Baryons at finite density
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Hyperon puzzle: Slide by Tamura — " """ s-Nattractive (Uy=-15 MeV)
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“Hyperon puzzle” in neutron stars "' 5 45 6o, 8py I0ppacronic matter
p

B Hyperons (A at least) should appear at p ~ 2-3 p, C. Ishizuka et al., J.Phys. G35 (2008) 085201
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NS mass

EQS’s with hyperons or kaons too soft =>cannot support M>1.5M,_
vy NS’s (~2.0 M_,,) were observed.

N6 => Unknown repulsion at high p
\ B Strong repulsion in three-body force
including hyperons,
NNN, YNN, YYN, YYY ?
Chiral EFT is successful in NNN force.
Extension to include hyperons requires
high quality YN scattering data.

=-1 B Phase transition to quark matter ?
(quark star or hybrid star)

We need to know YN, YY,
K*°'N interactions

both in free space and

T T TR TR TR in nuclear medium )
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F v’ in nuclear matter : QCD sum rule approach 4

«  Baryon correlation function in medium u=(1,0,0,0)

I1(p)=[d*x e [ <(qTrq)q(x),(qrqi)q(o)>}:np.p+ns.1+nv.u

- Phenomenological side: Positive parity states
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- Operator Product Expansion
Scalar attraction and vector repulsion
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Consequence of chiral symmetry restoration

M(p)= M, -p+M, -1+, -4

p+M. -2 u
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M. =0 or (M =M )0

Finite T Lattice result (Aarts et al. arXiv:1710.00566 )
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F “ QS 1IN symmetric and asymmetric matter («. Jec}r;_g- SHL

Quark operators at finite density with isospin asymmetry

(Ous),, =(Oua).. +(00), p£(0), 10
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P=PtpPy lp=p,—p,

- Important operators
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! i!‘ AS 1IN symmetric and asymmetric matter

. Symmetry energy from QCD sum rule: K. Jeong, SHL, PRC87, 015204 (2013)

loffe Current
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Larger vector repulsion + Smaller scalar attraction < 50 MeV J

- Feature similar to Relativistic mean field models
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D

. QCD sum rule: Interpolating field determines how well OPE converges
. Needed additional input

(3s) =2 5 Will take 0.1x (Qu) Lattice o, —17 MeV (JLQCD)
p m p SN

: : 105 MeV (BMW)



F ﬁ mmetric huclear matter

e A innuclear matter (Jeong, Gye, SHL PRC94 (2016)065201 )

Operator Product Expansion when the current has a strong u-d scalar diguark

Nucleon with loffe current A with strong u-d diquark current
* 87[2 _ X 8 2
M* :—W<qq>+... M+=—$(2<§s>+small<ﬁq>)+...
6422 647°2(1,_
2y :3T7[2<q17/0q1>+... 2y = 3M 2 Z<ql7oq1>"' T

- Both Smaller than 2/3 from Quark counting but similar total binding

Vector repulsion < Scalar attraction
Zy (A) ~0.26 Zolt) ~0.3
%, (N) Zs(N)



§| mmetric nuclear matter

. X in nuclear matter (Jeong, Gye, SHL PRC94 (2016)065201 )

Operator Product Expansion is similar with loffe current with d->s

Nucleon with loffe current A with loffe currentd->s
\/ __?\/Iij<_ )+ Mj——?\ﬂiz(<_3>+small<_q>)+
v = EE\ALZZZC% L) 2, = 6:;;222 (%@mﬁ j+
Vector repulsion Scalar attraction
50, . =) 43
%, (N) Zs(N)

—> Total repulsion is larger than 100 MeV at nuclear matter



Deﬁd’-'qnuclear matter

 Baryon in Relativistic Mean Field models

L= N[yﬂ (ia“ —g 0" — gerp”)—(mN = gGNa)] N

+A,[ 7, (10" - 900" — 0,u10" )~ (M, - 0,,0) |A"

-  Effects in neutron star [Cai, Fattoyev, Bao-An Li, Newton (PRC92 (2015) 015802)]

XO' = gO‘A/gO'N b Xa) = gwA/ga)N Z Xp = gpA/gpN
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At symmetric Nuclear matter in y-A

- Broadening

- No clear observable Mass change?

Heavy lon Collisions

possible mass shift at higher density

Analysis of pion Pt spectra (Rafelski 2007)

BNL: Au+Au
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Can produce through subthreshold production in heavy ion collision
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n

i :. huclear matter

A interpolating currents (Marques, SHL, A. Park, Matheus, Jeong PRC98 (2018)025206)

Nucleon loffe current

Delta loffe current
loffe

7" = &% (05,Cy %y ) 757 e

loffe

7" = £ (0Cr, 0 ) Ohe

1
64" N * 1607 ptin{=p)+
I, =5 p*In(~p?)(qg) + I, =——= p*In(—p?)(au)+
O, =g PN Or)+ | =L p?in(—p?)(ayu)+
— H/ =§x(condensates) — H/ :Ex(condensates)
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- A Has smaller vector repulsion compared to nucleon

A scalar attraction : 150 MeV, 4 Vector repulsion: 75 MeV
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1 asymmetric nuclear matter

o A vector self energy (Marques, SHL, A. Park, Matheus, Jeong PRC98 (2018)025206)

%, (p.1)=(0.075-0.01z31) GeV =2 f.=l g,=- fl==3

. Nucleon vector self energy (Marques, SHL, A. Park, Matheus, Jeong PRC98 (2018)025206)

%, (p.1)=(0.32-0.081) GeV
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' i" vector repulsion for Delta in quark model -

. Nucleon Nucleon interaction at short distance is dominated by color spin
Interaction (arXiv:1907.06351 A Park, SHL, Inoue, Hatsuda )

Color-spin interaction

H = IZN: m +_2 _g(ﬂﬁcﬂ’c)vlc(ij) g(ﬂfl;i)rﬁ:-io-j)vijss(nj)

= Color-spin interaction for 2 body: a (q q @
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Comparison with lattice (HAL QCD) — NN interaction

= NN force in SU(2) spin 1 vs spin O channel (w.park, A. Park, Lee 2015)
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K factors in NN vs NA

= Spin and Isospin averaged NN interaction: repulsive with K, | ~2.37

= Spin and Isospin averaged NA interaction: repulsive with K2—N ~1.9
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Summary

. QCD sum rule approach offers a way to calculate the potential part of
the nucleon, delta and hyperons in medium-> similar to RMF models.
In sum rule, Symmetry energy is positive and due to larger vector
repulsion and scalar attraction.

Lambda has smaller self energies than 2/3 of nucleon, but repulsion is
even smaller

. Sigma repulsion in matter is larger than naive expectation. 100 MeV
Delta has smaller vector repulsion compared to nucleon

Further studies with different currents will be useful
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