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Dark Matter and visible matter in the Universe
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What is new here?

Outline

e Fermion asymmetric DM with yukawa interaction for dark
sector. Going beyond non-interacting scenario pemcke & Urbano 14,

Randall et al. '16, Gresham &Zurek '18
e Consistent description of in-medium effect
e Delimiting possible phases of the Yukawa theory

e Generalized 'gap equations’ and equation of state for arbitrary
mediator masses. Note this regime not encountered in the lab.
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Phases in the Yukawa theory
The model

_ _ _ 1 _
L= i — i+ uin® + S0,60°0 — Sl — gie .

* 4 free parameters: m,my, g and the density

e Dark particles singlets under SM. The fermion v charged
under U(1)garx global

e Fermi energy Er = ju = /m? + k%, number density
n=N/V = {$yd)
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Phases in the Yukawa theory

Scattering in the Yukawa theory

e . 6} %",, o @
e ® a\@ Q %
oo ° \q - %

>
BCS BEC

e The scattering length effectively captures the short distance
properties of a potential

. 1
]1912% k cot dp(k) = ——

a
Computable for dilute gases in the non-relativistic limit

e Anologous to contact interactions in low temperature physics
phases delimitted by dimenionless kra
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Phases in the Yukawa theory

Phases in the Yukawa theory RG, M.H.G Tytgat and J. Vandecasteele '22

101 —r—s mase: (kpa)~! < -1

ol Crossover: -1 < (kra)~! <1
S
g
~
=~
o]

101 | \

BEC phase: (kra)~! >1
1072 L
101 102

f=am/mg,
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The BCS phase

Cooper pairing and in-medium effects

(Vy)

- forward |

DM DM

¥ 7

DM DM

" backward __
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Full forward scattering

Scalar density condensate

e Tadpole # 0 when p # 0

e The scalar operator 1) has a non-zero mean, o)

ng = <1/;w> > 0 Waleck '74, Gresham et al. '18. ——=> Ng
sources the scalar field due to its Yukawa
interactions with the fermions

o =0 mi(o) +g{y) =0

e m,=m+ g(¢p) = m,=m — %ns(m*)

= the fermion mass is reduced in the medium! (similar to
NJL model of chiral symmetry breaking)
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Full forward scattering

Results for scalar density condensate RG, M.H.G Tytgat and J. Vandecasteele 22

10! ? T—TTT—T=rrT ........? TP TTr—T=TrrT A.:..(.).;
100 ; . _;
107 [
g102}
~ 3
x 3 [
S 10 E ® my;/m=5
10 L ® m;/m=0.5
E ® my/m=0.13
105 = 9=3
F - g=2 .
106 i v il g NG
103 102 10' 100 10t 107 103

kF/m
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Full backward scattering
Cooper pairing and superfluidity: BCS argument

e Free enrgy for N particles Qy = E — uN

e Add a particle = Qny1=FEq—p(N+1) i) @
kY 4_. L

e [f attractive interactions Q.1 < Qp

e Formation of many bosonic Cooper pairs which
condensate ~ (11)) (Leon Cooper '57). Pairing
in 1S channel.

® Object that gets a vev ~ <1/Jc(y)1/;($)> a 4 x 4 quantity
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Full backward scattering
Qualitative physics
Yukawa theory when my > m: 4—fermion interaction schmi 14

L=+~ "1 —m)p + Gy

e oy (B =m (Gde) < G\ (4
= (v ) (<wc/¢?> x Gy f—pm° - m) <¢C>

<y ) ¥
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The consistent set of gap equation

Gap structure and dSipel’Sion RG, M.H.G Tytgat and J. Vandecasteele '22
A has fermionic indices, respects Fermi statistics

Aop = <¢c,a () ¥s (?J)>

Ansatz for the Yukawa theory pisrsii and rischie ‘99

A=Ay + Agy - ’23’7075 + Aszy07s

2= ) (TH " s ) ()

inverse propagator
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The consistent set of gap equation

Gap structure and dSipel’Sion RG, M.H.G Tytgat and J. Vandecasteele '22
A has fermionic indices, respects Fermi statistics

Aop = <¢C,a () ¥s (y)>

Ansatz for the Yukawa theory pisrsii and rischie ‘99

A=Ay + Agy - ’237075 + Aszy07s

L= ¥c) (k +K7((1)<)_ " k—ﬁv(g)— m) <$C>

inverse propagator

In BCS, A < p

I 2
eiz(wip)Q—l— <A1i< A2+%A3>)

W

Like standard BCS theory but non-trivial momentum dependencg

Raghuveer Garani garani®fi.infn.it Condensed dark matter with a Yukawa interaction



The consistent set of gap equation

m* wg + np k R(k) An(k) }
3 (0 = _— _— 11 -r s
© Z/ (27r)3 ( e (k) ) Ton o en(k)

A = > S B SRl
+(») = Tom2 - og mi+(p—k)2 Fn
n 0
kp _2+m§,+k2+p210gm§>+(p+k)2
wWpwk 2kp m? + (p = k)2

+ m3 1 mi +p+ R Ay (k)
O, 9
Toper FmE(p- k)2 [ en(®)

2 <k mayk m2 + k2 4 p? m2 + (p + k)?
C = 2 dk = 24+ —2 log —2
R(p) = 5 s -2+ & og — =z
327 o P Wpwi 2kp my + (p )
n

map | Mg+ P+ K)? } Ap(k)
—n lo.

3 i
WpWi mi +(p — k)2 en(k)
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The consistent set of gap equation

Solution to gap equations

10t @ my/m=5 = 1 10%F
® my/m=0.5
100F ’ 100F
BE
i 102} - é 102Fam= -
;;2 ;a? ESY)
= 10% 4 & 10t
‘ ‘ BCS
<q 106} <q 106}
108F g 108 Fam=
; ~14
10l v v il i v 1010
103 102 10t 10° 10! 102 10° 107 103 107

kp/m
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Equation of state
Application to Halos

10° Frrr——rrrr—— e ——rrr 1012 f T T l/ AL
arge galaxies
107 |
102 |
P/m?*

10—3 B Free &
— C}=3

104 | — =10 i
— C}=100

105 bowbad” il el

103 1072 101 10°
p/m* R (kpc)

10! 10?
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Bullet cluster constraints
o/m = barn/GeV

101 . I 101 . —
\ n—1GevN g=3 % ' Jm=1Gevg=2
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A cosmological dark-QCD model

The model

e Can dark matter (DM) be a baryon/pion of new confining dark
S€CtOI’S7 i com pOSIte DM Bai, Hill '10 + Boddy et.al. '14 +Gresham, Lou, Zurek

"17 + Bai, Long, Lu '18 + many more
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A cosmological dark-QCD model

The model

e Can dark matter (DM) be a baryon/pion of new confining dark
S€CtOI’S7 i com pOSIte DM Bai, Hill '10 + Boddy et.al. '14 +Gresham, Lou, Zurek
"17 + Bai, Long, Lu '18 + many more

e Cosmologically accidentally stable, like protons = dark
baryon number Antipin et.al. '15 + Niel et.al. '16 + Mitradate et.al '17 + Contino et.al. '18 + Redi

et.al '18
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A cosmological dark-QCD model

The model

e Can dark matter (DM) be a baryon/pion of new confining dark
SeCtOFS7 i com pOSIte DM Bai, Hill '10 + Boddy et.al. '14 +Gresham, Lou, Zurek
"17 + Bai, Long, Lu '18 + many more

e Cosmologically accidentally stable, like protons = dark
baryon number Antipin et.al. '15 + Niel et.al. '16 + Mitradate et.al '17 + Contino et.al. '18 + Redi

et.al '18

e Here we focus on SU(3)

O O ar.
/d4x V=9 [ﬁs _ZGZVGWQ s (P—ma) it ~SMM7#fdk
p

with possibility of both dark-pion and -baryon DM!
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A cosmological dark-QCD model
The model
e Global chiral symmetry SU(Ng)x SU(Np) — SU(NF)

f2

L 1

Tr(9,U)*+bTr[MU+h.c.]+WZW, U = explin/ f]

and  M,; = m;d;; . Resulting in N3 — 1 goldstone bosons in
the adjoint
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A cosmological dark-QCD model

The model
e Global chiral symmetry SU(Ng)x SU(Np) — SU(NF)

f2

L 1

Tr(9,U)*+bTr[MU+h.c.]+WZW, U = explin/ f]
and  M,; = m;d;; . Resulting in N3 — 1 goldstone bosons in
the adjoint

e Dark pions re, wichele Redi, Andrea Tesi: Similar to SM we choose
M, <5f
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A cosmological dark-QCD model
The model
e Global chiral symmetry SU(Ng)x SU(Np) — SU(NF)

f2

Ly 1

Tr(9,U)*+bTr[MU+h.c.]+WZW, U = explin/ f]

and  M,; = m;d;; . Resulting in N3 — 1 goldstone bosons in
the adjoint

e Dark pions re, wichele Redi, Andrea Tesi: Similar to SM we choose
M, <5f

e Stability: not absolute. Violated by

1 -. ) 1 -. f_
S PWIHP + Uiy W fot |

(0]U°V|r) = cdrf? = mixing with higgs %\H%r
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|s emergent phenomenon realized in dark-QCD

models?
Yes

e Much richer structure than the Yukawa theory

gUYd — g T b AL
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|s emergent phenomenon realized in dark-QCD

models?
Yes

e Much richer structure than the Yukawa theory

gUYd — g T b AL

e Analogous to color superconductivity in the SM QCD with 2
||ght f|aV0urS D. T. Son '98, Alford et al. '03,'04,08,"17 + many more. HOW doeS
'super’ behaviors arise??
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|s emergent phenomenon realized in dark-QCD
models?
Yes

e Much richer structure than the Yukawa theory

gUYd — g T b AL

e Analogous to color superconductivity in the SM QCD with 2
||ght f|aV0urS D. T. Son '98, Alford et al. '03,'04,08,"17 + many more. HOW doeS
'super’ behaviors arise??

e 3 x 3 =23+6: antisymmetric channel is attractive
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|s emergent phenomenon realized in dark-QCD

models?
Yes

e Much richer structure than the Yukawa theory
gvé = ghar" Ty s Aj,

e Analogous to color superconductivity in the SM QCD with 2
light flavours o. 1. son 98, Alford et al. '03,04,08,/17 + many more. HOW doOES
'super’ behaviors arise??

e 3 x 3 =23+6: antisymmetric channel is attractive

e Pairing is most attractive in 1S : |[1]) — [{1)
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|s emergent phenomenon realized in dark-QCD

models?
Yes

e Much richer structure than the Yukawa theory

gUYd — g T b AL

Analogous to color superconductivity in the SM QCD with 2
||ght f|aV0urS D. T. Son '98, Alford et al. '03,'04,08,"17 + many more. HOW doeS
'super’ behaviors arise??

3 x 3 =3+6: antisymmetric channel is attractive v
Pairing is most attractive in 'S : [1]) — [{1)

Wavefunction has to be overall antisymmetric
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|s emergent phenomenon realized in dark-QCD

models?
Yes

e Much richer structure than the Yukawa theory

gUYd — g T b AL

Analogous to color superconductivity in the SM QCD with 2
||ght f|aV0urS D. T. Son '98, Alford et al. '03,'04,08,"17 + many more. HOW doeS
'super’ behaviors arise??

3 x 3 =3+6: antisymmetric channel is attractive v
Pairing is most attractive in 'S : [1]) — [{1)

Wavefunction has to be overall antisymmetric

Need to be also antisymmetric in flavour
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Dark-QCD model

Cosmology

Inflation

CMB dec

dark baryon/pion

l free theory dark T freeze out
/] 1

production confinement

. >
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Dark-QCD model

Results Rra, M. Redi, A. Tesi 21

Dark baryon DM

Dark pion DM

fGeV]

free-sireaming, 0.1 Mpc

10 100
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Conclusions and Outlook

e Emergent phenomena can be realized in dark sectors due to
DM—DM interactions.

e Many interesting phenomena arise with very little ingredients.

e Using scattering length we have delimitted phases of Yukawa
theory.

e Very general framework to describe superfluidity, motivated by
DM phenomenology. For arbitrary mediator masses all the way
from non-relativistic limit to relativistic limit.

e We are at the crossroad of many areas in physics.

e Construct EoS that corectly interpolates between condensate
dominated high density regions and low density Maxwellian
regimes — realistic description of DM halos at dwarf galaxy
scales.
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