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A dark-QCD sector is
well motivated in new
physics models, afd
it may experience an
intrinsic first order PT,
- a source of
stochastic GW signal

\/

Conclusion \
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However, ‘\ulting GW

amplitude u IS very
small because of the very //
short PT duration (much |

shorter than the Hubble We explore the chiral PT
time scale), leading to the  driven by a large chemical
suppressed GW release potential, and find that it

can change the situation
and makes chiral PT with
T.~(1 GeV, 100GeV)
observable at BBO
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EXplore fhe QCD matter in the natuge, really
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QCD matter may have many

phases, and the ultimate goal is
to determine the QCD phase
diagram in the u — T plane
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_J0 explore dark-QCD matterg . .

- with or without
quarks, widely appearec
e context of new pr g

Composite Higgs/dark
matter/axion & scale
gensis....

Apelian gauge interaction

olagued by
but also appears fascinati

monopole/instanton
[ADS-CFT....

e.g., event like first
order phase transition,
intrinsic for some ™\

. — . dark colored sectors
of Intense activities in the e N




_Jo explore dark-QCD matterg

e.g., for the pure SU(N) Yang-Mills system with
N > 2, transition from the gluon (deconfinement) Zhaofeng Kang, Jiang Zhu &
phase to glueball (confinement) phase is proven

to be first order by lattice, no need of tuning W CsHuang, M-Reichert,
F. Sannino & Z. W. Wang, PRD21

Shinya Matsuzaki, JHEP 21

parameters as in the EWPT

Ad: we proposed the quasi-particle
_ approach with varying M,(T) to
Adding massless quarks may perturbatively deal with this PT
bring a new PT, chiral PT,

and its order is also intrinsic Zhaofeng Kang, Jiang Zhu

and Jun Guo, PRD 2

Lattice shows that chiral PT is
firt order for N, =3 and u = 0




_Jo explore dark-QCD matterg

_ y 4
D-like PT Is along thg H@ |

our universe IS in the high entropy state,

with 7 = —= ~ 10~ 10 so (relativistic) quark
S
chemical potential was tiny in the early
ny—n- u

universe. — = X —
S S T

pton asymmetry YL In the 0 5 &uw; w (Mz(i(/y) 1400 1600
neutrino sector changes i

However, this IS not

Yes, but BBN limits |Y;| < 0.01, and necessary in the dark-
the resulting GW is not detectable QCD! The goal of this

Dominik J. Schwarz and M. Stuke, JCAP 2009 talk I1s to address the
Fei Gao and Isabel M. Oldengott, PRL 2022 :
H. w. Zheng, F. Gao, L. Bian, S. x. Qin and Y. x. Liu, PRD 2025 blg role of H




Our dark-QCD is based on three
flavor dark quarks in the chiral limit




J\Wiiat are the QCD symmetrieg?

massless quarks g! = g! + g&
. : - Anomaly at
S chiral symmetries at classical level e el

SU(Ny), x SU(Nf) , x@UpxUD

Baryon number

| of these symmetries
re shown in the hadron spectrum,
which shows the pattern: m

What is hidden It inspires Nambu to introduce
spontaneously breaking to QFT and

behind them? _ _ |
discover the chiral symmetry breaking



Pre=-QCD:the NJL (Nambu—-Jona-Lasinio)model (1961)

gin of hadron mass, NJL model was proposed
mimic the low energy QCD, including the

The KMT (Kobayashi-
Maskawa-‘t Hoofft,

Lenival = qidq & Gg Z (qX*q)* + (@i’ Xq)°]
- 1976~1978) determinant

; =

No hints of T Gpldet(q(1 —v°)q + q(1 +~°)q) term from instanton effect

e B

before 1970¢

The remaining
SU(2)y is seen in the

hadron spectrum




Bosonizatign yia Hubbard-Stratonovich \ransformation
J. Hubbard, PRL, 1959

our-fermion terms effect, one induces the
collective fields o = 4G(gq) and m in the partial f '

—1 : ,
Const = /D ;] exp ( /dj1 e (0 +2Gqq)* + (m; + 2qu'y5’r?;q)2])

Ll = Glid — Mi(o))gi — Vise (o

The quarks gain constitute
mass (the main mass origin) The tree-level effective potential, plus a

from the QCD vacuum with zero point energy (next page), used to
quark condensate check if quark condensate could develop

302  (Gpo?’
vtree 4 _
Vi) = 8Gs  128G3



Chiral symmetry breaking,

1777

1 - . 1/2
nergy for each flavor Ewi(p) = (p + M; (0))
contributes an effective potential at quantum leve

vac
VN.] L —

1.the cut-off A~Aqcp Is built-in in the

= < GgA? effective model NJL

6 2. Itis fixed by meson spectrum in
real QCD, along with G5 and Gp



with gluo
the PNJL

Kenji Fukushima, PLB 2004




Confinemeyit transition in hot pure gayge system

= 3) experiences a first order confinement phase
transition from the guasi-gluon phase to the glueball ph

The order parameter is the traced Polyakov loop ¢ = Tr.L =
Tr.exp(igBA;T?) , gauge invariant and charged under Z

y-invariant Landau free energy L[] to study PT may be
constructed, following the phenomenological approac

Unlike EWPT, the free
energy cannot be Fix b; by lattice

data: order+

calculated simply via
the perturbative
approach; try this way

thermodynamics

Zhaofeng Kang, Jiang Zhu,
and Jun Guo, PRD 23




“Conyey‘the confinement effect toquarks

, In particular, confinement is absent in the
el, thus considering the A, background

| Calculable free energy V~Trlog[D?*(Ay) + M?(0)]

When the system has quark asymmetry, at
finite T one should replace H - H — uN with N

When there is a constant 4, background, From cal_’lonical to grand
simply 4 — u — iA,, and thus A, is dubbed canonical ensemble

as the imaginary chemical potential




Conyey'the confinement effect toquarks

Where is.the color confinement effect?

G(;’E, g, T, ﬂ') _ log {1 n 61 22

1. At the deconfinement vacuum, [ - 1
at very high T and it reduces to a gas
of free & massless Dirac fermions

2. At the confinement vacuum, the Z; recovered phase,
the order parameter [ = 0, and the baryonic term
dominates, signing the statistical confinement effect




M. Reichert, F Sannino, Zhi-Wei Wang,
and Chen Zhang, JHEP,2022

If the KMT coupling G, is quite large,
then it can drive chiral PT first order,
for instance in

A new story: u-
driven cO
chiral PT




To plot the phase diagram,

77

order of PT, we need to determine the three order

_ . V. Ve Ve
fields (I1(T), I*, o) by solving — g{m =0~ = 0&—L=0

_ Chiral symmetry PT
Chiral symmetry P ' order parameter
order parameter

- —alT,

I*

“Deconfinement PT order
parameter

"+ Deconfinement PT ordef
parameter

[ is almost continuous during chiral PT
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2. For a larger Gs , the critical point

shifts towards the obviously smaller

chemical potential. This results in a
more pronounced FOPT.
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———<___ Critical point
105 T =TT ————
08~ TTmeal 0 TTesl @
s Gs/N2=3.0 DTN
Y o~
! Gs/N2=2.4 s,
A"
0_4__ _— Gs//\2=2.2
—— Gs/A?=2.0
| 02-
0 e L
0.0 0.5 1.0 1.5
W To

1. Require GsA? > 1.8
to realize FOPT

3. Along each line, as u increases,
the critical temperature T, rapidly
decreases and the latent heat
release (not shown) also decreases



Cosmic chiyal PT: modified bounce eqyation for o

as , Which arises
one-loop level via the wave function renormalization Z, (S

d_) + Vonailo, (o), I*(0), T, m)

Z (o) depends on the order
parameter field, inducing a
“kinematic term”



https://arxiv.org/abs/2501.15236

Ccosmic ;)”iiral PT: renormalization factor for o

momentum of the quasi quark on the
PL background: k = (kg + u — iA4 K




Ccosmic ;)”iiral PT: renormalization factor for o

,0) requires certain technique and we refer to our
work, arxiv 2501.15242

Of+(w, 1) 3f-(wal))]

ow + ow

8f+(w,l) 8f—(wal)
‘E( o ow )‘1]E

f—(w, 1) is obtained with [ — [* and

Q. > Q_with Q) = (w £ p)/T







Cosmic, gdriven chiral PT. dynamicg| tunning

Also, In the
confinement PT

Veff (Tc)

1. The critical temperature T, is dynamically
tuned to cancel two large parts, V,qr, and 2. in the thin wall limit, where S3(T) < 1/AV(T)

1 dAV(T)

V,ero(T) In ONEe vacuum to approach zero, and thus § ~ — o
AV(T dT

so as T drops a little below T, AV(T) = 0(105
V(a:, T) — V(as,T) changes dramatically with T (10°)

tends to be huge, ~




Cosmic p-driven chiral PT: u-flatten

Phase Transition Parameters of Benchmark B
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Cosm)¢ u-driven chiral PT. GW prgspect

dark-QCD with 1GeV < T, < 100 GeV
has a good prospect at the Big Bang
Observer (BBO )

Both amplitude and peak are
sensitive to u; Gy = 2.2/




_upifisg way for asymmetry genesis

N

The SM lacks the
Ingredients to produce the
baryon asymmetric universe

0 obtain a large chemica
potential, we take the Affleck-Dine
mechanism, generating charge
via an evolvmg cIaSS|caI field:

Lo g, T R ij T
+ (ynm@?} ’nL'J}Cmej + ’lJ.n,m@g wn Ricmej + C-C.) ,

Integrate over time to

accumulate the asymmetry NN L R ——
A

, 34\ V3, (s6 , rank two tensor representation
M of SU(N), and either term can

9y s M, break the dark baryon numbe



A dark-QCD sector is

well motivated in ne
physics models, anﬁv However, the resulting G

it may experience a amplitude usually is very

intrinsic first order PT, Small because of the very
thus a source of short PT duration (much

stochastic GW signal shorter than the Hubble

N - time scale), leading to_the
\\/‘ suppressed GW release

Tﬂanks for your atte

A

onclusion and discussion\“_

We explore the chiral PT
driven by a large chemical
potential, and find that it
can change the situation
>-and makes chiral PT with
T.~(1 GeV, 100GeV)
observable at BBO
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