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Stable Sexaquark and other
uds Dark Matter

How could we have missed a
stable particle made of quarks?
[Hints from Astrophysics]
[Primordial Nucleosynthesis]
Dark-Matter to Ordinary-Matter ratio
[Detecting S dark matter]
Discovering a stable sexaquark in the lab
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Unique among multi-quark states:

Color singlet
Flavor singlet
Spin singlet (scalar)

S

6-quark, Q=0, B=2
ms< 2 GeV???

Same quark content as H-dibaryon® (Jaffe 1977), but different physics: not a loosely bound digl\!

G. R. Farrar, Louvain, Dec. 3,2018 *mass ~ 2150 MeV in bag model — decays in 10-10 s



Why consider ms ~2 mp ?

(2 mp=1.876 GeV)

« Light quarks almost massless, i.e. relativistic
* Mmudg=few MeV, ms=91 MeV
* S has same QNs as ground state glueball

* Ms = Mguebal +180 MeV = (1.5-1.7)+ 0.18 GeV = 2 mp
« 3 xdi-quark mass =1.2-2 GeV

* ms<2(mp+ me): Sis absolutely stable

* ms>2 (mp-8 MeV) : nuclei are stable

* triple-singlet (color,flavor,spin): MAC, lattice, models: all == ms<2 ma
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Stable Sexaquark Hypothesis

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

sen-20] sext-[21]

sexa-19

hexakis-
hexc122] hexaplo- hect-[23] i
hexad- hectaio-

e.g. hexahedron

a» Sometimes Greek hexa- is used in Latin compounds, such as hexadecimal, due to taboo avoidance with the English word sex.

Crucial fact:

6-quark, Q=0, B=2
Spin-0, scalar
Flavor singlet
m~1.7-2 GeV

G. R. Farrar, Louvain, Dec. 3, 2018
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https://en.wikipedia.org/wiki/Hexadecimal
https://en.wikipedia.org/wiki/Euphemism#Etymology
https://en.wikipedia.org/wiki/Sex

Conditions on QCD Dark Matter

v Tom > Tuniv , cold, neutral
v primordial nucleosynthesis

v Particle must not be already excluded
— accelerator searches
— exotic isotopes
— DM searches
— indirect impacts (heating planets, helioseismology,...)
— stability of nuclei
— equation of state of neutron stars (and their stability)

v Correct relic density (for natural DM mass & size)
- Bonus: explains BBN 7Li anomaly!
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S has not been discovered
at accelerators because it Is elusive

 Many negative searches, but all are inapplicable. They either*:

— looked for H-dibaryon through decays (but S is stable)

‘ GRF+G.Zaharijas 2004

— restricted to mass >2 GeV (but ms <2 GeV)

— required A fusion in hypernuclei (but SAA overlap is small)

« S is similar to (the much more copious) neutron

-30

. Extremely rare
fluctuation required for S & AA; S < NN is G4 smaller & GIM suppressed=>

— nuclei can be stable (> 1029 yr) even for ms > 2 mp 3% Now/\

— hard to produce in fixed target experiments B <

*apart from BaBar
G. R. Farrar, Louvain, Dec. 3, 2018



Experimental searches so far

 Require M > 2 GeV:
» Gufstafson+ FNAL1976 : Beam-dump + tof Limit on production of
neutral stable strongly interacting particle with mass > 2 GeV.

» Carroll+ BNL 1978: No narrow missing mass peak above 2 GeV in
pp-> KKX

* Require H-dibaryon decay:

« Badier+ NA3 1986

* Bernstein+ FNAL 1988: Limit on production of neutral with
108 <1< 2x106s

« Belz+ BNL1996: H-/->AnorXn [c.f,issue raised by L.
Littenberg]

Kim+ Belle 2013: no narrow resonance in Y = A p K

* Limits from production in doubly-strange hypernuclei:

e Ahn+ BNL 2001
. Takahashi+ KEK 2001

G. R. Farrar, Louvain, Dec. 3, 2018

Search for Six-Quark States

A. 8. Carroll, I-H. Chiang, R. A. Johnson, T. F. Kycia, K. K. Ki,
L. S. Littenberg, and M. D, Marx
Brookhaven National Labovatory, Upton, New Yovk 11973

and

R. Cester, R. C. Webb, and M. S. Witherell
Princeton University, Princeton, New Jersey 08540

(Received 26 July 1978)

We have searched the missing-mass spectrum of the reaction pp ~K*K*X for a narrow
six-quark resonance in the mass range 2.0-2.5 GeV/c?, No narrow structure was ob-
served. Upper limits for the production cross section of such a state depend upon mass
and vary from 30 to 130 nb.

IVOLUME 76, NUMBER 18 PHYSICAL REVIEW LETTERS 29 APRIL 1996

Search for the Weak Decay of an H Dibaryon

J. Belz,5* R.D. Cousins,> M. V. Diwan,>' M. Eckhause 8 K. M. Ecklund,’ A.D. Hancock,? V.L. Highland %* C. Hoff}
G.W. Hoffmann,” G.M. Irwin,’ J.R. Kane } S.H. Kettell ' J.R. Klein,*? Y. Kuang } K. Lang,” R. Martin,} M. May,'
J. McDonough,” W.R. Molzon? P.J. Riley,” J.L. Ritchie,” A.J. Schwartz,* A. Trandafir® B. Ware,” R.E. Welsh,®
S.N. White,! M.T. Witkowski,®! S.G. Wojcicki,3 and S. Worm”

!Brookhaven National Laboratory, Upton, New York 11973
2University of California, Irvine, California 92717
3University of California, Los Angeles, California 90024
“Princeton University, Princeton, New Jersey 08544

iversity, Stanford, California 94309
Philadelphia, Pennsylvania 19122
"University of Texas at Austin, Austin, Texas 78712
8College of William and Mary, Williamsburg, Virginia 23187
(Received 8 December 1995)

We have searched for a neutral H dibaryon decaying via H — An and H — 3%. Our search
has yielded two candidate events from which we set an upper limit on the H production cross section.
Normalizing to the inclusive A production cross section, we find (do /d)/(dos/dS) < 6.3 X 1076
at 90% C.L., for an H of mass ~2.15 GeV/c2. [S0031-9007(96)00050-6]

'VOLUME 87, NUMBER 13 PHYSICAL REVIEW LETTERS 24 SEPTEMBER 2001

Production of ,‘{H Hypernuclei

J.K. Ahn," S. Ajimura,'® H. Akikawa,” B. Bassalleck,” A. Berdoz,2 D. Carman,? R. E. Chrien,! C. A. Davis, 3!
P. Eugenio,? H. Fischer,> G.B. Franklin,? J. Franz,? T. Fukuda,'® L. Gan,* H. Hotchi,'? A. Ichikawa,’ K. Imai,’
S.H. Kahana,! P. Khaustov,? T. Kishimom,‘" P. Koran,? H. Kohri,'® A. Kourepin,® K. Kubota,'> M. Landry,?

M. May,! C. Meyer,? Z. Mezi inami i . Nagae,® J. Nakano,'? H. Outa,’ K. Paschke
P. Pile,' M. Prokhabatilov,® B.P. Qumn. V. Rasm," A. Rusek,' H. Schmitt,® R A. Schumacher‘ M. Sekimoto,
K. Shileev,S Y. Shimizu,'° R. Sutter,! T. Tamagawa,'? L. Tang,* K. Tanida,'? K. Yamamoto,” and L. Yuan*
'Brookhaven National Laboratory, Upton, New York 11973
*Department of Physics, Carnegie Mellon University, Pisburgh, Pennsylvania 15213
3Department of Physics, University of Freiburg, D-79104 Freiburg, Germany
“*Department of Physics, Hampton University, Hampton, Virginia 23668
SHigh Energy Accelerator Research Organization (KEK), Tsukuba, Ibaraki 305-0801, Japan

Slnstitute for Nuclear Research (INR), Moscow 117312, Russi
"Department of Physics, Kyoto University, Sakyo-Ku, Kyoto 606-8502, Japan
SDepartment of Physics and Astronomy, University of Manitoba, Winnipeg, MB, Canada R3T 2N2
SDepartment of Physics and Astronomy, University of New Mexico, Albuquerque, New Mexico 87131
1Department of Physics, Osaka University, Toyonaka, Osaka 560-0043, Japan
" Department of Physics, Temple University, Philadelphia, Pennsylvania 19122
12Department of Physics, University of Tokyo, Tokyo 113-0033, Japan
13, Depamnem of Physics, Pusan National University, Pusan 609-735, Korea
UMF, 4004 Wesbrook Mall, Vancouver, BC, Canada V6T 2A3
ISLaboratory of Physics, Osaka Electro-Communication University, Neyagawa, Osaka 572-8530, Japan
(Received 14 May 2001; published 5 September 2001)
An experiment demonstrating the production of double-A hypernuclei in (K~, K*) reactions on °Be
was carried out at the D6 line in the BNL alternating-gradient synchrotron. The technique was the
observation of pions produced in sequential mesonic weak decay, each pion associated with one unit of
strangeness change. The results indicate the production of a significant number of the double hypernu-
cleus ,#H and the twin hypernuclei 4 H and 3H. The relevant decay chains are discussed and a simple
model of the production mechanism is presented. An implication of this experiment is that the existence
of an § = —2 dibaryon more than a few MeV below the AA mass is unlikely.
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Require M > 2 GeV:
+ Gufstafson+ FNAL1976

Beam-dump + tof Limit on pror’'.cucn

of neutral stable strongly interacting particle with mass > 2 GeV.
* Carroll+ BNL 1978: No narrow missing mass peak at. ve * GeV

inpp->KKX

Require H-dibaryon decay:

e Badier+ NA3 1986

* Bernstein+ FNAL 1988: Limit « 1 pre .uctic  of neutral with

108 <1< 2x106s
« Belz+ BNL 1996:
Littenberg]
Kim+ Belle 2015

H /-

A+ X . [ct., issue raised by L.

no narrow resonance inY A K

Limit. frc 1 prodt stion in doubly-strange hypernuclei:

Ah + biw 2001
Take. 1ashi+ KEK 2001

G. R. Farrar, Louvain, Dec. 3, 2018

enberg, and M. D. Marx
Laboratory, Upton, New York 11973

and

R. C. Webb, and M, S. Witherell
Princeton University, Princeton, New Jevsey 08540

(Received 26 July 1978)

e have searched the missing-mass spectrum of the reaction pp —~K*K*X for a narrow

quark resonance in the mass range 2.0-2,5 GeV/c*, No narrow structure was ob-

'ed. Upper limits for the production cross section of such a state depend upon mass
and vary from 30 to 130 nb.

IVOLUME 76, NUMBER 18 PHYSICAL REVIEW LETTERS 29 APRIL 1996

Search for the Weak Decay of an H Dibaryon

J. Belz,5* R.D. Cousins,> M. V. Diwan,>' M. Eckhause 8 K. M. Ecklund,’ A.D. Hancock,? V.L. Highland %* C. Hoff}
G.W. Hoffmann,” G.M. Irwin,’ J.R. Kane } S.H. Kettell ' J.R. Klein,*? Y. Kuang } K. Lang,” R. Martin,} M. May,'
J. McDonough,” W.R. Molzon? P.J. Riley,” J.L. Ritchie,” A.J. Schwartz,* A. Trandafir® B. Ware,” R.E. Welsh,®
S.N. White,! M.T. Witkowski ®! S.G. Wojcicki.* and S. Worm”

' Brookhaven National Laboratory, Upton, New York 11973
2University of California, Irvine, California 92717
*University of California, Los Angeles, California 90024

), Princeton, New Jersey 08544
sity, Stanford, California 94309
Philadelphia, Pennsylvania 19122
University of Texas at Austin, Austin, Texas 78712
SCollege of William and Mary, Willizunsburg), Virginia 23187

(Received § December 199
*We have searched for a neutral H dibaryon decaying via H — An and H — S%. Our search
yiclded two candidate events from which we set an upper limit on the H production cross section.
Normalizing to the inclusive A production cross section, we find (do/dQ)/(dra /d€2) < 63 X 106
at 90% C.L., for an H of mass ~2.15 GeV/c2. [S0031-9007(96)00050-6]

'VOLUME 87, NUMBER 13 PHYSICAL REVIEW LETTERS 24 SEPTEMBER 2001

Production of ,‘{H Hypernuclei

J.K. Ahn," S. Ajimura,'® H. Akikawa,” B. Bassalleck,” A. Berdoz,2 D. Carman,? R. E. Chrien,! C. A. Davis, 3!
P. Eugenio,? H. Fischer,> G.B. Franklin,? J. Franz,? T. Fukuda,'® L. Gan,* H. Hotchi,'? A. Ichikawa,’ K. Imai,’
S.H. Kahana,! P. Khaustov,? T. Kishimolu,"’ P. Koran,? H. Kohri,'® A. Kourepin,® K. Kubota,'> M. Landry,?

M. May,! C. Meyer,? Z. Mezi inami i y J. Nakano,'? H. Outa,’ K. Paschk
P. Pile,' M. Prokhabatilov,® B.P. Qumn. V. Rasm," A. Rusek,' H. Schmitt,® R A. Schumacher‘ M. Sekimoto,
K. Shileev,S Y. Shimizu,'° R. Sutter,! T. Tamagawa,'? L. Tang,* K. Tanida,'? K. Yamamoto,” and L. Yuan*
'Brookhaven National Laboratory, Upton, New York 11973
2Department of Physics, Carnegie Mellon University, Pittsburgh, Pennsylvania 15213
3Department of Physics, University of Freiburg, D-79104 Freiburg, Germany
“Department of Physics, Hampton University, Hampton, Virginia 23668
SHigh Energy Accelerator Research Organization (KEK), Tsukuba, Ibaraki 305-0801, Japan

Slnstitute for Nuclear Research (INR), Moscow 117312, Russi
"Department of Physics, Kyoto University, Sakyo-Ku, Kyoto 606-8502, Japan
SDepartment of Physics and Astronomy, University of Manitoba, Winnipeg, MB, Canada R3T 2N2
SDepartment of Physics and Astronomy, University of New Mexico, Albuquerque, New Mexico 87131
1Department of Physics, Osaka University, Toyonaka, Osaka 560-0043, Japan
" Department of Physics, Temple University, Philadelphia, Pennsylvania 19122
12Department of Physics, University of Tokyo, Tokyo 113-0033, Japan
13Department of Physics, Pusan National University, Pusan 609-735, Korea
1 IF, 4004 Wesbrook Mall, Vancouver, BC, Canada V6T 2A3
ISLaboratory of Physics, Osaka Electro-Communication University, Neyagawa, Osaka 572-8530, Japan
(Received 14 May 2001; published 5 September 2001)
An experiment demonstrating the production of double-A hypernuclei in (K=, K*) reactions on *Be
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Sexaquark Discovery Strategies

S itself: neutral, generally “missing”

Apparent lack of Baryon# and Strangeness conservation:
missingB=x2 + missingS = F 2
inclusive: maximizes event rate, hermetic detector; ID!
Statistical correlation sufficient; do not have to ID everything.

Reconstruct missing mass, e.g.:
e Y>ANS (+pions) Ms? = (py-pPai-Pr2-Y Pai)?
exclusive: big penalty in statistics, but gain from mass peak

e« LHC: S+N-> A K+« Ms2=(PDA+ PK+.- pn )2

compromise: potentially a sweet spot (tbd)

10
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Quark-Gluon Plasma = Hadrons @~150 MeV

 Lattice QCD: crossover transition 160-140 MeV
— T>160 MeV: u,u,d,d,s,5,gluons; NO vacuum condensates
— T <140 MeV: pions, kaons, p,p, ...; <qg> & <GG> condensates
— Abundance relative to photons (for species in equilibrium):

« Baryogenesis = : -
Mot = M(L+ Qo /(ypD)) ~ 4.1 x 1077 0100 __——
* u,d,s ratio from g masses |

mu = 2.118(38) MeV 0.001
Mg = 4.690(54) MeV
ms = 92.52(69) MeV 1072 -
10~
1072
e T (Me)
T 40 60 80 100 120 140 160

180 200

120 140 160
G. R. Farrar, Louvain, Dec. 3, 2018




DM to (left-over) baryon ratio

« Hypothesis: DM has u,d,s in equal humbers
- sexaquark DM, strange quark nuggets (Witten,1984)

QDM Yy s st

Qb N 1—/4333f3

— yb =DM mass/m_p (mass per unit baryo mber)

— fs = fraction of quarks that are s

— 3 fsis number uds per unit baryon #  — ranges from 0.964 to 0.948 as T
decreases from 160 MeV to 140 MeV.

— ks Is efficiency of uds = DM (Boltzmann, from hyperon and S masses)

1
1+ (ran+ras + 2rss + 2ryz) (1.2 = expl—(mit+me—mg)/T]

ks(mg,T) =

G. R. Farrar, Louvain, Dec. 3, 2018



determined by stat mech , quark masses &
temp of QGP-hadronization transition

fraction

G. R. Farrar, LHC-LLP, Oct. 24, 2018 13



S.S from cooling fireball at LHC?

RatioToPi
1,
K
0.100 |
0.010 P
0.001
1074 | S
10—5,
e e e b b I TinMe\
110 120 130 140 150

* Fantasy: perfect equilibration = Ns/Ng = 2.5
* Reality (?):
* no B excess in central region = no S excess over S

* S,S annihilate to maintain equilibrium, till freeze out =

Ns+s = 104Ny =» Esmiss = 104 (Ms/Ey) Extot ...



Y >/\/\S ANS

(+ pions)

- Y is localized source of ggg

= production of S is (relatively) enhanced

- Many x 108 events collected (CLEO, BaBar, Beolle)  [IRINEN
* detectors pretty hermetic, have good mass resolution, O(10 MeV)

« /\ decays quickly to pst-so easy to ID. ct=8cm

« Can MEASURE ms via missing mass in exclusive events
» Very clean
» Main bkg is Ks Ks K KL (+ pions)

- Ks's mis-ID’'d as A's and KL 's escaping before decay : negligible for Belle
- rare and can model accurately
- Ks Ks KL KL (+ pions) is measurable, from K+ K+ K- K- (+ pions)
* “Conspiracy” of missed particles producing AB = + 2, AS = ¥ 2 very hard

Background does not have narrow peak in missing mass!

15
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Y->AAS & AAS

High Energy Physics - Experiment

Search for a Stable Six-Quark State at BABAR

Bertrand Echenard (on behalf of The BABAR Collaboration)
(Submitted on 10 Oct 2018)

Recent investigations have suggested that the six-quark combination uuddss could be a deeply bound state (S) that has eluded detection so far,
and a potential dark matter candidate. We report the first search for a stable, doubly strange six-quark state in Upsilon -> S anti-Lambda anti-
Lambda decays based on a sample of 90 million Upsilon(2S) and 110 million Upsilon(3S) decays collected by the BABAR experiment. No signal is
observed, and 90% confidence level limits on the combined Upsilon(2S,3S) -> S anti-Lambda anti-Lambda branching fraction in the range (1.2-
1.4)x10A-7 are derived for m_S < 2.05 GeV. These bounds set stringent limits on the existence of such exotic particles.

Comments: 7 pages, 4 figures, submitted to Phys. Rev. Lett
Subjects: High Energy Physics - Experiment (hep-ex)
Report number: BABAR-PUB-18/009, SLAC-PUB-17335
Cite as: arXiv:1810.04724 [hep-ex]

(or arXiv:1810.04724v1 [hep-ex] for this version)

exclusive <1.4x107
2 x 108 events; main backgrounds Y(2S,3S) >AAAA + X & noise in E-cal

inclusive ~2.7x10°7
- SU(18) (color-flavor-spin) singlet: 5.4 104 ; as3; (1/2)5

start with biggest exclusive 3-body channel: =2x 106
penalty of S+S relativeto ¢ : 6 x 105

Predict Exclusive ~ 1011

16
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Y->AAS & AAS

High Energy Physics - Experiment

Search for a Stable Six-Quark State at BABAR

BaBar exclusive limit is a factor 104
from being constraining — need
inclusive or semi-inclusive

BaBar: exclusive BF[ Y(2S,3S) >AAS+AAS]<1.4x107
- 2 x 108 events; main backgrounds Y(2S,3S) ->AAAA + X & noise in E-cal

Predicted inclusive BF [Y(ggg) > (Sor S + X )] ~2.7 X 10-7 (GRF arxiv:1708.08951)
SU(18) (color-flavor-spin) singlet: 5.4 104 ; a3 ; (1/2)°
Exclusive Penalty:
start with biggest exclusive 3-body channel: BF[ Y (25,3S) -> p KK | =2x 106

penalty of S+S relativeto ¢ : 6 x 105
* Predict Exclusive BF [Y(ggg) > AAS+ AANS ]|~ 107

G. R. Farrar, Louvain, Dec. 3, 2018



| HC beam lifetime

opomp < ~ 1030 cm?2
Eiab = 6.5 TeV; ms ~2 mp

SRS\ WS
logio(of/cm?) = 2| | 2
g10(0f5/cm?) 2\ 2\ 2

|
N
o

log1o(0$5/cm?)
10910 (08 47e, / €m?)
)
~

15 2

Mpm/mp
Fig. 7.— Upper limits on (fgf)"{-lov implied by an LHC beam lifetime of 100 hr. Results are
shown for five values of o§; for which the LSS lies in the crust (10720, 107288 10285,

1072, and 10727 cm?), and two values for which the LSS lies in the atmosphere (10722 and

G. R. Farrar, Louvain, Dec. 3, 2018

10-2 cm?). The curves are labeled with logio(o53).



L HC .

e | ow production rate (uuddss in small vol; SU(18) singlet)

e Statistical examination of correlation aB=x2,as=z2

« 2nd exponential in scattering-length distribution of n-
like interactions, due to S?

+ Distinctive needle in a haystack | st
(~few x 101" events have been recorded!) _’_>T Pa=(my,0,0,0)

19
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LHC I,

* Low production rate (uuddss in small vol=>)

:"‘ Z K*
AS intenocion L metecial

N

i Pﬂ:(mwo,o,o)

/

~ 100 particles in central tracker/event x N1 1071
~ 10 events

o Statistical examination of correlaton AB=%2, AS=x%2 777
* Heavy ion collisions produce more particles — feasible to reconstruct ?7?7?
« Find a distinctive needle in a haystack (~1011recorded events)?

A K+ Evo> Axm+o, N> pr+

Rate estimate:

30 charged particles with pseudo-rapidity Inl <2.4; N events = Ny 1011

fP°410~4 is the S production rate relative to all|charged particles

2 Ns=3f4Np 108

ih1n—6
A0~ on N

NE,]\ _ fEZlOd fir(lgnih fé,

fraction of final states containing =, A

e 2nd exponential in scattering-length distribution of n-like interactions, due to S

20
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Heavy lon Collisions

e Sum up observed B and observed S, event
by event.

* Any excess anti-correlation”

e netB ~ net -S

Please contact me if interested...

21



Sexaqguark Discovery strategy

Apparent lack of B and S conservation:
missingB=+2 + missingS =72
inclusive: maximizes event rate, hermetic detector; ID!
Statistical correlation sufficient; do not have to ID everything.

Reconstruct missing mass, e.g.:
e« Y>AAS (+pions) Ms2=(pv-PAri-Pr2- Y Pri)?
exclusive: big penalty in statistics, but gain from mass peak

e LHC: S+N-> A K+t Ms2=(PA+ PK+..- pn)2
compromise: potentially a sweet spot (tbd)

Time-of-flight => distinguish from neutron (SHiP?)
Second exponential in interaction length
“Missing energy” in heavy ion collisions

o Snolab nuclei: d->Setv sinfc* x GIM suppression X Gr4 |, T > 1029 yr (ms < ~1875 MeV)

22
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* Big Bang Nucleosynthesis works brilliantly except 100 problem

* Predicted abundance of ’Li = (56.61 £ 0.26) 10-10
Observed abundance of =(1.58 £ 0.31) 10-10

 Discrepancy is now very Serious:

* Nuclear rates all well-measured
* 1 =nNu/Nn,=(6.58=+0.02) 10-0 from CMB

Mass fraction

« Astrophysics now secure (Spite plateau):
» small scatter
» 7Li constant over > 3 decades of low metallicity

=
:
S

23




0.25
3He —>P > e

®) ] [(Dn)%‘ ](D.n) : :
0.75 The “action” is at T~100 keV
3 p ™, p O, g so S only affects weakly bound nuclei

Standard Be7
case is dashed
line

KE threshold for breakup =

1.58, 2.46, 4.47,5.75, 19.3 [2.2] MeV
/Be 7Li 3He T 4He [d]



Standard BBN

---- Be7(n,p)Li7 —— He4(He3,9)Be7
-- Be7(n,a)He4 —— Be7 abundance
-- Be7(d,pa)He4

10 12 14

mel/T

with S+7Be -> S 4He 3He

-- Be7(n,p)Li7 —— Hed4(He3,9)Be7
-- Be7(n,a)He4 —— Be7 abundance
-- Be7(d,pa)He4

10 12 14

mel/T

’Be->7Li after atoms form.

No other BBN predictions
modified (all other BE are larger)

GRF, R. Galvez, X. Xu in prep

Predicted abundance of 7Li = (56.61 = 0.26) 10-10
Observed abundance of = (1.58 £0.31) 10-10

Be7(S,Sa)He3

=
5}
i

T [MeV]




Key points to take home

e There may a tightly bound 6-quark state S= uuddss

- Unique, symmetric structure = other hadrons don’t provide guidance

- mass is not driven by chiral symmetry breaking (unlike baryons)
- constituent quark model probably completely misleading

- If Ms<2mp + 2me , Sis absolutely stable

- S may be waiting to be discovered in existing Y -decays or LHC

experiments... mass can be accurately measured in exclusive reactions

* SDM will be challenging to detect, but not impossible. Astrophysical and
cosmological effects may allow it to be constrained, excluded or confirmed.
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Parenthesis:
Relic Abundance of uds Dark Matter

Stat Mech + quark masses, Tacp= 150 MeV  => .QSDM / .Qb =451
Oom [ 2p =53+0.1

After hadronization: S excess is out-of-equilibrium
abundance preserved if S’s don’t disintegrate, e.g., via K*tS =+ 3 + A

requires gefr,see< 2 X 106

With rs = 0.2 fm, gett,seB effective coupling is = 106 (rs/ 0.2)10

g 1': : Dibaryons cannot be the dark matter
gzo Edward W. Kolb and Michael S. Turner
'25 Kavli Institute for Cosmological Physics and the Enrico Fermi Institute,
R Bt ow The University of Chicago, 5640 S. Ellis Ave, Chicago, Il 60637
T —— (Dated: September 18, 2018)
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m, =1 GeV (flavor-singlet w-@ combo), sourced by p or A

e V/C (DM) ~ 103 103km/s (galaxy clusters) down to 1 km/s (atm & z = 17)
* must solve Schroedinger Eqn. Born approximation generically fails badly

» cross section depends only on combos

FIG. 2: 3D plot of o mﬁ, in the a, b plane; b increases to the left and
a decreases toward the back.
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FIG. 3: Ratio of Born Approximation and Schroedinger Equation
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Allowed regions of coupling
from XQC (best Direct Detection)

FIG. 7: Allowed regions (blue) in the coupling-DM mass plane «
(vertical axis) and mp s in GeV (horizontal axis) from XQC using




Cosmology & structure formation

DM-baryon interaction: momentum transfer =>
slight drag on DM during structure formation

e Dvorkin, Blum, Kamionkowski (2014), Gluscevic+Boddy (2017), Xu+18
- Ly-alpha forest: ¢ <~10 mb if v-indept — no problem for S

» Buen-Abad, Marques-Tavares, Schmaltz (2015):
- momentum transfer helps reconcile Ho & 63

- Boring or an opportunity? To be determined...

- S-S self interactions + S-baryon interactions:

e could have similar benefits as Self Interacting DM

* core-cusp, “too-big-to-fail” & missing sub-halos problems.
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