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The Dark Matter-Baryon Coincidence
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More about the DM-Baryon Coincidence

® For non-relativistic particles, the energy density = number density X mass

pp/pg = mnp/ng X mp/mp = 517
from unknown from QCD
Baryogenesis confinement
® For comparison,
pp/pn p— np/nn X mp/mn p— 7 (Symmetry!!)
~7 + SU2)g ~1 + SU2)g
Pp/Pe = Ny/n, X my/m, = 1800
"’1 0y U(l)EM "’1800
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Previous attempts: Asymmetric Dark Matter

® The problem is partly solved in Asymmetric DM models [Petraki, Volkas '13; Zurek “13]

pp/pg = mnp/ng X mp/mp = 517
~0(1) ~U()p_p from QCD
confinement

® For comparison,

pp/pn p— np/nn X mp/mn p— 7 (Symmetry!!)
~7 = SU(2)F ~1 -+ SU(2)F

Pp/Pe = Ny/n, X my/m, = 1800
~1 U gy ~1800
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Previous attempts: Asymmetric Dark Matter
-0

® The problem is partly solved in Asymmetric DM models [Petraki, Volkas '13; Zurek “13]

pp/pg = mnp/ng X mp/mp = 517
~0(1) = U()p-p |
1.2,
1.1¢
1.0}
09:¢
0.8
0.7
0.6
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mp ~ Aqcp = 41 X vocp(= fr)
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Toward Comparable DM and Baryon Masses
T

® A complete solution to the problem should also predict mp = Ypvp ~ mpg = 41 v cp

n m n Y, v
'D_D — _D X —D - —D X (—D X D ) =517
PB np me np 4 Vocp
~0(1) ~0(1) ~0(1)
“ U(1)p-5

A complete solution = Asymmetric
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Previous attempts: Composite Dark Matter
-0

® Composite DM from a strongly coupled theory is necessary but not sufficient...

if DM is composite
(but not pions)
PD np — Mp np Yp Up
PB Np mpg np 4 Vocp
~0(1) ~0(1) ~0(1)

“U@)p-p =Yp ~0(4m)
A complete solution = Asymmetric Composite
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Previous attempts: Composite Dark Matter

® Composite DM from a strongly coupled theory is necessary but not sufficient...

1.2¢

1.1¢

Yy ~0(4m) 10|

if DM is composite 08
(but not pions) AT B

n m n Y, 1%
PB np Mg npg 4 Voco
~0(1) ~0(1) L ]
wU(Dp_g =Yy ~O0(4n) é%\
A complete solution = Asymmetric Composite YA B
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Previous attempts: Mirror / Unification / IRFT
e

® Many attempts have been made to achieve vp ~ vocp but it remains highly nontrivial

Mirror DM i Dark GUT | IR fixed pt.

including
S J.mlion;dajlo;a 14 | S YC24 o Yxlgalli:’ Schwaller'fg ]
Pp np mp np Yp Up
PB Npg Mpg Npg 41T UQ CD

NO(l) "’0(1) "'0(1) “ Vp ~ vQCD
v U@)p_p ~Yp ~0O0(4m) from Sym. or Dynamics

A complete solution = Asymmetric Composite + v, ~ vocp mech.
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New attempt: DM masses from QCD vacuum

® In the new attempt, we try to generate mp from QCD vacuum directly

// X
mp ~ YD X vQCD ~ 0(1) GeV
\\ X

n m n Y, %
'D_D — b X D - _b X <—D X ¢ ) =517
PB Np mpg Np 41 ocD
~0(1) ~0(1) =1

%' U(l)D—B % YD ~ 0(4‘7-[)
A complete solution = Asymmetric Composite + some new mech.
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X
/
to get for colorless X
\ X
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Neutrino mass from QCD + PS leptoquark

® Example: By including new leptoquark fields from Pati-Salam model, we can mediate quarks and
neutrino, which then gets masses from the QCD vacuum

U JE

9 _
v QCD — 2
ME fE
VQCD Eu —
(Ul) ~ 41 V3 V2
QCD (477 QCD) -
U i’ 2
< 1V fE

® DM model: u = Y (colored fermion), v — y (colorless fermion = dark matter)

® For a realistic model, we still need

(1) ptobe>1TeV (2) (Ypy)~4m ff vocp > Vacuum Misalignment (Composite Higgs Model) !!
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Misalignment: top mass in CHM with EHC

® Use the SU(4)/Sp(4) Fundamental CHM as an example [Cacciapaglia, Sannino "15 & "20]
4 Weyl hyperfermions in the fundamental representation of the Sp(N) hypercolor group
(Ur,Dr) =(1,2)0 , Ur=(1,1)12, Dr=(1,1)_1/2 > F = (U, Dy, ﬁL;EL)T

® Two types of condensates can be formed once hypercolor group becomes strongly coupled

= : ' 0 0 I

<FF> = 47 f% ((3089 : EEW + sin 6 - EEW) where X gw = fH (Z((T)Q _7;0_2> : EEM/ = fH (—H 0)

; fusin@ = vgyw = 246 GeV
/) the relevant condensate for top quark mass is [(ULUr) = 4r fi;sin@ = 47 [ vew| !

U
L JE > tr, g% = 4 fIQJ VW

For hyperfermion: My ~ — 5 <UL UR> — 5
the masses come ME E
from condensate .

(FF) = 4nf3  JH sind Eu- = 12{

which gives  — 0 ) = yvgw Where y=4dr—
My = Mp ~ 4nfy UR E
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DM masses from QCD-triggered misalignment

® Analogous to CHMs, we need similar ingredient in our DM model, including
Gauge: Hypercolor — Dark Color ; EHC - Pati-Salam , Fermion: U,D - y,y' ;t -

® |n minimal setup, we introduce 2 Dirac dark fermions i,y in the fundamental representation
of both the SU(N) dark color and SU(3) color group with SU(2); x SU(2)x global symmetry

® Again, two types of condensates can be formed once dark color becomes strongly coupled

(UF) = 4r £3 ((1) g’) QD g3 (COS@ 81119) with fpsinf = voep ~ 0.1 GeV

—sinf cos6
where the DM y only couples to the off-diagonal vacuum through PS leptoquarks

VL JE 2 2

For colored DFs: > > XL Mo, ~ 9E <w w_/ > _ Am fD UQCD
the masses come X M2 LYR/ — 2
from condensate E E

(W) = 4nf3 fpsiné E, — 9

which gives = YocD — (4 D
My, = My, ~ 4nfy, @ D T—5 | YQCD

< Y E
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DM masses from QCD-triggered misalignment

® Analogous to CHMs, we need similar ingredient in our DM model, including
Gauge: Hypercolor — Dark Color ; EHC - Pati-Salam , Fermion: U,D - y,y' ;t -

® |n minimal setup, we introduce 2 Dirac dark fermions i,y in the fundamental representation
of both the SU(N) dark color and SU(3) color group with SU(2); x SU(2)x global symmetry

® Again, two types of condensates can be formed once dark color becomes strongly coupled

(UF) = 4r £3 ((1) g’) QD g3 (COS@ 81119) with fpsinf = voep ~ 0.1 GeV

—sinf cos6
where the DM y only couples to the off-diagonal vacuum through PS leptoquarks

VL JE 2 2
For colored DFs: > > XL Mo, ~ 9E <w w_/ > _ Am fD UQCD
the masses come X M2 LYR/ — 2
from condensate E E
(W) = 4nf3 fpsiné E, — 9
which gives — Yoch — (4 D IfD:fEI A
My, = My, ~ 4cfp Q D T—5 ] YQCD T UVQCD
Y F
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Last step: a “Chiral” strongly coupled theory

® Whatdoes fp=fr mean?

1. The extended gauge group (Patil-Salam) is broken by dark color dynamics
2. The dark matter y should be part of dark color sector but remain massless

= A strongly coupled theory with a massless fermion = A chiral gauge theory !!

® Example: SU(5) with anti-symmetric A + anti-fundamental F

SUB)U1)s|  Ap, SU(5)|U(1)s| U(1)s unbroken (can be U(1)p)
A A 1 = | AFF 1 -5 Massless Composite Fermion!!
F O —3 d.o.f @ low energy
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Last step: a “Chiral” strongly coupled theory
-0

® Whatdoes fp=fr mean?
1. The extended gauge group (Patil-Salam) is broken by dark color dynamics
2. The dark matter y should be part of dark color sector but remain massless

= A strongly coupled theory with a massless fermion = A chiral gauge theory !!

® Include QCD: SU(5) with anti-symmetric A + anti-fundamental F + three pairs of F, F

SU(5)|SU4)|SU(3)|U(1)x
A A 1 1 0 SUB)c|U()y
Fe — — Apc xr = AFsFs 1 0 | Massless Weyl baryon m, =0 !!
_ [] [] 1 —1/2 = b, = AFsE 0 12/3 _ _
Fr L ST Massive Dirac baryon my, ~ Apc
Fr M 1 0 | +2/3 Yvr = (AFs) Fr O —2/3 | which is charged under SU(3),

Gauge : SU(4) x SU(3) X U(1)x = SU(3)¢ X U(1)y with massive leptoquark E, + G' +Z’
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UV complete theory: “ double 54321 model *
-0

® Need to add a copy SU(5)’ sectorto (1) cancel anomalies (2) generate DM mass
® Gauge group: (SU(5) X SU(5)' » SU(5)p) X SU(4) x SU(3) x SU(2)y x U(1)yx

® Fermion/Baryon content:

SUB)|SU(B)||SU(B)p | SU(4)|SU3)|U(1)x SU3)c|U(1)y [U(1)s
A A 1 A 1 1 0 XL = AFsFs 1 0 -5
F O 1 O O 1 | =1/2 A Vv, = AFsFr O | +2/3|-7/3
F O 1 O 1 0 | +2/3 :DC Yr = (AFs)°F 0 | —2/3|+7/3
A’ 1 A A 1 1 0 Yr = A'F{F 1 0 +5
F’ 1 ] ] O 1| +1/2 V' = A'FLEFY O —2/3 | +7/3
F 1 O O 1 o |-2/3 Wy = (A F5)°F O |+42/3|-7/3

with Leptoquark £, + ¢’ +Z’ & dark pNGBs
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UV complete theory: “ double 54321 model *

® Need to add a copy SU(5)’ sectorto (1) cancel anomalies (2) generate DM mass
® Gauge group: (SU(5) X SU(5)' » SU(5)p) X SU(4) x SU(3) x SU(2)y x U(1)yx

® Fermion/Baryon content:

— [sueic]umy]us o ,

xr = AFsFs 1 0 -5 > XL
) = AFsFr O |+2/3|-7/3 .

br = (AFg)° _ QCD

Yr = (AFs)F O 2/3 | +7/3] fp sind B,
xn=AFLF 1 0 +5 ~ voen

W = A'FgFrp O | —2/3|+7/3 " )
= (AF°F || O | 4+2/3|-7/3 «— XR

with Leptoquark E,, + ¢’ +Z’ & dark pNGBs
: my ~ 4T vgep ~ O(1) GeV
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An overview of the particle spectrum

SU(5) x SU(5)’
SU(5)p X SU(4) x SU(3)' x U(1)x with dark colored fermions A,F,F, A',F',F'

Apc ~10°% GeV : E,,, (7, Z;, + colored baryons ¥,1" + colored pNGBs g, ¢

SU(3)c X U(1)y with massless Weyl baryons x;, Xg, massless neutral pPNGBs 17, a

Aqcp ~ 1 GeV : dark baryon DM X, dark pions ', composite axion a

87 6 mgAdep
my ~ \S/XAQCD ~6 GeV  mg ~ \/XAQCD ~ 2 GeV mg ~ f;g
D
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Summary

-
» Why? - Motivation

® The Dark Matter-Baryon Coincidence is a nontrivial condition
® The coincidence might be the hint to probe the nature of Dark Matter

® Previous solutions always have DM masses from a new dark color scale vy

» How? - New attempt
® In this study, we try to generate DM masses from QCD vacuum vy, instead

® (Goal: to couple QCD vacuum to colorless DM without suppressions
® |dea: Chiral Dark Color (massless baryon) with QCD-triggered Misalignment (szvQCD)
» Phenomenology

® Solution to the problem = GeV-scale Asymmetric Composite (Dark Baryon) DM
+ Dark pNGBs — dark pions (ALPs) and a composite QCD axion with coupling 1/f,
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UV completion of ADMand D — (B — L)

® The symmetry can arise from Dark GUT naturally [Barr '12; Barr, Chen '13; Barr, Scherrer '16; YC '24]

Xa® X0 Yo Yy Vs @ o @ o
3x(36,1)g=4;=| —(WS)T u¢ ¢ , 3% (9,4)_1y=9; = Ve ,
~(i)" —a" ). Yo Z.
Xf
3 X (gv 1); = _i = | d° , 3 X (174)0/4 — X;,i , 3x(L,1)_= X6,i 3
]
1
A= (36,1) F=(9.1) | v=(9,4)_1,
Symmetry | xq | ¢S w | W g e x| d° || Y| Ve | Yuw | X5
D 0O|—-3|-3] 00|03 ]0/|0]O0]| 3| 35 |—3
B 0 |-2]0|—-3| 3 ]0]0|=3|0[0] 5] 0]0
L ol o000 |-1]{0]O0T][1]0] O] O0/]o0
D_B-L) |0 LI I L [ LI tlo]=2[ZL] -2 :_%(wm)
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