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 Mesons in nuclear matter

— Understanding of modifications of mesons in nuclear matter is

related to...

(Theoretically)

. . . q % <_ >med ??
Partial restoration of chiral symmetry, \40)vac "

Ch f axial ly, etc... o
ange of axial anomaly, etc (’9M]A — @
(Experimentally)

Modification of vector mesons experiments at J-PARC, J-Lab, ...
Mesic nuclei at GSlI, the University of Bonn, Spring-8...

— It is worth exploring the changes of light mesons in nuclear matter
comprehensively within a chiral model in a unified way
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- Extended Linear Sigma Model (eLSM)

— The extended Linear Sigma Model (eLSM) is a chiral model which
can successfully reproduce light meson properties (masses and widths)

D Parganlija, P. Kovacs, Gy. Wolf, F. Giacosa, and D. H. Rischke; E
PRD 87,014011 (2013) '

Includes 9 scalars, 9 pseudo-scalars. 9 vectors,
and 9 axial-vectors (and 1 dilaton)

— We applied the eLSM into cold nuclear matter reproducing
saturation properties and studied mass changes of the mesons
in nuclear matter comprehensively
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i D. Parganlija, P. Kovacs, Gy. Wolf, F. Giacosa, ,

' and D. H. Rischke; PRD 87, 014011 (2013)

— (2 quark state) meson field is schematically written by

Y ~ Ghqt

R ~ qpypdr Lyl ~ @pvudr

(scalar and pseudo—scalar)

(vector and axial vector)

— U(3)r x U(3)rchiral transformation laws and particle assignment are
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° 1  D. Parganlija, P. Kovacs, Gy. Wolf, F. Giacosa, E
Lag ra ng I a n ' and D. H. Rischke; PRD 87, 014011 (2013)
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— The Lagrangian is given by

L= Ly +Td(D,®)(D,d)] - mg((%)zn(@’rqn) — N[TH@TOF — A, TH@T O — 1 T2, + R2,)

i Tr[(((%)zm?% + A>(L%L + Ri)] + Tr[H(P + (I)Jr)] + ¢;(det® — det(I)T)2 -+ igz—Z(TI‘{L,“,[L“, L]

h
+ Tr{R,,,[R*, R*]}) + 7‘ Tr(®TD)Tr(L? + R2) + hyTr[|L, ®|* + | DR, |*] + 2h;Tr(L , PR DT)

+ g3[Tr(L,L,L*L") + Tr(R,R,R*R")] + g4[Tr(L,L*L,L") + Tr(R,R*R,R")]
+ gsTr(L, L*)Tr(R,R”) + g¢[Tr(L,L*)Tr(L,L”) + Tr(R,R*)Tr(R,R")],

— Scale invariance
: L v = 8 Ly - 81/.[/ . .
S — Chiral symmetry (approximately)
. D@ =0, - i91(L,® — PR,,)

A = diag (S, Oy, bs) — Axial anomaly

H = diag(hon, hon, hos)
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° La g r'a n g i a n i D. Parganlija, P. Kovacs, Gy. Wolf, F. Giacosa, E

— By assuming the large— N, suppression to the interactions

including spin—1 mesons

L

red _
eLSM —

Te[(D,®)(D"®)] — m2Te[@1®] — Ay (Tr[@1®])

1

X Tr[(2T®)?] 4+ Tr[H(®T + @)] — 7 Tl Ly LM
uv m% 2 2

+R,,, R + Tr - T A) (L, + Ry)

ter (det® — det@)” + hoTr[L2 00! + R20T @]

+2h3Tr[L,®R*®T]

+g4p (Tr[LMLUL“L”] + Tr[RMR,,R“R”])

+04 (Tr[LML“L,,L”] +Tr[R“R“R,,R”]) . (6)

[— This Lagrangian is fundamental to describe mesons in our approach}
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D. Parganlija, P. Kovacs, Gy. Wolf, F. Giacosa, E
and D. H. Rischke; PRD 87, 014011 (2013) E

— Parameters are determined by reproducing decay widths and masses

Observable Fit (MeV) Experiment (MeV)
fa 96.3 = 0.7 92.2+4.6
fx 106.9 = 0.6 110.4 £5.5
m, 141.0 £ 5.8 137.3 £6.9
mg 485.6 = 3.0 495.6 = 24.8
m, 509.4 = 3.0 547.9 £27.4
My 962.5 = 5.6 957.8 £47.9
m, 783.1 7.0 775.5 = 38.8
My 885.1 = 6.3 893.8 + 44.7
me 975.1 + 6.4 1019.5 £ 51.0
My, 1186 £ 6 1230 *= 62
My, (1420) 1372.5 £5.3 1426.4 £ 71.3
My, 1363 £ 1 1474 = 74
mgx 1450 £ 1 1425 =71
P 160.9 = 4.4 149.1 = 7.4
Ugrmkn 44.6 = 1.9 46.2 =23
[k 334 +0.14 3.54 £0.18
| - 549 =43 425 £ 175
ay—my 0.66 = 0.01 0.64 = 0.25
L't (1420—k*k 44.6 =39.9 439 +22
a 266 + 12 265 + 13
Ukr—kr 285 £ 12 270 = 80

Parameter

Value

C, [GeV?]  Ci=mg+ (e + 6%)
C, [GeV?] Co=m]

c; [GeV™?]

85 [GeV?]

81

82
¢n [GeV] (VEV of oy in the vacuum)

¢s [GeV] (VEV of og in the vacuum)
hy
h;
A

—0.9183 = 0.0006
0.4135 = 0.0147
450.5420 = 7.0339
0.1511 = 0.0038
5.8433 £ 0.0176
3.0250 = 0.2329
0.1646 = 0.0001
0.1262 = 0.0001
9.8796 * 0.6627
4.8667 = 0.0864
68.2972 = (0.0435
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D. Parganlija, P. Kovacs, Gy. Wolf, F. Giacosa, E
and D. H. Rischke; PRD 87, 014011 (2013) E

— Parameters are determined by reproducing decay widths and masses

Observable Fit (MeV) Experiment (MeV) Parameter Value

fr 96.3 + 0.7 922 + 4.6 Cy [GeV?]  Ci=mi+ Mok +¢3) —0.9183 = 0.0006

Ik 106.9 + 0.6 110.4 £35.5 C, [GeV?] Co=m} 0.4135 + 0.0147

my, 141.0 = 5.8 137.3 £ 6.9 ¢ [GCV_Z] 450.5420 =+ 7.0339

i O el 85 [GeV?] 0.1511 * 0.0038

m,] 4 T O, R . +

Moy 962.5 + 5.6 957.8 + 47.9 &1 >-8433 = 0.0176
2 3.0250 = 0.2329

m, 783.1 = 7.0 775.5 = 38.8 . N

M 885.1 6.3 893.8 + 44.7 ¢y [GeV] (VEV of oy in the vacuum) 0.1646 * 0.0001

mg 975.1 + 6.4 1019.5 + 51.0 ¢ [GeV] (VEV of og in the vacuum) 0.1262 = 0.0001

My, 1186 = 6 1230 = 62 h; 9.8796 = 0.6627

Mg (1420) 1372.5 + 5.3 1426.4 = 71.3 h, 4.8667 = 0.0864

Mg, 1363 = 1 1474 = 74 Ay 68.2972 = 0.0435

mg; 1450 = 1 1425 + 71

| 160.9 = 4.4 149.1 * 7.4

1-‘K*—vK'rr

Ty_x . .

1 = Ay still remains as free

a—pm

Loy I:> will be fixed by nuclear matter properties later

L't (1420—k

ap

FK;;—»er 285 = 12

210 8V
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- Parity Doublet Model

— Two—flavor Parity Doublet Model (PDM) is employed to describe
meson—nucleon interactions

= U1, (id + Y0 + gv R) V1, + U1 (id + upyo + gv L)1 + Yo (i@ 4+ o + hv L)ar + o (id + o + hv R)va
(Tr[RuW)lr’Y“?blr + Tr[L ]Tlfu’Y“l/)u) ( r[R u]¢1l’7”¢11 + TI‘[L;L]Q/)M’Y 1/)1r)

+9g (Tr[Ru]wzr’Yuww + Tr[ ]¢21’Y”1/)2l> ( I[Rp]ﬁz)zl’yui/le + Tr[fzu]?/_)zﬂplbr)
— My [Yuthar — Yrrtbor — Yathrr + Portpus] — k1 (det® + det®T) [P1tha, — Yrrthor — Yortnr + Yo,thu]
—ks (detfi) - det@) [Y1uar + Yrrthor + Yathir + Yorthu]

—G [lzhw@?ﬁu + 7;11@/)11} - Go |:’l/_)2'r(i)T¢2l + @Zzl‘i@bzr]

Yiery = 9LV11(2r)
Y1r2) = RV 1r(20)

_______________________________
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- Parity Doublet Model

— Two—flavor Parity Doublet Model (PDM) is employed to describe
meson—nucleon interactions

= U1, (id + Y0 + gv R) V1, + U1 (id + upyo + gv L)1 + Yo (i@ 4+ o + hv L)ar + o (id + o + hv R)va
(T u]d)lr’Y“?ﬁlr + Tr[L ]7/1117“1/)11) ( r[R u]¢1l’7”¢11 + Tr[Lu]?/flr’Y 1/)1r)

+9g ( u]wm”wzr + Tr[ ]¢21’Y”1/)2l> ( I[R,u]d_)zl’yui/le + Tr[fzu]?/_)zﬂpibr)
Mo [Quthar — Yrothor — Yothrr + Yorpu] — k1 (det® + det®T) [Prtha, — Yrrthor — Yortnr + Yorihu]
—ko (detcb — det@) [(Vutar + V1rthor + Yoaorr + Yarthu]

—G [l/_)lr(i’wll + %Elléd)lr] - Go [d—)zr‘iﬂdm + @Zzl‘i@bzr]

Yiery = 9LV11(2r)

Y1r2) = RV 1r(20)
— Mass formulae are

1
my = —
+ 79

2
\/(Gl + G2)2¢?\7 + 4 (MO + %¢?\7> F (GQ — G1)¢N

( My: chiral invariant mass) e !
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- Parity Doublet Model

— Two—flavor Parity Doublet Model (PDM) is employed to describe
meson—nucleon interactions

i@ + ppYo + gv R)1r + b1 (i@ + pyo + gv L) + e (i@ + ppyo + hv D)oy + %21 (i@ + ppyo + hv R) v
Tr| p]d)h«’r“%r + Tr[L ]7/1117“1/)11) ( I‘[Ru]d_)u’yyl/)u + Tr[iu]?erV”T/)lr)

r| u]wm”wzr + Tr[ ]¢21’Y”1/)2l> ( I[R,u]d_)zl’yui/le + Tr[fzu]?/_)zﬂpibr)
My [Quthar — Vrothor — Yothrr + Yorpu] — ki (det® + detd) [yivha, — Y1901 — Yorthr, + Yo, thui]
—ko (detcb — det@) [V112r + 10021 + Yathrr + Parthu]

—G [l/_)lr(i’wll + %Elléd)lr] - Go [d—)zr‘iﬂdm + @Zzl‘i@bzr]

N =1y
+9

/\

/N

+g (T

O e N

Yiery = 9LV11(2r)
Y1r2) = RV 1r(20)

— k1, k2 terms violate U(1) 4, symmetry explicitly | &= oy +iner
: : : - L,+R, 1 . a
(direct coupling of axial anomaly to the nucleons) p= g = glwn + o),
-------------------------------------------- | - L,-R, 1 "
L. Olbrich, M. Zetenyi, F. Giacosa and D. H. Ap=—7— =3+ aim)u

Rischke, Phys. Rev. D 97, no. 1, 014007 (2018)

_______________________________
_____________________________________________
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 Construction of nuclear matter

— Thermodynamic potential ) (effective action) is constructed by

nucleon one—loop with meson mean fields at zero temperature
combining the eLSM and the PDM

— Density dependences of ¢n, ¢5, oy are determined by gap equations
0 00 0

dpn ~ Ops  Own
— Parameters are fixed by vacuum and nuclear matter properties

=0

Inputs in the vacuum Values Inputs in nuclear matter Values
my [GeV] 0.939 P|,, 0
m— [GeV] 1.535 UBlp, [GeV] 0.923
ant 1.267 K [GeV] 0.24
g 0.240.3 [61]

[ N+ (1535) vy [GeV] 0.065

[ — Only M, and kq are left as free parameters in our approach ]




3. eLSM in nuclear matter
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« Meson masses In nhuclear matter

— Nucleon loop corrections should be included to calculate meson
masses in nuclear matter to respect the original chiral symmetry

________________________________________

— Meson masses in nuclear matter is defined by the following

formula in the present analysis SRt
mx : mean field level

ITx (qo, ) : one loop corrections

_________________________________________

O (1)

— If the meson has mixing with the other one, then we need to solve it

mX = mX +HX(mX,6)
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- Determined parameters

Constraints by nuclear matter
properties are very strong. . .

— The allowed ranges of M, 151(: quBN) are

0.6GeV < My < 0.8GeV and —5 < k; < 15

— The remaining parameters for given My, k; are fixed as

Mo [GeV] k1| Gi G2 ke gv  hv  § AN gap
0.8 5 -0.2924 3.329 -19.60 21.10 8.063 -6.333 -22.73 39.09
0.8 0 3.922 7.542 -0.2467 3.847 -9.186 -2.623 -22.98 42.01
0.8  -5| 5.324 8.945 0.8113 2.625 -10.41 -2.668 -22.67 2.442
0.7 5| 1.488 5.109 -4.392 8.432 -4.601 -4.350 -22.54 114.4
0.7 0] 4.386 8.007 0.1265 3.381 -9.652 -3.683 -22.84 171.9
0.7  -5|| 5.497 9.118 0.9509 2.506 -10.53 -3.537 -22.48 106.7

— The results of meson masses in medium shown in the next slides
suggest that M, ~ 0.8GeV and k; ~ 0 is preferable
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- Results with M, = 0.8GeV and k; =0, —5
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« Results with M, =0.8GeV and k; = 0, —5

spin-0 spin-1
1'4_3:3?;::::: ...... My =0.8GeV | ==weeen i Lo/ My = 0.8GeV | =eeeeen f13
T ki=0 | weeeues Ky b T ki=0 | seeeees K,
< --------- fE < LR S [ finsa
QO 1.0' ------------------------------------------- ap 8 1 --------------------------------------------------- ws (Cb)
= 0.8\\ —_— o O K"
8 06} — K =X
04f ! . \
I T — ™ — The experiment suggests an attractive
0.0 05 10 15 2.0 force between nucleus and 77 meson
Ps/Po i V. Metag, M. Nanova and E. Y. Paryev, E
spin0 @ eeoT oo :
1_4§ff:::::::::: _______ My =0.8GeV | =eseeen i
T kyz=z5 | e K;
12 Tt LTI L 7 .
= ol B M ¢ | = k1 ~0is preferable to get a proper
B a . .
<) 08\ n(’] mass reduction of 77 meson at density
2] I
2} [ — ~
S 0.6 In{ (If we take k1 =5, 1) meson mass
e S — T Kcurns into negative must be discarded)
0.2p
0.0 0.5 1.0 1.5 2.0 0.0 0.5 1.0 1.5 2.0

ps/Po Ps!Po
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- Results with M, = 0.7GeV and k; = 0, —5

spin-0
1.4 ~::.:f:"-':~':: ______ My = 0.7 GeV | ==r===m o
1.2 ."-....-::::_.::::_':_'_':.-'-....: _____________ kl — 0 ------- I\E;
B e S RLLLIIIC 1
§ 0 s A o
% 0.8\ ....................... S Z
2 0 6 r
0.4 [ \ Z
0'2 L...................l ------------------- l--------------""': """""""""
0.0 0.5 1.0 1.5 2.0
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§ 10k T T ”
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0.0 0.5 1.0 1.5 2.0
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17/20

spin-1
S My =07GeV | e fis
T~ | I T T T T I\’l
S L Y (O fin,a
5 ws (9)
©.1.0 s
g K
WN
S o8l :
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........... ]\'!() —0.7GCV """"flb'
T AL R S .
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N S ssspueete ws (9)
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PslpPo
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» Results with M, = 0.7GeV and k; = 0, —5

spin-0 spin-1
1.4 _____ My =0.7GeV | === fo' L/ My =0.7GeV | ==rmeem fis
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7} \2 0.8 __—— e [}
— The experiment suggests an attractive | ;4!
optical potential of wy meson 0.0 05 10 15 2.0
(with considerable imaginary part) Pa/po
oo e . spin-1
i V. Metag, M. Nanova and E. Y. Paryev, ! 1.4F
i PPNP. 97, 199 (2017) B N My =0.7GeV | sseeeen fis
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« Summary

— We employed the three—flavor extended Linear Sigma Model (eLSM)
and two-flavor Parity Doublet Model (PDM) to study meson masses
in nuclear matter comprehensively

— The density dependences of mesons (particularly? and wxy ) suggest
My ~ 0.8 GeVand k1 = 0 is preferable

spin-0 spin-1
14‘ ...... My =0.8GeV | ==eeen i L My = 08GeV | =weeeen fis
e ki =0 | seeeees ) S ki=0 | seeeees K,
1.2 s AL o 1] S 2
S‘ . "~-..~_.-...." """""':""" --------- f({‘ ;‘ 12 ................................................. le a1
8 TOR. T ] e ao 8 ................................................ ws
= 0_3\ T e— S O e — K"
L 0.6} K Sogl_ —— )
i n
04 0 T -
1] ——— 0.6¢
0.0 0.5 1.0 15 2.0 0.0 0.5 1.0 15 2.0

Ps/Po Pslpo
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* Discussions

— To study the nature of fo(0™) mesons more reliably, we need to
Incorporate tetraquark states into the model

— Inclusion of imaginary part by a large decay width (if necessary) and
a broadening in nuclear matter is sufficient to study meson mass
more precisely

— Direct interactions between matter and open/hidden strange mesons
were missing (— e.g. three—flavor PDM ?)
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Back up
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- Notes on PRD 87, 014011 (201 3)

— The values of A1, h1 are not determined

— M, h1 could be fixed by scalar—isoscalar (fo) mesons properties

— fo mesons are not used as input since they include many uncertainties

2
L= Ly +T(D,®)(D,®)] - m%(GE) TH@!®) — A[TH@T@)F — A TH(@T @) —  Tr(LZ, + K,
- . )
G \2

" Tr[((G—o) ’%% N A)(Li + Ri)] + T H(® + ®1)] + ¢ (det® — detdT)? + i%(Tr{LMV[LM, L]

h
+ Tr{R,,[R*, R"]}) J:.z_l Tr(®TD)Tr(L2 + Ri)_+ hyTr[|L, @[> + |PR,|*] + 2h;Tr(L , PR*DT)

+ g3[Tr(L,L,LALY) + Tr(R,R,R*R")] + g[Tr(L,L*L,L") + Tr(R ,R“R,R")]
+ gsTr(L,L*)Tr(R,R”) + g¢[Tr(L ,L*)Tr(L,L") + Tr(R,R*)Tr(R,R")],



 Input parameters

— Scalar and pseudo—scalar sector

Mayo80) = (980 = 49) MeV,
Mgy 1as0) = (1474 = 74) MeV,
msso0) = (676 = 40) MeV,
mix(az0) = (1425 = 71) MeV,
T, (1450 = (265 + 13.3) MeV,
T (@00—kn = (548 = 27.4) MeV,
T'ks (1430—k= = (270 = 80) MeV,
| M., 050)—kx| = (3590 = 440) MeV [37],
| M, 0500—n| = (3300 = 166.5) MeV [37]

23/20
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i D. Parganlija, P. Kovacs, Gy. Wolf, F. Giacosa, E
 and D. H. Rischke; PRD 87, 014011 (2013) E

. =(92.2 + 4.6) MeV,

fr = (155.6/+/2 + 5.5) MeV
m_ = (138 + 6.9) MeV,

my = (495.6 + 24.8) MeV,
. = (547.9 + 27.4) MeV,

m, = (957.8 + 47.9) MeV,

m
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 D. Parganlija, P. Kovacs, Gy. Wolf, F. Giacosa, |
° InPUt parameters ' and D. H. Rischke; PRD 87, 014011 (2013) |

— Vector and axial-vector sector

m, = (775.5 + 38.8) MeV,
My = (893.8 + 44.7) MeV,
mg = (1019.5 + 51) MeV,
T,rm = (149.1 + 7.4) MeV,
Tyxx = (3.54 + 0.178) MeV,

m,, = (1230 = 61.5) MeV,
my (a0 = (1426.4 * 71.3) MeV,
[y = (425 = 175) MeV,
T, —my = (0.640 + 0.250) MeV,
T/ a0k = (43.9 = 2.2) MeV,

— The experimental error is increased to 5% artificially if the error is less
than 5%, since isospin breaking effects are not included



- v* fitting

Observable Fit (MeV) Experiment (MeV)
fa 96.3 = 0.7 922 +4.6
fx 106.9 = 0.6 110.4 £5.5
Mg 141.0 £ 5.8 137.3 £6.9
mg 485.6 = 3.0 495.6 = 24.8
m, 509.4 = 3.0 5479 =274
My 962.5 = 5.6 957.8 =47.9
m, 783.1 7.0 775.5 = 38.8
My* 885.1 = 6.3 893.8 = 44.7
my, 975.1 x 6.4 1019.5 £ 51.0
Mg, 1186 £ 6 1230 + 62
M, (1420) 1372.5 £5.3 1426.4 = 71.3
My, 1363 = 1 1474 = 74
mgx 1450 £ 1 1425 =71
T 160.9 = 4.4 149.1 = 7.4
Ui 44.6 = 1.9 46.2 +2.3
Tykk 3.34 £0.14 3.54 £0.18
| - 549 *= 43 425 + 175
| 0.66 = 0.01 0.64 = 0.25
[t (14200—k*k 44.6 = 39.9 439 +2.2
a0 266 = 12 265 = 13
Ukx—kn 285+ 12 270 = 80
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Parameter Value

C, [GeV?]  Ci=mg+ (e + 65) —0.9183 = 0.0006
C, [GeV?] Co=mf 0.4135 = 0.0147
c; [GeV™?] 450.5420 + 7.0339
85 [GeV?] 0.1511 £ 0.0038
g1 5.8433 = 0.0176
) 3.0250 + 0.2329
on [GeV] 0.1646 = 0.0001
¢ [GeV] 0.1262 = 0.0001
h, 9.8796 + 0.6627
hs 4.8667 £ 0.0864
Ay 68.2972 + 0.0435
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 Mean field mass formula

— Spin—0
3 1
mﬁN — mg + (3)\1 + 5)\2) (ﬁ?v + )\1(]5% — §(h2 + h3)@12\/' ,

m2 = mg + A% + 3\ + /\2)¢?S ,

mZ_ .. =2MoéNds .

3 1
m2, =mg+ ()\1 + §A2> Px + A1oE — 5(hz + h3)@i
2 )‘ 2 2‘32
Mipes = A+ =) ox + (AL + Xo)o% + \/§¢N¢S —91 T~ (hz + h3)@y,

Ao
m? :mO <)\1 + ) ¢N+/\1¢S+01¢N¢S (hg—l—hg)(ﬂ%\, )
m2. =mj+ Moy + (M1 + Xo)os + quN :
1
Mynns = 5¢§’v¢s ’

Ao
mfr:mO ()\1+ )¢N+)\1¢S——(h2+h3) ,

m3 = m3 + <>\1 I ) ox + (A1 + X2) o — 7¢N¢S iv - %(’w + h3)wy
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 Mean field mass formula

— Spin—1

1
mg,. = m% + §(h2 + h3>¢?\f + 2g4pa’12\/’ ’
mg, =mi + (ha + h3) ¢% + 285 |,

2 2
my, =mg
1 1 1 _
mi. =m?s + Z(gf + ha) oy + 5(9% + ho)pg + ﬁ(h:a — 91)ONGs + Os + gap@i;
1
M = mi + 5 (207 + ha — ha) S} + 202,08
m3 . =mi + (2g7 + ha — hs3)ds + 205

2 2
mal T mle ’

1 1 1
mi, =mi+ (97 + h2)dx + 5 (g5 + h2)ds — —=(hs — g1 )dNds + 05 + gap@i;
1 > NG
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 Mass formula in medium
— By defining m% = m% + IIx(mx,0) el 1+ __O._. (_|_ __Q_.)

2 \med __ ~2 2 med _ ~2 2 \ymed __ ~2
(mao) _ mao ’ (mwN) _ mwN ’ (mws) _ mws

2ymed __ ~ 2 2 med _ ~2 2 med __ ~2
(M) =my,, (M. )" = mie., (my, )" =my

2 med _ ~2 2 \ymed __ ~2 2 med _ ~2
(mfls) T mflS ) (mal) _ mal ) (mKl) _ mKl

and
Lp = May

(m)med = Z2m2 (m%{;;)med = Zfes Mics Ve, — iy
(m%)med — Z%{Th%( : with Zpe — 27 f =

0

Vi — g¥on — v20s)?

Uik,

Zg =
VA%, — g (on +v/265)?
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« Mass formula in medium

N,N*
— By defining m% = m% + IIx(mx,0) _Tef“ﬁ_el(-i + --O' (_|_ _.)
2 me 1 2 2
(Mg pa )™ = 2(’” + Moy

:I:\/(m?m —m2 ) +4m§NUS)

(m2 )med — 1((772,2 )med + (mZ )med

n'/n D) nN ns
i\/((m%N)med B (m%s)med) + 4(m$71v7ls)med> ’
(B5)
where (m2 )™ = Z2 m ~mv’ (mp,)med = Z2 7. and
med ~ :
(m%m)s) Z721NZ7215 Mo s With
_ mle
Ly =
\/mle B gl
7 mys : (B6)

ns = = 5
\/mfls — 29195
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 Construction of nuclear matter

— Thermodynamic potential ) (effective action) is constructed by
nucleon one—loop with meson mean fields at zero temperature

kp +\/k% + m3
1 2 F F +
Q/V:_m{gw/k%—kmik%—\/k%—t—mikpmi—kmiln( o~ }

A mi. o Gap
(70 On +5) + <¢?v + 08)° + (DN +208) — hondw — hosds — — @ — ﬂwﬁb)

(mT X + 0F) + (Cfg?v + %) + §2(¢N +20%) — honon — hOSéS) ’

_ _ G 1 . )
where pp = B — guwn with 1 = \/k# +m3 and g. = — 5 (gveosd + hysin®0) — 2§



D. Suenaga, P. Lakaschus, in preparation 31/20

« Results with another choice of m_

spin-0 spin-1
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FIG. 6. (color online) The density dependence of spin-0 (left) and spin-1 (right) meson masses with m_ = 1.4 MeV, My = 0.79
GeV, and k1 = k2 = 0.
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« Results with another choice of m_
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N,

FIG. 7. (color online) The density dependence of spin-0 (left) and spin-1 (right) meson masses with m_ = 1.65 MeV, My = 0.8
GeV, and k1 = ko = 0.



