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Introduction

* Dynamical chiral symmetry breaking is supposed to be the origin of the
masses of hadrons in quantum chromodynamics (QCD).

« (Q|[Q4, P4]|Q) = (uu + dd) = (gq) : a sufficient condition for the
spontaneous breaking of the chiral symmetry in the chiral limit.

* One expects the broken chiral symmetry to be partially restored in some
conditions, such as at a finite density or temperature.

* Once the partial restoration of chiral symmetry in a nuclear medium is
confirmed, we can guess that the properties of the pions are influenced by in-
medium effects.



Previous researches

* In Ref. [1], the partial restoration of the chiral symmetry in isospin-symmetric
nuclear matter was investigated from the in-medium quark condensate.

* The in-medium pion properties in isospin-symmetric nuclear matter were
calculated in Ref. [2]

* Reference [3] explored the in-medium quark condensates in isospin-
asymmetric nuclear matter using the correlation functions.

[1] Jido, Hatsuda, Kunihiro, Phys. Lett. B 670, 109 ( 2008)
[2] Goda, Jido, PTEP 033D03, 26 (2014)

[3] Hiibsch, Jido, PRC 104, 015202 ( 2021)



Introduction

* |[n this research, the in-medium mass, wave function renormalization, and
decay constant of each pion in nuclear matter with finite isospin are
explored.

* The in-medium Gell-Mann-Oakes-Renner relation : m:* ;% = —mgy{qq)”

* |n this work, we assume that all in-vacuum calculations are done. Thus, we
use experimental values for LECs.



The chiral symmetry in QCD

* Quantum Chromodynamics describes dynamics among quarks, gluons, and
hadrons, whose Lagrangian is given from the SU(3) gauge symmetry by

8
_ . ij
Locp = Z Z Z Z qu,f,i(WuDu _mf)a/;qﬁ,f,j ZGuvava'

4
[,j=1f=1a=1a,f=1
u: the spacetime index

f: the flavor index
l: the color index

«: the spinor index

* At low-energy scales, one can only consider the two light quarks: up- and
down-quarks.

* The low-energy QCD Lagrangian exhibits the global SU(2), X SU(2)g X
U(1), symmetry in the chiral limit, where m;, = my; = 0.



The chiral symmetry in QCD

Forthe Noether currents,

VE=RI+L;, =q—v"q Al =R/ —L;,=q

_“
2
d3x A(V)& = Q%,.,+: the generators of the SU(2) 4.y transformations.

0 A(V) %

Forcompleteness, the scalar and pseudoscalar densities are introduced:
Sb = C_[)].bq, Pb — iC_[‘}/5Abq, b = 0,1,2,3.

i(0][Q%, P,110) = (O|ﬂu + cfd|0) = (qq) # 0 :the sufficient condition of the
spontaneous chiral symmetry breaking



The chiral perturbation theory

* Due to the spontaneous chiral symmetry breaking, one obtains the Nambu-
Goldstone bosons.

* Inthe SU(2) case, the three pions are the Nambu-Goldstone bosons.

* From the transformation behaviors, the chiral Lagrangian is written as [8,9]

2
£ = - Tr{DUTDHU + 11U + U},
Co

2
my

LE@ + L7(TZ]3 = NQy*T, + igay*y°A, + 1 Tr{xJNN + > Tr{u,u,}ND#DVN
C3 _
—?Tr(u“uM)NN + -

[8] Gasser, Sainio, Svarc, Nucl. Phys. B 250, 779 ( 1988)
[9] Gasser, Juerg, Leutwyler, Nucl. Phys. B 250, 465 ( 1985)



The chiral perturbation theory

where
¥+ =utyu + uytuy, u, = 2iA,,

1 .
A, = E{uT[au —ir,Ju —ulo, — i, Jut},

1 1 1
[, = > lut, 0, ul - Eu*ruu — EuluuT,

| y(nz))
U=-explin?r? ,
P ( 2V 12

faw =0, 1, — 0,1, —i|nunl] fow=0.0,—-0,1,—i[l,L)]

_I_
uv — qu/,n/u-IL T qufR/,Lvu:



In-medium pion properties

* The normalization of the in-medium pion states
(n*ijo(kni'o)|7T*i,0(p7ti’0)> = (27-[)32(‘)711"0 (ﬁ)S(S) (ﬁ _ E)

p.+o0 :anon-shellmomentum of the pions
w_+0 : anin-medium pion energy

° Tal 1 H P _ *
The in-medium pion mass w_+0(0) = my.

* The in-medium pion mass is obtained by solving the mass equation

my = \[m,ZT + Zn(m;;,6) .

2 - the in-medium pion self-energy




In-medium pion properties

* The matrix elements of the axial-vector current A;’O [1]:

* 0 s _
<‘Q'|Ai’0 n—*i,o(pn-i,o)> = i[n‘uNni,o (pn.i,O) + p;[ Fni,o(pni,o)]e 1D £,0 x,

- a vector of the Lorentz frame of the nuclear matter

ny,

In the rest frame, n, = (1,0,0,0).

* The pure vacuum state : |0)
* The asymptotic state of nuclear matter : |Q).

* The pion decay constants in nuclear matter :
N
*(t * * *
R £ = F;

*
T

fn*(t) : Temporal decay constant

£:) . spatial decay constant

T
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Correlation function approach

 The correlation function of the two axial-vector currents:

NEH°p) = [ d*x e?*(Q|TAZ (0 AT°(0)] Q).

* This can be expanded as
* +0 , > * =7 % 1,0 , >\ =%
++ oo(p) _ l(n”Nni,o + pﬂ (p)F +o)(nvN +o0 T Dv (p)FT[i'O)

2W +o(p)(p — Wy O(P)‘HE)
= (if7") (—ify0) + -

)0 -
(p2 —m2 - 277 (p) + 16)
[f+ ”. The vertex correction for the axial vector current
+,0 *+,0 __Q +,0
(Q|Ag°[mE0 (Do), = iL7

+ .-
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Correlation function approach

* The wave function renormalization:
-1
p0=wn(ﬁ)>

1 0
7 = (1 _ 7 (P)
+.0 iZTL'i’O =

2 W (ﬁ) apO

Hi$'00( ) — oTT Fﬂi,o
i “ 20p40(B) (Do — Miro — Ko (B) + i€)

K pto(p) = wx0(P) —m_4o : anin-medium kinetic energy.

» Effective vertex correction:

pufn = f‘f
* The calculation of the temporal decay constant:

x(t A
9 = Zpfr.
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Correlation function approach

* In a similar way, the two-point function of the pseudoscalar currents:

Hi,i,OO(p) — fd43£eip'x(Q|TPi'0(x)P$'0(O)|Q)

. * k
1G_+,0G_+0

20 +0(p)(p° — w;?r’oi(ﬁ) + i€)

= (iGnJ_r,o) (pz "z Z;T—I_’O(p) N ie) (—iGnJ_r,o) + -
* The pseudoscalar form factor G :
G =/ ZrGr)
where
(QPEOGO|T0) =G e PF.

e The AP correlation_fu nction:
Mz (p) = [ d*x e?*(Q|TA;° (x)PF0(0)|Q).
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Operator relations

* We start with the following correlation function:
[ d*x eip'x0“(9|TA;—[’O(x)P+'°|Q).

The operator relations: [QAi’O,PH’] = —l1qq,

The partially conserved axial vector current (PCAC) relation: 6“/1:;“0 = qui'O

* The Chiral Ward identity:

lim [pH115,*(p) + mg ()] = i(70)",

mg = (my+my)/2: The averaged quark mass

(QlgqlQ) = (gq)*: In-medium quark condensate
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Operator relations
* The correlation functions: .

% +,0 % = % Tk * *
++ 00(}9) —ip* (n” N”%’O Py Fﬂ%'o) G””J_;'O z (nMN”jO o F”;_;'O) Gni,o
— 200 (P (P° — w,+0(p) + i€) — 20w,7,0(p) (po + w,70(p) — iE)

n_)

— G*i,OG_*i,O G*n¢,06*$,o
qui+,OO (p) = imq z _ ”(;t Tn N z _ n__ TMn . .
T0 20,0 (p) (p — Wpto (p) + ie) 0 20),&,0 (P)(qo T W, F0 (p) — lE)

The PCAC relation in terms of pion states:
(wnir,o (ﬁ)z — |ﬁ|2)F*i.0 + wni,oN*J_r,o = Mg G 40
Ty Ty Tn

* The in-medium Glashow-Weinberg relation:

2 ¢ Z 7T?i-l_a),,ﬁ mt +2 ”7_‘+a)n— no| | T T

) - —<C_IC[>* 15

n




Operator relations

e The in-medium Gell—Mann-Oakes-Renner relation:

1
zz “mni{Fn;ﬁ + Ny +§Z “mggl;ﬁ,; + Np; :

Z ”mn%Fn% + N

] = —my(qq)”,

* Due to the power counting, we take only the lowest states in this work.

* The Gell-Mann-Oakes-Renner relation in terms of the temporal decay
constants :

+ m*2

fro'

2 f;(-t)

1 * * - *
E(m,ﬁ 1289 ) = —mg(qq)’,

* 2
0

] = _mq<C_ICI>*;
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In-medium chiral perturbation theory

* To derive the in-medium chiral perturbation theory, we develop the generating
functional with the chiral Lagrangian between two asymptotic states of
nuclear matter [4,5]:

ZU] = (Qout|Qin)

[4] Oller, José A., PRC 65,(2002): 025204.

[5] MeiBner, Ulf-G., Jose A. Oller, and Andreas Wirzba., Annals of Phys. 297 (2002): 27-66.

* Asymptotic states: ,
pil<kp

=[] o),

i

[ :the isospin and spin of the nucleon
Fermi momenta: kp" = (3n2pp,n)1/3.

17



In-medium chiral perturbation theory

* The in-medium effects from the 0(p#) in the density expansion are neglected.

* The generating functional.:

= [ DUDNDN(Qyue| Ny s o) X et @ XEntLntland (N, Q)
= [ DUdet (D)exp {Lf d*xL,
3 =

o d’p i Cx— 1 - N
f (27T)32E fd4xd4y e!P=Y)Tr (A[14 — Dy YA, y) (pHyy + mN)Tl(P))

i f d3p | d3q
(2m)32E," (2m)32E,

] d4xd4yd4x'd4y’eip(x_y)e_iq(x’_y,) X Tr (A [1,

= Do LA, ) (pHy, + mN)n(ﬁ )AL, — Dyt A1 (x, x) (qHy, + mN)n(é)) +
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In-medium chiral perturbation theory

A: nucleon interaction terms
D = D, — A: the covariant derivative D+ interaction A.

* The loop integral for the in-medium nucleon propagator is performed up to
the Fermi momenta with the Heaviside step functions,

G%T = 0(kE™ - 1pl),

eP, 0
n(p) =< A )
5]

* One can perform the explicit perturbative calculations using the generating
functional.

19



Self-energies

* Relevant Feynman diagrams:

Dashed line : pion propagators,
Thin line : the in-vacuum nucleon propagator

Thick line : the in-medium nucleon propagator.

* The in-medium pion masses are calculated by solving the mass equations:

m;, = \/m% + Zn(m;;,())). .




Self-energies

* The leading order :

L . ¥ . 3
] oo d0) = fd|p| P 2gug, (gopo + 2p ]@n B 2qug, (gopo — 2p ]E.‘u"
oo dmipy f2 40 + 2po » p——

1 1{‘2 1 n A
+dmy (*hflm; ~ — QP lnqﬁ) (® + ©5) +2g0p0(O] - @F}}
i)

. @Eamyp qugill —r)p [4clm§ — 2g5(c2 + €3)lp L Gl =r)p
fAamd —gi) 27201+ r)(dmf — q“} 2 2f3(1 +r)
(g0) = f P2 [Equgi{qupu £ gp _ 208ulgoro —2) g
= "o 4 py f* go + 2P0 d go — 2po F
+amy (deim? — 22202 _ 20,02 ) (@7 + @7) — 2gopo (07 — ©7)
Ny T, m 0P 34y P P 0P =g o
o TaBaMNP gy (1 —rlp [4flm§ —2g5(ca+es)]p  qull —r)p
Fami — @) 2£2(1 +r){4md — qﬂ} f? 2F1+ 1)
P 2g08, (qopo + 2p7) 2g0g, (qupe — 2p7)
N | ]:fd|| : [ B4+ @) — a4+ ar
Lloop 40 P B pof* go +2pp { F} gn — 2pa { g P}

1 201 5 4 n
+ Bmy (4.:'[?1:; — m—lqﬁpa — li‘sii'ﬁ) (B8 + 'EIF}1|
N

o 8 M P 4 [4cm; — 2q5(e2 4+ e3)]e
[4”’;-; ‘Tfr} f* |




Self-energies

* The next-to-leading order :

S oo (40) =

2 k% poko — |p|lk| cos@ — m
_MNEL - fdlpldlkldcmﬂp puko — |plk| cos _ TN
10(2x f) [(p— k)2 —m2]

* [{Eﬂqupu — 20gpky — 4poka + 4|pllk| cos 8 + dmy, + 2q; — Mﬂi}ﬂf{ﬂfg

+ ( — 20gopo + 20goks — 4poko + 4|p|lk| cos 8 + d4my, + 2q; — 4m )05

Pk

2
2 2 ) Pt my g5 _
+ (4poko — 4|p|Ik| cos 6 — 4my, — 2q; —m_ }(E[0% + €87)] + 002 f d|p|dlk|dcos8

1
* (p— k)2 —m2 [(5qukn — Squpn + 2my, — 2poks + 2|p|lk| cos 8)BLE;5

+ ( — Sqoko + Squpa + 2my, — 2pyky + 2|pl|k| cos 8) B8} + (2pok — 2|p|Ik| cos 6 — 2my ) (48] + ©56;)]

g2 . 2
Pk~ poky + pllkl cos & + m, P aran .
P ———; (Bre; + 8;e; +28,6y)
Pk’ CiCipoky — |p| k| cos @ + m3,)
d|p| d|k|d cos & L (erel + erar)
poko  (g+p—kr—m] P

2
i
——— | dip|d|k| dcosf
4{2.1}"‘f"'f lpl €] elcos

@)

My i szl {PLI + ky) P fn ]
Samyige | bl dcos poka (@ p— k7 —mz (004 ~ GG+ C)
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Self-energies

* The next-to-leading order :

Zs |uu,:.wu]

2 Ek.z . k 5 _ 1.
s 4fd|F|d|k|dcusﬂ'F poky — |pllk| cos Em""
10027 f) ok (k) —m2)

:a-: [[ — 20gypoy + 20g0ky — dpoky + 4|p||k| cos 8 +4mi. + Eqﬁ — -4?1::':}{?'}:8:
+ (20gopo — 20goko — 4poko + 4|pl[k| cos 8 + dnr, + 2q7 — 4m? )5 OF

4 mlgz szz
4 — 4|p|lk| cos® — dmE, — 297 — m2 ) (@G + B"@" — 224 dipldlk| d cos 8 —
+ (4poks — 4|p|Ik| cos v~ 24 —m ) (870] + €18]) | + 155 i [ dipldik|deosé o

I. 3 n
= [( — 5q0ko + Sgopo + 2my, — 2poky + 2|p|lk| cos 8) 826}

X
(p—k) —m
+ (Sqoko — Sqopo + 2my, — 2poka + 2|p|lk| cos )L & + (2poko — 2|p|Ik| cos b — 2my, ) (©46] + ©56%) ]

T f Pk poko + plIk| r.:usnﬁ”l'+1'1'-!.i ;

— ————— | d|p|d|k|dcos# 'IEIFD +'E.‘l =y +1|E)F'E.‘|

4(2m )t 4 P mky  (g+p—kP— { k k Je}

k* CiCe k|cosd + i

) f dlp] dik| d cos g & LSk (Poko — 1P M (o207 + og6s)

(2m ) Pokg g+ p—k)»— F

My g Pz k* (po + ko)

— | dlp|d|k|d g IEIFHEI — a8 C; + Ce).

+2{-2ﬁ]d.f1f |P| | | Chs uku {q+P ka { ! } p}{ _|'_+ R)
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Self-energies

* The next-to-leading order :

A 2% poky — |pl|k| cos® — m?
E‘i:-luqutIu] = ngﬂdfdlpldmmmggp Poky — |pl|k| cos 2ml.II
1002 f) e (G k)

% [( — 8my, + 8poke — B|pllk| cos 6 — 4q;, — 2m? ) (8] O + BL6;)

. . m}.'gl PIEE
+ ( — 8pyky + 8|p| k| cos 8 + Bmb + 4g7 — Im>) (876" + @fe")] + —2"2— [ d|p|d|k|d cos B
([ — 8po P v 1 daqy )(e; I k F}] 10(27 f ) P poko

l f n
* PR [(4poks — 4|p||k| cos & — 4my ) (O] 6] + B O7)
+ ( — 4poko + 4|pllk| cos 6 + dmy ) (©50] + 9,65 |

2 2 ' )
B % f dip|d|k| dcusﬂpz poko + |pllk| cos & + m.,.
22n ) f ke (@t p— kP =

kO — k|lcos# +i';|-1'1
fdlpldlkldmsﬂpz 1 Cil poko — | plIk| )
Poka (g+p—Kk):—m

Bre; + El"{_'}"
k

~ G (ere] + 6;e;),

where ] and C, are defined as

. 8Byoym 2cs 2y
Cr= e - " Pl E‘i'DFIJ':‘?IJFIJ‘i'P#PP kup®) — 2 —q0(g0 + Po — ko),
8Bycym 2cs
G} = ;; : ~ Fom - qoko(qoke + kup* — kukH) — Fii'u{ii'u+FT.| ko).
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Masses

m_ fmy m;ofmrr m;:Jrfm?, my, [mg (r = 1)
This work (perturbative)
Set 1 1.02 0.97 0.92 0.97
Set 2 1.07 1.02 0.97 1.02
Set 3 1.06 1.01 0.96 1.01
This work (partially perturbative)
Set 1 1.05 0.94 0.84 0.94
Set 2 1.13 1.04 0.95 1.04
Set 3 1.10 1.02 0.93 1.02
Theor. Ref. [49] 1.10 1.04 0.99

Refs. [50,51] 1.06 - - -

Ref. [47] 1.13 - - -
Ref. [53] — — - 0.94
Ref. [89] - - - 1.03

Expt. Ref. [7] 1.16-1.19 - - -

[7] K. Itahashi, K. Oyama, R. S. Hayano, H. Gilg, A. Gillitzer, M. Knulle, M.
Munch, W. Schott, P. Kienle, H. Geissel, N. lwasa, G. MUnzenberg, S.
Hirenzaki, H. Toki, and T. Yamazaki, Phys. Rev. C 62, 025202 (2000)[47] U.-
G. MeiBner, J. A. Oller, and A. Wirzba, Ann. Phys. 297, 27 (2002)

[49] N. Kaiser and W. Weise, Phys. Lett. B512, 283 (2001)

[50] M. Drews and W. Weise, Phys. Rev. C 91, 035802 (2015)

[51] M. Drews and W. Weise, Prog. Part. Nucl. Phys. 93, 69 (2017)

[53] P. T. P. Hutauruk, Y. Oh, and K. Tsushima, Phys. Rev. C 99, 015202
(2019)

[89] A. Wirzba and V. Thorsson, arXiv:hep-ph/9502314
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Wave function renormalizations

L Z o Lot Z.(r=1)
This work
Set 1 2.1 1.85 1.68 1.86
Set 2 1.81 1.63 1.49 1.63
Set 3 1.77 1.61 1.47 1.67
Theor. Ref. [48] 1.51-1.53
Ref. [45] 1.40

[45] S. Goda and D. Jido, Prog. Theor. Exp. Phys. 2014, 033D03 (2014)
[48] G. Chanfray, M. Ericson, and M. Oertel, Phys. Lett. B 563, 61 (2003)
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Pion decay constants

* The effective vertex corrections:

__..._

R R Sy Sy
+__+_+--+-+“*‘+""+

* The wavy line : axial vector currents.

* With the wave function renormalization, the temporal pion decay constantis

calculated as
c*
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Pion decay constants

* The leading order:

. P (qupo + 2p° gopo — 2p* p*
+ =—|d 4 ( B + ——a-" —fd e — @
S tocp(40) f Pl 2eifqopo \ 2po+qo  F 2pn —qu  © Ipl 2 fqn [ g P}I

2
+ fdlpl P (m—flpf, + zn:ﬁc_,,){@g + 6
N

7 pof
- My £ o Zigolr — 1) " r—1 " 2(c2 + I‘-‘ﬂp
fldm3, — g7) 2f(1 + r){4m — g3) 2fgair + 1) f ’
P EiPI qopo + 2p* gopo — 2p° " f p- .
=—d &+ ———a d B — &
fl.|._,,_,],{"-i"u} f |P|2H'Ef|?r_|-Fr_|-( EP." + qu P + E-PU _ I?|'_|- P + |P|Eﬂ'zfiih'_|{ ] _F}
Fz 2c3
d —_— 2 B + 8"
+ f lPlJTIPL‘If iy Piz:l + Zmpycy { P + p}
. my g5 gagoll —r) I —r 2(c2 + c3)
R — 5 =P v 3 o2+ a2 2.
f{-’-imﬁ — ‘i'u} 2F(1 4+ r]l{-llmN - ?zu} 2fgall +r) f

P Apygo —4piqo 2myp
oo (@0) = — f djp| —S4P__ 2P

&+ e’ +fd| |
Aml fqupo  4pj — 45 (€5 +©}) Plaipof
iy £ 2(cs + 1)
A — .:g:‘ =P SRl
f{d'mﬁ_‘i'u} f

E‘gm;: + I:'_'-]) {E‘; =+ {':_'J';}




Pion decay constants

* The next-to-leading order:

gaAmy Pk poky — |pl|k| cos8 — m},
502wy fay Pokn {{P_ka _m:;]l

% ((—2g0 + 10py — 10k )OO} + (—2g0 — 10py + 10k)@L0F — 3go(050] + ©565))

13 oo (d0) = = fdlpldlkldcmﬁ'

2 E. zk:-! _
Sa7 f dipldlk|dcoss2 P (_soren 1 2676n)
42rY g poko (p— kP —m2 " ? ’

2p2 : 2
pk” pok + | pllk| cos & + my, o iy
T }dfifd|F|d|k|dcuEEPuku PR ——; (erel + eyl +2850y)

p*k* C[C}(poky — |pllk| cos 6 + m3)

f d|p|djk|dcos8 (erel + egey)

) (2m) 0 Poko g+ p— k¥ —m:
N __ P (po+k) )
g{h}afzf \p| d|k| d cos ok @+ p— kP _mf}{ =k $05)Ch

- Kk k
+m—"fd|p|d|k|dcmep th) (erer - ere;)cl,

22n ¥ gy poko (g + p— kP —m2



Pion decay constants

* The next-to-leading order:

. 2 ’k* poky — |pllk| cos 8 — m?
Frieg(d0) = — 54 f dp| djk|d cos g2 20— P T
32 ¥ g0 poko  ((p—k)* — m2)

* [(—2q0 — 10pg + 10ky )8, 87 + (—2g0 + 10ps — 10k )BTEE — 3g0(B10 + ﬂ;ﬂﬂ}

2 2
Zamy Pk’ ko —p
dipldlk|d v} 'E.E-"F'E} —4'-".:] [
+4(11?}“f5fi'uf ipldikldcost” oo k}l—m?-{ E )

k| cos 8

+—fdlpldlk|dmsﬂp _ poko + PIIKI 086 + iy (o0 | grn 4 2006y)
42x )y f° poko  (g+p—kF —mg

. pk2 CL Tl (poko — | pllk| cos 8 + m3)

Y [ n
Poka lg+p—ky—mg (9% +©i9)

— d|p|dlk|d cos
(2m)qu f

iy Flkl {-F[I‘_"kl.'l:]
dp|dk|dcoséd
T 22n FF—[ P poky (g + p— kP —m

2?2
- f d|p| dik| d cos 8% (po + Ya) {@P@f —erer)c,
2(2n ) fgo poko (g + p— k) — P P

- (670] — ee;)C;




Pion decay constants

* The next-to-leading order:

2 m? k* — |p|lk| cos @ — m?,
Pl = -2 f dlp| dik| d cos g2 Poko — Ipllkl cos6 — m
32 ) fgu poka  ((p— k)2 —m2)
x (—6gu0L O — 69,050} + g0(B50] + ©567))
k* ook k )
+—1fdlpldlkldms£"nz poko 1 [Pk cos +""" (ere; + eref)
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Pion decay constants

f;—ff:r f:ﬂ.r‘!fﬂ f:ﬂ‘!frr fallz(r=1)
This work

Set 1 0.80 0.84 0.89 0.84

Set 2 0.83 0.87 0.92 0.87

Set 3 0.83 0.88 0.92 0.88

Theor. Ref. [23] 0.89
Expt. Ref. [54] 0.85-0.91
Ref. [3] 0.84-0.89

[3] Nishi, et al., Nature Phys. 19, 788 (2023)

[23] D. Jido, T. Hatsuda, and T. Kunihiro, Phys. Lett. B 670, 109 (2008)
[54] P. Kienle and T. Yamazaki, Prog. Part. Nucl. Phys. 52, 85 (2004)
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In-medium Gell-Mann-Oakes- Renner relatlon

* The in-medium Gell Mann-Oakes-Renner relation: L
1 i
* ) *(t) . — \x 0.8
E(’mn+ frc"‘ T frc‘ ‘ )— —mq(qCI> ) ﬁ:nrﬁ
2 v
*2 t _ — _\* "
0 fno — _mq<CICI) : g 04)
0.2 r=1.4
121 . | PP ST TP
* For Sn :about 23% reduction. 00 02 04 08 08 10 12 14
pip0
1.0—
0.8-
* This resultis in agreement with Ref. [7], which showed 0.6/
the 21-25% reduction. ial
D?: 2=0.6pq
-2 -1 0 1 2
[7] Nishi, et al., Nature Phys. 19, 788 (2023) log40(00/00)
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Summary

* We have calculated the in-medium pion properties using in-medium chiral
perturbation theory in the physical basis.

* The different densities of proton and neutron are compensated by the different Fermi
momenta in actual calculations.

* Using the in-medium Gell-Mann-Oakes-Renner relations, we can estimate the partial
restoration of the chiral symmetry in nuclear matter.

* The overall results are symmetric around the isospin symmetric case.
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