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+ Quark matter hypothesis

* Quark matter (QM) could be the ground state of dS“S o

baryonic matter at zero Tand P

SQM with comparable
number of u, d,and s has
lower E/A even than the

most stable >¢Fe

- Specifically, the strange quark matter (SQM)
hypothesis has been proposed back in1970s

[Bodmer (1971); Terazawa (1979); Witten (1984)]




Why is “QM hypothesis” interesting?

Existence of a new ground state of baryonic matter implies ...
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Cold dark matter candidate

QCD phase transition, if first-order; can generate
quark nuggets with large mass, providing a DM
candidate without BSM  [Witten PRD 30 (1984)]

Constraints on Macro Dark Matter
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' New type of compact stars

Strange quark star
| [Haensel, et al. AA 160 (1986);Alcock, et al. Ap] 310 (1986)]

Neutron Star

Strange Quark Star

Surface
e Hydrogen/Helium plasma
e |ron nuclei

Outer Crust
® lons
e Electron gas

| Surface
\ - ® Degenerate
lu | electron layer,
\

Inner Crust

e Heavy ions
\ ® Relativistic electron gas
| e Superfluid neutrons

l

,’ Outer Core

e Neutrons, protons
J °® Electrons, muons

Inner Core
| | * Neutrons

| Superconducting protons
Electrons, muons
Hyperons (Z, A, E)
Deltas (A)
Boson (x, K) condensates

Core
e Electrons
e u,d,s quarks
| i{ (color-superconducting)

Deconfined (u,d,s) quarks/color-
superconducting quark matter

Strangeon stars: quark cluster
[Xu,ApJL 596 (2003)]




Quark matter may not be strange




Strange quark matter hypothesis

Strange quark matter might be the ground state of baryonic matter at zero T and P, which
doesn’t ruin the stability (or extremely long lifetime) of ordinary nuclel. [Bodmer (1971);Witten (1984)]

Why strange quark matter (SQM) rather than ud quark matter (udQM)?

» Ordinary heavy nuclei will convert to udQM with the same A catastrophically fast

» Forming SQM needs simultaneous conversion of a sufficiently large number of

down quark to strange quark via the weak interaction, so the probability is
negligibly small

» In the context of MIT bag model, SQM has lower energy than udQM
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* Theoretical prediction?

The MIT bag model may not adequately model the
feedback of a dense quark gas on the QCD vacuum.
Particularly, the badly broken flavor symmetry of u,
d, s not reflected in the response of constituent
quark masses to the gas.

quark fraction

e

SQM with comparable u, d, s BUT the bag constant
attains the lowest kinetic might not be flavor

energy with ms~100MeV independent




Loopholes tor SQM hypothesis

- Empirical evidence?

As the periodic table of elements ends for A>300,
udQM could be the ground state and the catastrophic
decay of ordinary nuclei would not happen as long as
the minimal Amin>300 for udQM

* Theoretical prediction?

The MIT bag model may not adequately model the
feedback of a dense quark gas on the QCD vacuum.
Particularly, the badly broken flavor symmetry of u,
d, s not reflected in the response of constituent
quark masses to the gas.

quark fraction

SQM with comparable u, d, s BUT the bag constant
attains the lowest kinetic might not be flavor

energy with ms~100MeV independent

1 a
H He
1 2
7 9 20
Li Ne
3 4 10
23 24 40
Na Mg Ar
" 12 18
39 40 45 48 51 52 55 56 59 59 63.5 84
K Ca Sc Ti \") Cr Mn Fe Co Ni Cu Kr
19 20 21 22 23 24 25 26 27 28 29 36
85 88 89 9 83 96 98 101 103 108 108 131
Rb Sr Y Zr Nb Mo Tc Ru Rh Pd Ag Xe
37 338 23 40 41 42 43 a4 45 45 a7 54
133 137 57.71 | 178 181 184 186 190 192 195 197 222
Cs Ba Hf Ta w Re Os Ir Pt Au Rn
55 56 72 73 74 75 76 77 78 79 86
223 226 89.103 | 267 268 271 270 269 278 281 281 294
Fr Ra Rf Db Sg Bh Hs Mt Ds Ry Uuo
87 88 104 105 106 107 108 109 110 m 118
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Quark Matter May Not Be Strange

Bob Holdom, Jing Ren,” and Chen ZhangiE
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If quark matter 1s energetically favored over nuclear matter at zero temperature and pressure, then it has
long been expected to take the form of strange quark matter (SQM), with comparable amounts of u, d, and s
quarks. The possibility of quark matter with only u# and d quarks («dQM) 1s usually dismissed because of
the observed stability of ordlnary nuclei. However Wefmd that udQM 28 lly has lower bulk energy per

S =

of the hghst peusr‘asalér meson nonets. Taking into account the finite size effects, udQM can
be the ground state of baryomc matter only for baryon number A > A,;, with A_;, Z 300. Thlsnes ‘t




Eftective theory for quark matter

Yukawa term + meson potential: £,, = Tr (§,8'0*®) —V, L, = 2qpPy

- An effective theory describing the sub-GeV mesons: assuming other QCD degrees of freedom integrated
out and encoded in the parameters of meson potential V

-+ Residual QCD effects subdominant on the energy similar to constituent quark model for QCD spectrum
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mu,d(r) — gdn(l”) _l_ mudO
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« Quark densities drive meson fields
away from the vacuum

* Varying constituent quark masses and
additional flavor symmetry breaking




Eftective theory for quark matter

Yukawa term + meson potential: £,, = Tr (§,8'0*®) —V, L, = 2qpPy

- An effective theory describing the sub-GeV mesons: assuming other QCD degrees of freedom integrated

out and encoded in the parameters of meson potential V

Residual QCD effects subdominant on the energy similar to constituent quark model for QCD spectrum

oV .

do, g Z (bithi), - Quark gas densities:

1=u,d / depend on pri=pr fi,

v20_3 (r) _ gv | \/§g<’¢_s¢s>' quark masses inside
Os

Vo, (r)

mu,d(r) — gﬁn(l”) _l_ mudO
m,(r) = v/2go,(r) + my

« Quark densities drive meson fields
away from the vacuum

» Varying constituent quark masses and
additional flavor symmetry breaking

Energy budget

R
E = /0 d’r(py + py + pz)

N

Quark energy Coulomb energy

(kinetic)

Scalar energy
(kinetic + potential)

 Mass reduction (chiral symmetry restoration)

makes quark matter energetically favorable

- (fi, R) found by minimizing E/A



A minimal model for sub-GeV mesons

— _ : pseudoscalar
V= Vioy + Vo | ®=Talog+im) scalar nonets

Vinw = A1 (Tt <I>J’<I>)2 + X Tr ((®7®)%) + m? Tr (®70)
— ¢ (det ® + h.c.).

Explicit SU(3) flavor symmetry breaking incorporated
in current quark masses: M = diag(m0, M40, Mso)

Vo1 = by Tr (®TM + h.c),

V2 = ba€ijk€mniMim®in®ri + h.c.,
Voz = b3 Tr (®T@DTM) + h.c.,

Voa = by Tr (®7®0) Tr (@T M) + h.c.,
Vis = bs Tr (DTMPT M) + h.c.,

Vis = bg Tr (POTMMT + dTOMT M),
Vir = by (Tr®TM + h.c.)”,

Vs = bg (Tr dTM — h.c.)2 :

|2 free parameters (with isospin symmetry)



A minimal model for sub-GeV mesons

pseudoscalar
scalar nonets

V =Viy+ Vo |®=T,(0,+in,)

Vi = A1 (Tr @1®)" + 2 Tr ((@1@)2) + m? Tr (@'0)
—c(det ® + h.c.).

Explicit SU(3) flavor symmetry breaking incorporated
in current quark masses: M = diag(m0, M40, Mso)

Vo1 = by Tr (®TM + h.c),

V2 = ba€ijk€mniMim®in®ri + h.c.,
Voz = b3 Tr (®T@DTM) + h.c.,

Voa = by Tr (®7®0) Tr (@T M) + h.c.,
Vis = bs Tr (DTMPT M) + h.c.,

Vis = be Tr (2T MMT + TOMTM)
Vir = by (Tr®TM + h.c.)”,

Vis = bg (Tr &M — h.c.)”

|2 free parameters (with isospin symmetry)

- Dynamical ChSB:

- Mass spectrum: m; =M2,,, mZ = M2,,,

2

ng, My, m

(@) =

v, = f, =92 MeV,

Tovyg + T'gvg =

2 2
ne

1diag(v,,, v,, V20y)

v, = V2fx — f./V2 = 90.5 MeV

M2 2 _ 2
m; = M7 11 mg =My 44

mn, from diagonalizing (0,8) sector

» Decay widths: constrain mixing angles

m, Mg m, m, 0,
Exp. 138 496 548 058 fe
Set 1 138 496 548 058 —15.0°
Set 2 148 454 569 922 —10.8°
mao m Mg mfo 03
Exp. 980 =20 700-900 400- 550 990 + 20 e
Set 1 980 900 555 990 31.5°
Set 2 887 916 555 955 21.7°
F’?—>W Fﬂ'—>7}’ (- I kr
Exp. 0.52-0.54 4.2-45 400-700 ~500
Set 1 0.59 4.90 442 451
Set 2 0.54 4.87 422 537
1_‘f 0T Rf 0 1—‘Clo —nr Rao
Exp. 10-100 3.8-4.7 50-100 1.2-1.6
Set 1 11 4.3 37.4 2.4
Set 2 20 4.0 52.0 1.2

[Holdom, JR and Zhang, PRL 120 (2018)]

Find two benchmarks:

- a good fit to observables with
less free parameters

reasonable choose of
parameters

6, : related to diphoton radiative
decay of 7, 17, and strong decay
of ao, %

A, :fit small and large 7w widths
of foand o



Quark matter in the bulk limit

Large A limit: meson fields and fermion densities are roughly spatially constant, and quark
fractions are driven to approach charge neutral

 “Force balancing” between scalar potential v.s. fermion density determines meson fields values

- Bulk properties (pr, f;) determined by minimizing the energy per baryon &
[Holdom, JR and Zhang, PRL 120 (2018)]
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Quark matter in the bulk limit

Large A limit: meson fields and fermion densities are roughly spatially constant, and quark
fractions are driven to approach charge neutral

 “Force balancing” between scalar potential v.s. fermion density determines meson fields values

- Bulk properties (pr, f;) determined by minimizing the energy per baryon &
[Holdom, JR and Zhang, PRL 120 (2018)]

: 960 -
<ol 11400  Parameter scan
- ] | (theo + exp constraints)
| 11300 2407
~ 60 : —~
- ] >
Q
> | / {70 3
S 11100 «
ud quarks &~ 20} 11000
becomes ] 1
inht fi 1900
light first 0 520 540 560 580 600
m, (MeV)
Minimum achieved (only ud quark) strange fraction For a wide range of parameter, udQM is more

tUINS on stable then SQM and is the ground state of
¢~ Noxpr, P ~ 121 AVa/(Nox) baryonic matter



udQM away from the bulk limit

Small A limit: need to include the Coulomb energy contribution and the finite size effects

R
E = /0 d*r(py + pg + pz)

E(A) me+46%/(p A

mainly surface effects

)+0.31 Z7p

minimizing the kinetic and Coulomb energies of u,d gas

1000}
800 f
600 |

' —e
400E o
200;’/0‘* .

Of
—2001 Set |

0 500 1000 1500 2000 2500 3000

A

[Holdom, JR and Zhang, PRL 120 (2018)]

Z = NcA(fu(A)—1/3)

£(A) (MeV)

F/A4/3

950

930 /4:

' 4—— charge neutral -

— e -

920+ —e E—

' ]

- Set | :

910 ...............................
0 500 1000 1500 2000 2500 3000

A



‘200;' Set |

udQM away from the bulk limit

Small A limit: need to include the Coulomb energy contribution and the finite size effects

R
B= [ dr(py+ps+p2)

€(A) ~ £+46 %/ (pp AT

S

mainly surface effects

lllllllllllllllllllllllllllll

edges determined by
E/A<930MeV Continent
of stability
400 —— N

o

l .. .. e . 1

0 500
A
[Holdom, JR and Zhang, PRL 120 (2018)]

71000 1500 2000 2500 3000

Z = NcA(fu(A)—1/3)

)+0.31a Z%pp/A*/?

Continent of Stability
V.S.
Island of Stability

If Amin~300, maybe udQM with
large Z/A could be produced by
fusion of heavy elements within
“continent of stability”?

LONGITUDE = NUMBER OF NEUTRONS

minimizing the kinetic and Coulomb energies of u,d gas

oy

@bty |

LATITUDE = NUMBER OF PROTONS




Collider searches of highly ionizing particles

y HIP
LHC search for highly-ionizing particles (HIP): Drell-Yan ! + photon-fusion 4
+ ATLAS: general purpose detector by utilizing highly ! "
lonizing signature, better limits [Aad et al [ATLAS], arXiv:2308.04835]
;I I_ | | | | | | | | | | | | | | | | | | | | | | | | | | |
95% CL lower limits on the mass of HIPs [TeV] 8 3500 :_ A/_:ATLAS 13 TeV PF _Z
gl=1gp [gl=2¢p |z|=20 |z]=40 |z|=60 |z|=80 |[z]|=100 — ~ AT =
DY spin-0 2.1 2.1 1.4 1.8 1.9 1.8 1.7 = - [ = P =
DY spin-¥2 2.6 2.5 1.8 2.2 2.2 2.1 1.9 = 3000~ verermmreon o e .
PF spin-0 3.4 3.5 2.1 2.8 2.9 2.8 2.5 ? - - ATLAS n
PF spin-Y2 3.6 3.7 2.5 3.1 3.1 3.0 2.5 S 2500 Dirac Magnetic Monopoles ~ —
E B ATLAS 13 TeV DY — spin-lz ]
g 2000 ;_ATLAS13TeVDY :: _______ e =
- MOEDAL.: passive detection methodologies tuned for S 1500 - .
HIPS, gOOd fOI’ hlghel‘ Charge [AChar)’a et al. [MOEDAL], EPJC 82 (2022)] E m- W - MoEDAL 13 TeV DY E
— ATLAS 8 TeV/QY_v_:/V:’/ \ i
Electric charge (e) 1000 N v owm T . _
15 20 25 50 75 100 125 130 140 145 150 175 - m -
Spin 95% CL mass limits [GeV /c”] °00 - cor % | =
0 70 120 190 560 580 550 500 490 470 470 460 400 C QLo & pliei g Tow B I,
1/2 (”y—eXChange) 180 280 4:4:0 780 780 730 660 640 580 520 500 - O I T T N H TR SO T MO NN SO T M T N T S NN S NN SN SR RN R R T
1/2 (~/Z*-exchange) [170 310 440 780 780 710 640 620 620 510 580 - 0 1 2 3 4 5
1 280 430 590 1000 1020 1000 960 950 930 920 900 870

[Aad et al. [ATLAS], arXiv:2308.04835] Charge [ gD]
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Astrophysical implications: ud quark stars (udQSs)

udQM nucleates inside hadronic stars through quantum tunneling, forming pure ud quark stars (udQSs)

[JR and Zhang, PRD 102 (2020)]

- “All compact stars being udQSs”: instantaneous

transition typically predicted; consistent with observations

GW 190425

‘| GWI170817

J0030+045|

J0740+6620

J0348+0432

J2215+5135

40 60 80 100
Best (MeV fm™)

[Zhao, et al. PRD 100 (2019), Ren and Zhang, PRD 102 (2020)]

- “Two family scenario”: high-mass stars are

udQSs and low-mass ones are hadronic stars

M (M)

GW190814 as udQS (confining quark matter)

udQS2.87

[Cao, Chen, Chu and Zhou, PRD 106 (2022)]

R (km)

GW190814
[ == = ydQS3.30 NICER(Miller et al.)
- —.—. SQS1.87 NICER(Riley etal.) <
[ ]
/
PSR J0740+6620 /
(90% C.L.) 7
/
/F
PSR J0030+0451
(90% C.L.) -
L | L L L L | L L
5 10 15 20
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Hybrid stars may have an
inverted structure



Hybrid stars: maybe an inverted structure?

Conventional picture

Hadronc ~  Deconfined |
matter =~ 7 quark matter

 As density increases, nucleons may get l
decomposed into deconfined strange quark |
matter, forming hybrid stars )

!
|

12



Hybrid stars: maybe an inverted structure?

Conventional picture

Hadronc  Deconfined
matter =~ 7 quark matter

~ As density increases, nucleons may get
decomposed into deconfined strange quark
matter, forming hybrid stars

e —

QM hypothesis

Quark Hadronic Deconfined
matter = 7 matter P quark matter

[Zhang and JR, PRD 108 (2023)]

If HM is more stable than QM at intermediate density,
inverted structure can be formed by NSs hit by QM or

guantum nucleation of QM (HM) inside NSs (QSs)

12



Considering a sharp phase transition (Maxwell construction), QM to HM transition occurs when uq and ux cross, i.e.
a softer HM EOS and stiffer QM EOS at low densities, given p(P) ~ u(0)

(,
| QM EOS QCD

General grand potential: €2 =

| corrections \\A or pairing

Crossing from QM to HM

R

)

bare mass  flavor dependent v
bag constant |
Saay 4, *ap , y
— —u-+ B
4r? ’

| 3 \/i

0454)1/4

| -————PMQ:(

\/[(P +B)n? +12)V2 =1 A =ay/\Eay

udQM (solid), SQM (dashed)
B = (20, 35,50) MeV/fm?

e

60 80 100

P (MeV/fm?)

Jf 4P

n(PY [Zhang and JR, PRD 108 (2023)]

HM EOS
Considering representative models from CompOSE:

— APR
— Sk15

BL — DDH6 — GM1 — Sk13 — Sk14
SKa — SKb — SLy4 — SLy9

1300}

1000}

0001/ . . .

100 120

140
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a softer HM EOS and stiffer QM EOS at low densities, given u(P) =~ u(0)

QM EOS

General grand potential: €2 =

Crossing from QM to HM

Considering a sharp phase transition (Maxwell construction), QM to HM transition occurs when uq and U+ cross, i.e.

—

\i

QCD bare mass  flavor dependent | |
corrections \4 orpairing bag constant “l
G4y a, g "

2yt ——=u* + B -
471'2 72'2 ‘

—p UQ = (ajéfl/“ \/[(P+B)ﬂ2 + 22 —2 A= 2/
1200}
1150;
11001

1000
790 | —wwan(s0lid), SQM (dashed) -
B = (20, 35,50) MeV/fm’
900+ |

60
P (MeV/fm?3)

80

100

HM EOS

Considering representative_

[0 dP’

1

n(P) [Zhang and JR, PRD 108 (2023)]

odels from CompOSE:

\

L — GM1 — Sk13 — Ski14 |

|— SLy4 — sLy9
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Comparison to conventional hybrid stars

- Conventional hybrid stars

Constant-sound-speed (CSS) parametrizations
[Alford, Han and Prakash, PRD 88 (2013)]

,UHM(P) P<Ptrans
ptrans_|_Ap_|_Cs_2(P_Ptrans) P> Ptrans

9

p(P) :{

Energy Density

HM

ﬂ
Slope = CQZM

ptra ns

a generic QM equation
of state allowing for a
first order phase
transition between HM
and QM

14



Comparison to conventional hybrid stars

- Conventional hybrid stars

Constant-sound-speed (CSS) parametrizations

ﬂ
Slope = CQZM

=y
[Alford, Han and Prakash, PRD 88 (2013)] § Eo,oM[ - ~ - iAE— - T
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Comparison to conventional hybrid stars

- Conventional hybrid stars

Constant-sound-speed (CSS) parametrizations
[Alford, Han and Prakash, PRD 88 (2013)]
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Astrophysical implications of inverted hybrid stars

* Its M larger than HSs of the
same R, while (R,A) in between

those for QSs and HSs of the
same M

* Interplay between HM and QM
helps to reconcile astrophysical
constraints at low and high
masses

» “Twin star” configurations
(identical M but very different R)
exist in cases of small B and
large a4

 The new stellar structure leaves
more space open for EOS of
both HM and QM

[Zhang and JR, PRD 108 (2023)]

M(Mp)

2.00

0.5
0.0

1500 . |\
1000 -

500 -

QM EOS

1.5/

HM EOS

TN

<\

RSR J0740+6620]




Summary

+ Quark matter may not be strange

- udQM generally has lower bulk E/A than normal nuclei and
SQM; serve as ground stater at zero T and P for A>300;
ensure stability of ordinary nuclei

* Production of udQM by the fusion of heavy elements within
the new “continent of stability”...

+ Hybrid stars may have an inverted structure

- Under the QM hypothesis, inverted hybrid stars naturally
arise (no need to fine-tune) when the HM becomes
more stable in the intermediate density

» Astrophysical implications of inverted hybrid stars
deserve further study...

See Yudong Luo’s talk for GW asteroseismology of inverted hybrid stars
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Comparing udQM and SQM hypothesis

udQM

» Transition usually takes place at |
a higher pressure for SQM 2.01
compared to udQM, and thus |
less parameter space exists to
realize stable inverted hybrid
stars in the SQM hypothesis

PSR J0740+6620
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« The parameter space for |
inverted hybrid stars with a 0.05,
SQM crust is more constrained
by the astrophysical 15001 |\
observations, especially for |
hadronic EOSs that are |
relatively stiffer than APR at low 1000 |
pressure like SLy4 |
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