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Confining gauge theory; SU(Npc), SO(Np)
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 |f dark baryons are thermally produced with the geometric annihilation cross-section, the
dark baryon mass, myz ~ Np-Apc, is expected to be ~ 100 TeV.
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* The dark pions can also be the dark matter.
In the SIMPlest model, the flavour symmetry breaking patternis G/H = SU(4)/Sp(4)
There are 5 pNGBs and the Wess-Zumino-Witten (WZW) term is generated:
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* The freeze-out mechanism from the 3 — 2 annihilation via the WZW term gives the correct
relic abundance for
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Hochberg, Kuflik, Murayama, Volansky, Wacker [1411.3727],
Hochberg, Kuflik, Murayama [1512.07917]




* Phenomenologically more interesting scenarios are those in which the dark-visible interaction
directly determines the final dark matter abundance.

* One realisation of such scenarios is Conformal Freeze-In (COFI) :
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 Assuming the dark sector is in the CFT phase at the freeze-in period, the correct abundance

IS reached with the dark matter mass around keV—MeV
Hong, Kurup, Perelstein
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e The dimension of the CFT operator is highly constrained; d--+ < 2 (Higgs portal).
The UV completion is rather nontrivial.



e \We work on a similar model: Composite DM X Freeze-In via Higgs portal

* The model has a concrete UV completion and no strongly couled CFT phase.



e \We work on a similar model: Composite DM X Freeze-In via Higgs portal

* The model has a concrete UV completion and no strongly couled CFT phase.

Plan

@ UV Lagrangian, EFT below Ap-

@® Dark Pion DM

(incompatible with self-interaction bound)

@ Dark Baryon DM



o At the cut-off A, the model is L @ N with a confining SO(Np) gauge theory (Np- = 3) :

Field Spin SO(Npc) SU(2)r U(l)y SU((2)a Z§
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e Accidental exact dark parity Zg

e Approximate SU(2);, N; = U;;N;

Exact when ™Mo, yr,Yyr — 0
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e The same model has been proposed and studied (Mitridate, Redi, Smirnov, Strumia [1707.05380],
Contino, Max, Mishra [2012.08537]), while the freeze-in DM region hasn’t been explored.
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e We assume the hierarchy m; > Apc > vpw-

* The Higgs portal operators are generated by integrating out L, L.

Luv D — %mngzN] — My, Lel — yz Hel N; — y}{ H]LEN@ + h.c.
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l integrate out L, L
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e We assume the hierarchy m; > Apc > vpw-

* The Higgs portal operators are generated by integrating out L, L.

Luv D — lmngzNJ — my, Lel — yz Hel N; — y}{ H]LEN@ + h.c.
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l integrate out L, L
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e The m;-enhanced 1-loop correction to m, is also generated.
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e Below Ap, dark QCD SO(Np) confines and the Majorana condensate breaks the flavour symmetry.

(N;N;) =V?6;;, = SU(2); — SO(2);

Ve f?ADC
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e Below Ap, dark QCD SO(Np) confines and the Majorana condensate breaks the flavour symmetry.
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e For two pNGBs, the WZW term is absent.
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e Below Ap, dark QCD SO(Np) confines and the Majorana condensate breaks the flavour symmetry.
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e T? preserved, while T, T° are broken = two pNGBs 7!, & 3 2
Ve~ fﬂ'ADC

e For two pNGBs, the WZW term is absent.

} dark baryons, mesons
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For odd Np, dark baryons are Z‘z"l odd

= the lightest dark baryon is stable

Not protected by any symmetry (unstable)
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e The leading chiral Lagrangian is 2, = exp (Z 7 )7 a € 11,3},
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e Below vgyy, We expand around the Higgs vev.

AT — i cs (Quh+ 12 MY = mi 4 (xm v ) 1 ln(A%v)
_ omr 0 2 L mr /)’ 1672 m4
* The dark pion mass and the Higgs-pNGB mixing term are obtained as
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e Through the Higgs-pNGB mixing, the Jz-f-fvertex IS obtained as
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e The Z-pNGB mixing term appears from the D=6 portal term as

a A A A - cif v
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e We absorb this term by redefining the would-be NGB field as ¢3 — @3 — {n°

This gives the axial 7-f-f vertex as
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L3 Ufﬁaﬂalbf@%lbf T e <
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a A A A - cif v
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This gives the axial 7-f-f vertex as
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Freeze-In

Auv

Integrate out L: c5 and cg

freeze-in production

confinement: pions +
baryons

EW vacuum: mixings s

and &
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e Energy balance equation (NN — HH neglected):

pps + 4Hpps = ny{c(HH — NN)E)
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e Energy balance equation (NN — HH neglected): i N

Freeze-In production is UV dominated
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= The dark sector has its own temperature 1,

* Dnyomn/H <1

= backreaction is negligible
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m;=100keV, mg=1MeV, Tr=1TeV, m =5TeV, Npc =3
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= The dark sector has its own temperature 1,
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Dark Pion DM



* Dark sector energy density by Freeze-In:

pps(T)
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e It dilutes as ~ T, until T(T,) ~ m
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30NDC c5|?ar Mpi TR
' 1.6672[g.(TR)]?/2 8n ms

* Dark sector energy density by Freeze-In:
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Npc cs5|*ar Mp TR

~ (T)T*
1.66]g.(TR)]3>/2 87  m5 9-(T)

pps(T)

e ltdilutesas ~ T, until T(T,)) ~m, => T.~ R 'm.,

e Below / , the dark pions are non-relativistic and dilute as ~ T’

px(To) ~ pps(Tx)
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e Dark sector energy density by Freeze-In: 30Npc cs|?ar MpiTr
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e ltdilutesas ~ T, until T(T,)) ~m, => T.~ R 'm.,

e Below / , the dark pions are non-relativistic and dilute as ~ T’

Jx (TO)T(?
Jx (TW)TS
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px(To) ~ pps(Tx)

* The present-day relic abundance Is estimated as

QB2 — pr(To) 2 Nool.(a_R)i Npc Z( M )( Cs )3’ Tr \* [(5TeV)?
Oc 1 3 100keV / \5-10-8 1 TeV mr,

0 (a_R>i’1 Br > [ Npc 3( m. )4 I MeV\2 / Trp \7 /5TeV\"
| 1 1 3 100 keV B 1 TeV mrp,
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* Dark sector energy density by Freeze-In:
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Npc cs5|*ar Mp TR

~ (T)T*
1.66]g.(TR)]3>/2 87  m5 9(T)

pps(T')

e ltdilutesas ~ T, until T(T,)) ~m, => T.~ R 'm.,

e Below / , the dark pions are non-relativistic and dilute as ~ T3 -
dark baryons annihilate away
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* The present-day relic abundance Is estimated as

QB2 — pr(To) 2 Nool.(a_R)i Npc Z( M )( Cs )3’ Tr \* [(5TeV)?
Oc 1 3 100keV / \5-10-8 1 TeV mr,

0 (a_R>i’1 Br > [ Npc 3( m. )4 I MeV\2 / Trp \7 /5TeV\"
| 1 1 3 100 keV B 1 TeV mrp,
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e The self-scattering cross-section of the dark pions is M(mm — ) ~m2 ] f?

Onm M 107 cm?/ ( M )(NDC>2(M6V>4
M. 1287 f4 *\100keV/\ 3 ma

e This is 7 orders of magnitude larger than the cluster / halo-shape bound
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e Smaller m_ or larger myz make the abundance too small

) . : . : :
—> Q_h~ ~ 0.1 isincompatible with the self-interaction bound
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Dark Baryon DM
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Dark Baryon DM

* The lightest dark baryon is stable thanks to the accidental dark parity.

e The lightest dark baryon mass my ~ Npc/\pc is independent of the portal coupling cs.

e A larger parameter space is available than for dark-pion DM.

t Antipin, Redi, Strumia (+Vigiani)
Strong (1410.1817, 1503.08749]
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Dark thermal region

Dark density: pps(1') ~

Dark temperature: T ~ RT
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Npc cs|“ap Mp TR
1.660.(TR)3/2 87 m2

30NDpC

cs|ar Mp1 TR

9x (T)T4

1.6672[g. (TR )]3/2

ST

5
mry

[

35



Dark thermal region 1'5,5,5ps > H
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Dark non-thermal region

e Boltzmann equation:

n+ 3Hn ~ /dH<n> ‘MHH—>NN|2 f]2{

MmN\
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dark hadron jet

dark hadron jet

time

(n): average # of dark hadrons per event

20

ADC = 1TeV
18 1

164-—-Contino, Max, Mishra
11 [2012.08537]
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Dark non-thermal region | 5,8,-Ds

e Boltzmann equation:

n+ 3Hn ~ /dH<n> ‘MHH—>NN|2 f]2{

n Npc T
- 1>6T7f5m2 (‘05‘2 N 24‘66‘2—> "
3

e Integrating from 71 to 0 yields
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1.66 - (27)7gus+/Gx - ©2 mpmy
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rg ~ 0.3: fraction of dark baryons in a jet
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dark hadron jet
time

(n): average # of dark hadrons per event
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thermal freeze-out

[ mp ~~ 100 TeV }
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thermal freeze-out

Preliminary result

[ mp ~ 100 TeV } Qgh? > 0.12
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Conclusion

We studied composite DM x freeze-in via the Higgs portal in the L @ N model
— a confining SO(Npc) and no WZW term, no CFT phase.

Dark pion w4 Dark baryon 5,
Stability none (decays via the portal) accidental Z3
Relic set by injected energy — redshifted pion gas freeze-in yield / dark freeze-out
Mass for Qh* ~ 0.1  m. ~ 100 keV mp ~ 10°-10” GeV and beyond
Indirect detection BB — s, m = vy (CTAO?)
o/m ~ 10" cm?/g ~ 107" cm?/g

Verdict excluded viable
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Thank you for listening!
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The loop functions

AEQ(T) — 2[7' + (T — 1)f(7-)} 7-_27
AH(r) = —[2r2 4 37+ 32r — 1)f(r)] 72

Af/z(T) = 277 f(7),

where A; = A{' is the W-boson contribution, and

aI'CSiIlz ﬁ,

=9 11 14vi—r1

—— | lo
41 gl—\/l—T—1

evaluated at 7; = (mm%)?/(4m?) with i = f, W.
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