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The possible dark matter mass range is huge
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Are dark matter and baryons related?

* Pdark matter = 5pbaryons

* This motivates baryogenesis (leptogenesis) connected to dark
matter genesis

* The only reason to expect dark matter to have non-gravitational
couplings

, 'baryons antibaryons ~ 6% 10~10
My




The sexaqguark history 4

Perhaps a Stable Dihyperon*

R. L. Jaffef
Stanfovd Linear Accelevator Centev, Stanford Univewrsity, Stanford, California 94305, and Depavitment of Physics
and Labovatovy of Nucleay Science,i Massachuselts Institute of Technology, Cambridge, Massachusetts 02139
(Received 1 November 1976)

In the quark bag model, the same gluon-exchange forces which make the proton lighter
than the A(1236) bind six quarks to form a stable, flavor-singlet (with strangeness of
—2) JP =0* dihyperon (H) at 2150 MeV. Another isosinglet dihyperon (H*) with J© =1+
at 2335 MeV should appear as a bump in AA invariant-mass plots. Production and de-
cay systematics of the H are discussed.

Stable Sexaquark

Glennys R. Farrar
Center for Cosmology and Particle Physics, Department of Physics, New York University, NY, NY 10003, USA

It is proposed that the neutral, B=2, flavor singlet sexaquark (5) composed of uuddss quarks, has mass

Nno net Spin nor cha rge ms < 2 GeV. If mg < 2(m, + m.), it is absolutely stable, while for mgs < m, + m. + ma, 7s can be
> Tuniv. Lattice gauge theory cannot yet predict mg but indirect evidence supports the hypothesis of stability.

B =2 A stable S is consistent with QCD theory and would have eluded detection in accelerator and non-accelerator
experiments. If it exists, the S is a good Dark Matter candidate. Analyses of existing Upsilon decay and LHC

data are proposed which could discover it and measure its mass.




The sexaquark mass range

mg = 1860 MeV mg < 1890 MeV
* to guarantee nuclear stability * to guarantee sexaquark stability
(49X = 572 + S) (S > 2m, + 2m,)
* 1860 = m, + m,, —m, — 2BE * itis a doubly weak process

(BE ~8 MeV is the binding energy of
a nucleon in a nucleus)

previous studies on the sexaquark:

1708.08951 1803.10242 1804.03073 1805.03723
1809.06003 1809.06765 2007.10378 2112.00707
2201.01334 2202.00652 2306.03123 2310.05194



Binding energy using lattice QCD
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Lattice QCD extrapolation 4

u u
I
0.06:—:
Ll
Ll
0.04_4I
-l
L
<) 0.00 : “Lattice studies to date have only probed the weakly bound molecule or
f ' ZY just-above-threshold resonance state, with BE < ~5 MeV, or near-
—0.02 threshold resonance (consistent with hints from ALICE phase shift
' analysis). They are insensitive to the compact Sexaquark system [...]. The
—0.04 polarizability is very strongly dependent on the spatial extent and your
' numbers from the lattice are for an H-dibaryon state which is like a
—0.06 A nucleon or even more extended. The polarizability of the S is much
0.0 . smaller than your lattice estimate for the H-dibaryon would indicate.”
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Sexaquark properties .

» Dark/Neutral Vv
e Cold/Non-relativistic v

* Stable on cosmological timescales

« very long lifetime 7 = 10% X Typiverse

Claim: possible if its
°[Can obtain the measured dark matter abundance] Standard Model

in the Early Universe ? coupling is much
smaller than naive

 Not be already excluded ? QCD




V. Ullmann

The history of the Universe
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https://astronuclphysics.info/Gravitace5-4.htm

Freeze out of WIMPs d
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Equilibrium abundance of the sexaquark = ¢ . °

u u

with chemical potential
(not answering where it
comes from)
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MM+ 2403.03972 B
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Equilibrium abundance of the sexaquark = ¢ . °

S
u u
— 0 S —
DM p n with chemical potential
(not answering where it
comes from)
Sexaquarks must depart 1860 MeV
from equilibrium at early l
times to account for all .
of dark matter ) heavier
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MM+ 2403.03972 12
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Freeze out of the sexaquark

Three main processes can lead to freeze out

0 5SS — SM particles

MM+ 2403.03972

— +3Hns = — (ov)§g (nsng —ng'ng)
dng ann eq eq
e +3Hng = — (ov)gg (nsng —ng ng)

SS — SM particles

13
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Freeze out of the sexaquark

Three main processes can lead to freeze out

0 SS — SM particles ( investigated by Kolb & Turnerin 2018

forB € [10711,1],

x Bm>?, with B<1 \

but claims by Glennys that B < 10712
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Freeze out of the sexaquark

(ov) = Bm*

MM+ 2403.03972
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Freeze out of the sexaquark

MM+ 2403.03972
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Freeze out of the sexaquark

Three main processes can lead to freeze-out

0 SS — SM particles
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Alternate cosmological history :
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Evolution of energy densities
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Sexaguarks from a late-decaying reheaton

Formg > Aqcp, a couple of parameters set the abundance:

coalescence probability

_ TRH _
YS — fS X m where fS — Bstrange X Pcoal

sexaquark survival efficiency branching fraction of reheaton
from reheaton decay decays into strange quarks

Teen K Try K Thag requires fg =~ 10~7 for sexaquarks to be all of
dark matter

MM+ 2512.14838 20
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Reheaton decaying into quark matter

Pairs of quarks can be produced from the decay of
* spin-0 (scalar) reheatons
* spin-1 (vector) reheatons

Ly = ¢(95q9 +igpqr°q)
¢ evaluated wi e
L = GHG"™

/ — - 5
Ly =17, (quy“q +igaqy*’ q)

MM+ 2512.14838

21
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Strange branching fraction of reheaton
decay

fS = Bstrange X Pcoal 10° ¢

) R
2m., 2my,
S
107 —— Yukawa scalar E
¢ - qq ?ﬁj Yukawa pseudoscalar -
AR qq < 102k — Z' vector =
f — 7' axial-vector ]
also L ;
¢ - g9 | -
10 10 107

reheaton mass (GeV)

MM+ 2512.14838
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Coalescence probability of quark matter
Into sexaquarks

fS = Bstrange X Pcoal

How do two strange baryons coalesce into a sexaquark? It
depends approximately on

* quantum numbers

* strange-baryon fraction within a correlation volume

* relative momentum of the baryons

* probability of the baryons to combine rather than scatter

MM+ 2512.14838

23
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Fraction of reheaton decay producing q
sexaquarks -

fS = Bstrange X Pcoal 1073

=

The factors entering
P41 are poorly

«3
® = g9 constrained (width of
10712 F— Z’ vector

coloured regions)

—— Yukawa scalar — QS =~ QDM%
ool .

10—15 : Lol . .
10° 10! 10?

It is hard to get sexaquarks as more than 10-3 of dark

matter without fine tuning reheaton interactions
MM+ 2512.14838 24
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Constraints on reheaton decay
to SM states

s = Bstrange X Pcoal

To decay between the QGP and BBN:
T~107>—1s

‘/5’ — qci_ — hard to look for in collider and long-lived
Z°—qq particle experiments
$ - g9

¢-Higgs mixing: my % my,

MM+ 2512.14838
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[ ] [ ] [ ] d
Producing sexaquarks in the early Universe y
102 1073 ey U
RN |
10-22: ____________________________________________________
104 \
& 1076 - mmmmooo- s
10
10—102:'_
s I both scenarios require beyond the
SANEEE A  Standard Model physics to explain
the baryon asymmetry
* Sexaquarks must depart from equilibrium early * need beyond the Standard Model physics

 Atthe expense of also producing antisexaquarks to explain the existence of a reheaton

e tune the reheaton mass or introduce flavor-

* Requires allcross sections to be strongly _ ,
nonuniversal couplings to favor strange

suppressed (small B’s)

MM+ 2403.03972 MM+ 2512.14838 26
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Sexaquark properties

» Dark/Neutral Vv
e Cold/Non-relativistic v

* Stable on cosmological timescales

* very long lifetime 7 = 10? X Tpiverse

e Can obtain the measured dark matter abundance
in the Early Universe ?

-[Not be already excluded ?J

27



Dark matter detection mechanisms y

Dark Matter Standard Model
Particles Particles
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Annihilation SS — SM (hadronic)

* The best constraints come from Planck (CMB energy injection)

and Fermi/-LAT (y-rays from dwarf spheroidal galaxies)
10723 e

fufz <1077

MM+ 2512.14838

Leane+ 1805.10305
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Dark matter detection mechanisms
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Annihilation in Super-Kamiokande d

Why Super-Kamiokande?
* large exposure

* signature easy to distinguish
(invariant mass, momentum)

e same cutsas n —n oscillations
and nucleon decay

Sb—br

MM+ 2403.03972 31
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Annithilation in Super-Kamiokande )

f5 from freeze-out
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Annithilation in Super-Kamiokande

f5 from freeze-out
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Annihilation in the Earth to neutrinos

f5 from freeze-out

Sb—b'n produges muon neutrinos
slowed down

& 107%° 10726, -
8A r -
E 10728 10728 | .
s |
= — 10730 — 10730 o 9
3 NE | I I
21 © 32 : v 6
5| — 10° — 107% |
=] §|§ g'i % ’
S 10734 1034 .| 0
= |
S 10736 1073¢ =
a 3
2 10738 ' 1038 LI
9 10-16 10712 1078 1078

B

how much it annihilates with nucleons
MM+ 2403.03972 34



https://arxiv.org/abs/2403.03972

Dark matter detection mechanisms

fofy < 1073
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Summary y

Genesis:

* gllfreeze-out rates must be small (~15 orders of magnitude) or
reheaton branching ratio large to give a non-negligible abundance
(fine-tuning)

Direct detection and annihilation signhatures:
* prevent the existence of a non-negligible abundance

The sexaquark is an unlikely
candidate to make up a

large fraction of dark matter

MM+ 2403.03972 & 2512.14838 3
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