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Clapter 7

bound states and thermal relics



the standard thermal picture




WIMP(-like) relics

based on JCAP 1705 (2017) no. 05, 006



the WIMP(-like) paradigm

¥ belongs to a representation R of a weakly coupled gauge group with vector
mediators V,

interactions associated to this group set the relic density
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caveats to the WIMP(-like) paradigm

¥ belongs to a representation R of a weakly coupled gauge group with vector
mediators V,

interactions associated to this group set the relic density

\_

9( If the interaction is long ranged ( oM, > My, ), non
perturbative effects can spoil the perturbative results

7T042 @7 7T042

T VE
X e X

% [Sommerfeld (1931);

Hisano et al. (2002); ...]




caveats to the WIMP(-like) paradigm

¥ belongs to a representation R of a weakly coupled gauge group with vector
mediators V,

interactions associated to this group set the relic density

\_

?( If the interaction is long ranged ( oM, > My, ), non
perturbative effects can spoil the perturbative results

BSx :
<O'Urel> ~ (SSom - SBS) %

X

; Scalar mediator:Wise et al. (2014)

Abelian gauge theory: Petraki et al. (2014)
QCD in the perturbative regime: Ellis (2015)



how bound states get in the game
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In general BS cross sections have to be computed numerically, however for
M, = O we can get an analytic expressions, e.g.

2

528 +1 2Ma(1 + (PAF)eAuarceot(As) S
gy 3(1+¢AP)3 (1 —em2mN)

N - / 1 /
n=1,(= a a
<‘7'Urel)bsf1 = ooAi(AfC) CjMM T )\—fCTMM

aM M’

Physics becomes more clear in the limit v, , < a

rel

= 2 Ao
(O-Urel)gfg17€_0 :




decay and breaking rates

) v \.x

Decay & —» , Break & —»
y \
decays happen mostly in the £ = 0 states breaking rate is related to formation
cross section by the Milne relation
Spin 0
_ eq\2
Tg(Bno — VV) o a2, s M, 2nply = (n31) ™ (ObstVrel)

Spin | in the non-relativistic limit it reduces to

I', (B'nO —> ff) X ozgffMX

'y ox MTS/QG_EB/TO'SUTG
Lq(Bno — VVV) xals M, b o< (M T) \TbatVrel)

bound state formation is important whenl ;> [,
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application to minimal DM candidates

Fermion triplet with ¥ = 0 (‘wino’) Fermion quintuplet with ¥ =0

O (I o e e e e e L L A e e s R NN 48 o e 0.20 F—— T 1 \ i
L é)" J
S |
I : =)
0.15 0.15 - g1
L L QQ) I
/
B f = 4 |
Z 010 > 0.10 ;
G G ,
005" 005 |
0.00 7 0.00 I T TR B N PR T
0 2 4 6 8 10 12 14
DM mass in TeV DM mass in TeV
no substantial effect because bound 60% effect due to the presence of
states are too shallow deep bound states
020 ‘ ‘ — 120 . ‘ ‘ ‘
2 i Fermion 3plet (wino) % 1001 Fermion Splet
O 0.15 wmgg! M, =27 TeV © ; M,=115TeV |
.; - "; 80 - 1s1 ]
m | Lu :AAAAAAA :
5 0.10 %60 _\ ]
8 I 8 I > 1 |
o0 i '. 5 aop UGk . ]
_g 005 ... _g - broken ]
g I %, The.rm-al £ 90 l\ Therms i
A . broken '... equilibrium ;M i T equilibrium |
000 o 2 e T 0L " ’
0 50 100 150 200 0 100 200 300 400 500 600

17

Temperature in GeV Temperature in GeV



application to coannihilating DM

DM candidate colored partner

X +SM — x + SM Y + ¥ — SM + SM

Neutralino DM co—annihilating with gluinos Neutralino DM co—annihilating with squarks
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colored(-like) relics

based on PRD 99 (2019) no.|



colored-like scenarios

x belongs to a representation R of a confining gauge group with
confinement scale A <M,

k interactions associated to this group set the relic density

below the confinement scale

light d.o.f | heavy d.o.f
pion-like states if light (M < A) particles are present ‘ bound states made of X only
or and
glueball states otherwise bound states of X and light particles/mediators

XX or KX
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what does not change

at I > A\ everything goes like in the weakly coupled scenario

4

A f direct annihilation (enhanced by
/ }99;)’ Sommerfeld effects)

@ ) jy annihilation mediated by perturbative

production of unstable bound states
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what does #e% change

at T < A everything confines into (dark) color singlet states

in the QCD case

R=0 —> qq or ¢

R=Adj — qq or ¢

these states collide with large impact parameters, giving rise to self scattering
cross-sections of typical QCD size

o~ Agap > a3/M




what does #e% change

XX bound states can form in such collisions

de-excitation
+

decay

break b¥ the
bath of light
dof




reannihilation cross section

simulating numerically the dynamic of the system we computed the £/ for the QCD case
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at [’ >> m. the effective

re-annihlation cross section

is reduced compared to the
geometric one
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application: long-lived gluino relic
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Gluino relic density Y = ng/s

oqcp = 1/Adcep
0Qcp = 47/ Adep

10—17

-
e
Z

J— -:N-O-ﬂ’ ert

I 1/ e o Y o A T

10—18

1 3 10 30 100 300 1000 300

Gluino mass M~g in TeV

25



Cliapter 2

bound states as the Dark Matter



Dark Matter as a QCD bound state

based on PRD 97 (2018) no.I |









the model

new (stable) hadrons are expected

Hybrids
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(pre-confinenemt) cosmological evolution
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(post-confinenemt) cosmological evolution
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relic abundances

Mg ~ 12.5 TeV
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Dark Matter signals



direct detection

OO interacts with gluons through induced chromo-dipole moments analogous to Rayleigh scattering
hydrogen/light

geff — CEMDMBB EQQ

the polarizability coefficient is:

1
— B|7 B) ~ 1.57a’
cp = mag( \THS — Eloﬂ ) Ta

this gives a Sl cross section slightly below XENONI T bounds

9 20TeV\° /0.1 8( CE )2
MDM (X3 1.5ma?
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indirect detection

DM annihilation is dominated by recombination followed by a decay into SM particles

(QQ)+ (QQ) @ (Q9Q) + (QQ) 8 SM

the recombination cross section is ~ a3 /v bigger than the one for direct annihilation

CHl3

OannUrel 7~ Wazvrel ~ 4 10—25
S
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DM direct & indirect searches

Direct detection Indirect detection
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collider

Q can be pair produced through QCD interactions
p+p— Q9+ Q

and then hadronize into stable or long lived hadrons which give rise to (charged) tracks

Q — Qg or Q — Qqq

/s ~ 85 TeV is needed to discover Q with Mg ~ 12.5TeV

Vs ~ 100 TeV would be sensitive up to Mg < 15TeV
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Hybrids signals/bounds



direct detection of hybrids

hybrids in the galactic halo hit the Earth with energies Fj = MQUQ/Q ~ MeV

but then they lose energy due to interaction with matter

Starkman et al. 90’

_ PN 40 2

N atmosphere
Mo 100m < thickness

E = FEyexp (—x/x¢) T

hybrids reach underground detectors with energies below typical thresholds O (keV)
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direct detection of hybrids

Mack, Beacom, Bertone 07’

hybrids are still excluded by balloon searches or Earth over-heating if thb = OQpMm

but not if thb ~ 1074 Opm
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searches for heavy nuclei in terrestrial samples

***CAUTION*%%
*%%*not clear whether or not hybrids bind to nuclei**%*

for iso-spin triplet Qqq’ pions can mediate long ranges forces.
So we expect they do

for iso-spin singlet Q¢ pions cannot mediate long ranges forces.
They do not bind? They bind only to big nuclei?

*%%the following bounds apply only if they do bind*%%




searches for heavy nuclei in terrestrial samples

Hemmick et al. 89’ Norman, Gazes, Bennett 86’

10~1*  Oxygen
NV
]\};y D < 10~1%  Enriched C
& 1012 TIron

hybrids get captured and thermalized in the upper atmosphere
M ~ phybUrel X 7TR2E x At ~ 2.5 101 ke

then collisions in the Earth atmosphere could make hybrid N, O, He kept in the
crust by electromagnetic binding

Nhyb M mpy

— ~ 4 1018
Nn Farth MQ MEarth

43



Nsimp

searches for heavy nuclei in terrestrial meteorites

limits by meteorites samples give

Polikanov et al. 91’

Nuyb 14
< 4 x 10
N,

meteorites capture hybrids only if they bind to nuclei

g capture

1n—14
— nSIMPUcapturevrelAt ~ 10

meteorite

0.01/A2,

estimated scaling typical neutron-capture cross sections
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Dark Matter as a dark bound state

based on JHEP 1710 (2017) 210 and JHEP 1902 (2019) 187



the idea
k problem: we need (at least) a new stable particle l
L analogy: proton is stable due to accidental baryon number l

idea: DM accidentally-stable bound state of a strongly-coupled gauge dynamics '

46




gravity

bark sector

weak interactions

® = (Bp, Rswm) O = (Rp, Rsm)
free parameters

L Mo & ADC]
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the benchmark scenarios

/Rp = ' Rp = Adj
| MQ =>> ADC | MQ =>> ADC

|
JHEP 1902 (2019) 187 s

JHEP 1710 (2017) 210
JHEP 1507 (2015) 039

Mo < Apc | M o K Apc
\ Rp = Adj
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the benchmark scenarios

/1 = " Rp = Adj

/  MQ > ADC | MQ =>> ADC

|
= |HEP 1902 (2019) |87 =—o

JHEP 1710 (2017) 210
JHEP 1507 (2015) 039

Mo < Apc | M o K Apc
\ Rp = Adj




the benchmark scenarios

/Rp = ' Rp = Adj
| MQ =>> ADC | MQ =>> ADC

|
| HEP 1902 (2019) |87 s

JHEP 1710 (2017) 210
JHEP 1507 (2015) 039

Mo <K Apc | M o K Apc
‘ Rp = Adj
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the benchmark scenarios

in the following | will consider the benchmark model

RSM — 30 and GDC — SU(S)
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the heavy regime

MQ > Apc



the spectrum

lightest
d.o.f




the spectrum
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the spectrum
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the spectrum
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the spectrum

lightest
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thermal history: perturbative regime
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thermal history: confinement

eI N EEEEEEENy
*

esunfllunnnnny
annhunnnnnsn?

Qppennnnnnnn?®

¥

~ 1 —|— 2NDC_1/NDC
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thermal history: dilution

llllllllll
“ ..

T MQ MQ/25 . ADC ‘ TMD TD

energy density in glueball just after confinement is huge even if they are a non relativistic species

*
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thermal history: dilution

T Mo Mg /25 Apc i Twup Th

decays of this large amount of energy during an early stage of matter domination leads to a non-
standard scaling;

1072
a X T_8/3 instead of a X T_l
107*
>
S a6
= 10 .
= g 0 __ (Hnaive TD
10 % DM = **DM | 7
10 \%\/ MB
10— | | | | | | | | ~.| |
10* 10° 108 101 10" 10

Scale factor a/a;
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thermal history: reannihilation

“IIIIIIIIIIIIIII.

T Mg Mg /25 Apc Iy fTD

Ygpunnnnnnn?®

'.lllllllllllllll‘

a second stage of annihilation can take place due to the large self scattering cross section of the DM

Rp = Ad;
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thermal history: results

108§ | I 1T T T TTTI | 1T T T TTrl | T T TTLA | IIIIIIIE
i Glueball i
107 : slow decay =
> L
v 6L
o 1076
= i
T 107
S E
. /
B /
104 E RO
- Indirect
~ bounds
101 102 103 104 10°
ADC in GeV
@ dilution dominates and prevent reannihilation @ reannihilation sets the final relic density
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the light regime

MQ < Apc



the spectrum

Ty ™ :
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the spectrum
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thermal history

‘I-IIIIIIIIIIIIIIIIIIIIIIII.

~

ssemmnn®

| |
]
u
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only one relevant scale in the game: Apc
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experimental signatures

-------------------------------------------------------------------------------
*

--------------------------------------------------------------------------------

. Glueball :
107 : slow decay E
o 1 z
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experimental sighatures



experimental searches and cosmological constraints

residual-or-of DM particles could give rise to indirect detection-

large uncertainties on the higher dim. operators can

annihilation cross section induce DM decays CMB spectral distortions

best guess :
5 2| cm signal

cosmic ray observations
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experimental searches and cosmological constraints
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masses up to 100 TeV can be tested
because of the huge enhancement of
annihilation cross sections 21



conclusions




