrared scale

* The only consistent scale invariant 4D theory with UV completion is: CF'T

* Model-building: allows explicit calculation for large N CFT
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problem, by making the Higgs boson composite. DM is a composite of the conformal
sector and the SM fields are taken to be elementary
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 Embedding the SM partially or completely in a composite sector can solve the hierarchy
problem, by making the Higgs boson composite. DM is a composite of the conformal
sector and the SM fields are taken to be elementary

» Often such a composite sector arises as the low-energy limit of an approximately
scale invariant theory, where scale invariance is broken somewhere above the weak
scale.
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» Conformal phase transition can be 1st order phase transion- GW signals
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* For massive particles, coupling to dilaton is proportional to ~M/f

1. A very economic way to couple the SM to the dark sector (singlet under SM
gauge symmetry)

2. DM coupling to SM resembles Higgs portal, but with an extra factor
(v/1)2 (mh/mg)4

* In the minimal set-up, basically three parameters determine the dynamics of
thermal freeze-out in the early universe: f, mpy, mo (all three around 1-10 TeV)
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elementary
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Forbidden Conformal DM at a GeV

0.1 -10 GeV

* a model of thermal GeV-scale DM from a dark sector with spontaneously broken
conformal symmetry

* DM is a composite of the conformal sector and the SM fields are taken to be
elementary

* dilaton plays a role of mediator

v A GeV scale DM that gives a stochastic GW consistent w/ NANOGray,

YA signal with future Direct Detection experiments

Y A signal with future searches for Long Lived Particles such as FASER Il and SHiP
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* The dark sector must contain a dilaton field o, the Goldstone boson of broken scale invariance,
so one might minimally consider a model where the dilaton is the DM

* Dilaton has couplings to the light SM fermions mafp- dilaton to decay to e*e- pairs, ruling out
the dilaton as the DM unless its lifetime is larger than about 10% s
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* The dark sector must contain a dilaton field o, the Goldstone boson of broken scale invariance,
so one might minimally consider a model where the dilaton is the DM

* Dilaton has couplings to the light SM fermions mafp- dilaton to decay to e*e- pairs, ruling out
the dilaton as the DM unless its lifetime is larger than about 10% s

* What if Acrr sufficiently high? feeble interaction means one can still have conformal freeze-in
scenario; but no GW signals &

* An observable stochastic gravitational wave background is only generated if the dark sector
temperature is comparable to or larger than the visible sector temperature.

* So we need to do something slightly less minimal: adding composite DM field + dilaton
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* A minimal model with composite GeV DM (¢) + dilaton (o)

* What mechanism can set the relic abundance of ¢? The simplest option: ¢ to be a
canonical WIMP that freezes out through 2 — 2, via dilaton-portal.

* But, @ T =my, <(oV)~me2/A4 — {(oV)~ (103 TeV)2with my~GeV & A ~TeV

c.f. what we need is (ov) ~ (20 TeV)2
Why don’t we just lower cutoff scale? i.e. setting A ~ O(100)GeV? — direct detection rules it out!

* Way out: SM interactions with the o are suppressed by f, not by A, so the freeze-out of
DM(¢) may be controlled by annihilations to dilaton(o)

* if my <my, itisa forbidden DM scenario (D’Agnolo and Ruderman, 15" ): the annihilation
cross section is exponentially suppressed by Boltzmann factors
o — oo is the dominant process for the freeze-out process



Forbidden Conformal DM from 5D model

¢ modeling Conformal Forbidden DM at a GeV by Warped 5D model

1
VA
r SM e P H, tR E
* fermions
z2=1/k z2=R
~ l/Mpl

2= R ~ 1/x

-~ -
-— e . .



Forbidden Conformal DM from 5D model

¢ modeling Conformal Forbidden DM at a GeV by Warped 5D model

1

2 _
ds® = 13,2

(nﬂydm“dm” — dz2) R » 1/k

- 0(z— R _ 5z — R
SEH:/dSl'\/g (—2M3$R — Acc) — v/§Acco (zk ) - v/ GAcc 2 P )

1

Z2 symmetry Sy = / d5$\/§(5(z — R

1 1

Sow = [ /g | 5(@un)? = 3k | = v/36(z = R)Virv(n) ~ 56z~ R Vin(r)

¢ modeling can be easily UV completed by three brane set-up to incorporate

into a composite Higgs model which address the hierarchy problem



Forbidden Conformal DM at a GeV

¢ 4D effective Lagrangian at O(I/A\)

B 1 o 1 o 5 O m 3 11 ma A
L = ESM | 9 (6“,0') zmaa 6 f 24 f2
1 o 1 oo 1., (20 o2 1
Az"/ - N myd + mih? — 2mBWiW T —m% 2, 2"
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N/

:Be ﬁ a A
26(33)F . Z(gggg) (GW)2 T Z W‘W}
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Forbidden Conformal DM at a GeV

¢ 4D effective Lagrangian at O(I/A\)

dilaton-portal

B | 1 o 1 o o5 5m 3 11 m(, 4
L = Lgm - 2(8u0') UL 7 > f2
1 o 1 9.9 1.4 @ @ 1
2(6u¢) 2m¢q§ 4!>\¢ — (’ % m¢q§
D 1S B+ m2n? — B WWH — 7,20
Az/f My mp, My L Mmz4y
fermions

@ Be(€) 2 | B3(93) /e \2 —
A2/7 | es Tt Tggr (Giw) +fer§m%ﬁw




Relic Abundance

« Annihilations into SM states proceed via dilaton exchange.

e The dominant DM annihilation channels:

0, Y
e hy + 3Hng = nZ({ov(oo — ¢8)) — nl{ov(dp — o0)),
N . g + 3Hne = ni{ov(odp — 00)) — ni{ov(co — ¢¢)) + SM interactions.



Relic Abundance
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Relic Abundance

97T(f/m¢)4mﬁzb €2Aa:f
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Relic Abundance

1.0
A = (my —my)/m ' ® Analytical Approximation |
7 ¢ ? ’ 0.8 ® Numerical Simulation
ov\oo — - —-—
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Relic Abundance

® Analytical Approximation |

® Numerical Simulation

fixing A =5TeV and f = mg

1.0

A= (mg —m¢,)/m¢, 08
1

(ov(oo — ¢¢)) = o o 6:

e

(00(66 - 00)) = (z -

02

1 '

 Omnm 00

0.05 0.10

I (f /m¢)4m¢
(20 TeV)?

2(1 + A)*

2A7:f

Q¢h2 ~ 0.1ga(z¢) e

9821 = G T A) (1 - 4A — 2A7)

050 1 5

Be aware:
we did not include
threshold effects here:
work in progress

but O(1) effect would not
change the conclusion of
our mode|

I = m¢/T
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Conformal Phase Transition

conformal sector is in its hot,
High T deconfined phase with unbroken
conformal symmetry

{ Tc: nucleation of bubbles of the IR brane| CFT undergoes a phase transition to the cold,
" confined phase

Low T Usual 5D picture here

¢ Important things to check:
* Does the phase transition complete? (otherwise the conformal sector remains in the hot

phase and there is no DM candidate )

* Do the bubble collisions during the phase transition source stochastic gravitational
waves consistent with NANOGrav?



Conformal Phase Transition

¢ Phase transition completion

Mo f 2 1/4 '
Fcon ne :Fecon ne Tc Tc — Z , = 2(./4+m2—-2
fined ((X)) = Fdeconfined (Ic) = _— (4+a) o (x/ +m3—2)

Check: the probability of bubble nucleation per unit volume per unit time I" is greater than the Hubble parameter H*

[ ~ T e > H ~ /p/Mp) ~ TZ/Mp)

the vacuum energy of the CFT dominates over the energy of the radiation bath before the phase transition:

p~meN*T*/8

Sb — SS/Tn

Thick wall limit:

Sg ~ \/g N‘}XE ,
von Harling and Servant , 17’ m? \/V(<X>) (Tn/Tc)4 - V(Xr) |

Agashe, Du, Ekhterachian, Kumar and Sundrum, 19’ Xr = ‘release point”



Conformal Phase Transition

¢ Gravitational wave signal

Pulsars: cosmic clocks scattered across the Milky Way

PTA: Array of pulsars across the Milky Way — (nHz) GW detector of galactic dimensions!

| | |
| PT-BUBBLE

—

—

! ! Lo ! | !
PT-BUBBLE+SMBHB

2 T T T




Conformal Phase Transition

¢ Gravitational wave signal

Assuming the signal 1s dominated by bubble wall collisions: Caprini et al, 15/, 20’

H \?/100\"?
peak fractional abundance: ngh2 ~ 1.3 X 10_6( ) ( )

1BGW gx
1/6
Bow \ Tr [ 9+
peak frequency of the GW: aw ~ 0.04 mHz ,
! H JTeV \ 100
phase transition duration: Pow _ TdS b T4 _ 15 N2 T4 _ 15 f*mg
(can be extracted from bounce action)  H dT’ - 4 9.(Tr) ¢ 27%(4+ ) 9.(TR)
" TR ~ 0.2\/'maf

2 4
ratio of energy released acw = 15N (Tc 1)
to energy of radiation bath 49.(T,) \ T4



Conformal Phase Transition

¢ Gravitational wave signal

Assuming the signal 1s dominated by bubble wall collisions: Caprini et al, 15/, 20’

H \?/100\"?
peak fractional abundance: ngh2 ~ 1.3 X 10_6( ) ( )

1BGW gx
1/6
Baw \ Tr [ 9«
peak frequency of the GW: aw ~ 0.04 mHz ,
/ H /) TeV \ 100
phase transition duration: Pow — TdS b T4 _ 15 N? T4 _ 15 f*me
(can be extracted from bounce action) H d T’ o 4 9.(Tg) © 274+ «) g«(TR)
" TR ~ 0.2\/'maf
ratio of energy released AGW = 15N (Tél 1) for supercooled phase transition Tc4 » Ty
to energy of radiation bath 49y (T'n,) Tf,';l P P - !



Conformal Phase Transition

. . ) NANOGrav data favor:
¢ Gravitational wave signal T € (0.017,3.3) GeV and Baw/H < 27 at the 95% CL

Assuming the signal 1s dominated by bubble wall collisions: Caprini et al, 15/, 20’

Beta/H=15, g*=100, TR =0.43,Nc=849, mx=1,e=0.15; A= 1, Beta/H = 3.2, g* = 100, TR =0.25, ... PT-BUBBLE

2.::10—9

5.%10~°
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2.x10°® 5.x10°°



Forbidden Conformal DM at a GeV

4 Dilaton-porta Model of

dilaton has the same couplings to the SM fermions and gauge bosons as the Higgs, but rescaled by a factor | = A2
'."'Illlllll | T T T 17T E

.. NANOGrav 95%
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10 >
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Forbidden Conformal DM at a GeV

4 Dilaton-porta Model

dilaton has the same couplings to the SM fermions and gauge bosons as the Higgs, but rescaled by a factor |k =

| IIIIII|

I

I T\‘

1073

IT'T[ [ [

NANOGrav 95%

vf
A2

A=5TeV
A=1

Thermalization bound:

I'>H at T = my,

The salient feature: Not just
NANOGrav signal: the model will
be tested in the future facilities
searching for LLP



Forbidden Conformal DM at a GeV

A = (mg —mg)/me
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Forbidden Conformal DM at a GeV

1.0,

’,,_ . ~ \

‘Qelf—interactions

0.8

0.6

0.0

The salient feature: Not just
NANOGrav signal: the model will
be tested in the future facilities
searching for LLP, and also by
future direct detection




Other Constraints

¢ Higgs can decay to KK modes of the dilaton through a brane-localized

interaction with the Goldberger—Wise scalar

6
['(h - KK + KK) ~ B (i)

87Tmh

number of KK modes lighter than the Higgs 1s of order m,/t

o AN
['(h — invisible) ~ - (K < 011  ATLAS 23

A/f > 10,
Q f ~ GeV and A ~ TeV




Other Constraints

¢ DM annihilation into SM fermions (via the dilaton portal)

Safe: Cross section is samll

(70(686 > 1) ~ 10 ems (1~ 23+ ) (m0)” (LY

Oleoff = mé/(47rf2). ATLAS, 23’
D> 2
e= "% _4g (14 A)° f_z
QleffT1 ¢ me

Sommerteld enhancement 1s only a large effect when € <<1

Q for f = mo and a DM velocity of 0.5 x 10-3, we find only a small enhancement of 2% to 17%



Other Constraints

¢ DM annihilation into SM fermions (via the dilaton portal)

Safe: Cross section is samll

(70(686 > 1) ~ 10 ems (1~ 23+ ) (m0)” (LY

 How about Sommerfeld Enhancement (via dilaton)?

Oleoff = m(zp/(llﬂ'fQ). ATLAS, 23’
2
e= —2 = 47(1 A)3f—2
QleffT1 ¢ mg

Sommerteld enhancement 1s only a large effect when € <<1

Q for f = mo and a DM velocity of 0.5 x 10-3, we find only a small enhancement of 2% to 17%



Summary

We present the first extensive study of light thermal relic DM which is a
composite of a CFT. We have focused on forbidden DM

for a range of dilaton masses around 0.1-2 GeV, the conformal phase transition
can source a nHz-scale stochastic GW background consistent with that observed

at NANOGrav

Theoretical and experimental bounds pointed to dark sector masses 1n the range
0.1- 10 GeV. Imposing the requirements that the dark sector thermalizes with
the SM, that the conformal phase transition completes, and that the dilaton
effective theory 1s valid led to a lower bound on the dilaton mass of about 0.1
GeV: meanwhile, direct detection bounds constrained the DM mass to be less

than 10 GeV.

The viable parameter space below a few GeV will be probed by experiments
searching for light, weakly-coupled particles like FASER2, MATHUSLA, and
SHiP. Future direct detection experiments specialized for low mass WIMPs, 1n
particular DarkSide-LowMass, will be sensitive to the remaining parameter
space up to 10 GeV.






PTAs are galaxy-sized GW detectors that allow us to search for nHz GWs

Array of pulsars across the Milky Way — GW detector of galactic dimensions!
= Look for tiny distortions in pulse travel times caused by nanohertz GWs.

= Signal builds up over time; monitor PTA over years and decades.

Kai Schmitz




Hallmark signature in cross-correlation of timing residuals of pulsar pairs
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Ererrraerd signature in cross-correlation of timing residuals of pulsar pairs
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Major announcment on June 29: compelling evidence for HD correlations

2306.16213: NANOGrav

2306.16214: EPTA+InPTA
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2306.16215: PPTA
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2306.16216: CPTA
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Kai Schmitz




Interpretation: SMBHBs (realistic) or new physics (speculative)

©® Supermassive black-hole binaries ® GWs from the Big Bang

« SMBHBs: No SMBHB mergers observed — data-driven field thanks to PTAs

= New physics: Probe cosmology at early times, particle physics at high energies

BSM scenarios: Inflationary gravitational waves, scalar-induced gravitational waves,
cosmological phase transition, cosmic strings, domain walls, axions, and many more

Schmitz




SMBHBs: simplest models of binary evolution struggle to explain the data

[NANOGrav 2306.16219]
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Compare observed spectrum (NG15) to theoretical expectation (holodeck)

= Assume SMBHBs on circular orbits and purely GW-driven orbital evolution

= 95 % regions barely touch — 2o tension between observations and theory

= GW-only evolution unable to bring binaries to the PTA band within a Hubble time Kai Schmitz




