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1. Introduction

* Chiral symmetry in medium

— QCD phase diagram in terms of chiral symmetry
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1. Introduction

« Our proposal
-D (~ €q) mesons can be good probes

D mesons in nuclear matter

i D. Suenaga, et. al, PRC (2014); D.Suenaga, et al, PRD (2015) ;
' D. Suenaga and M. Harada PRD (2016); M. Harada, et al, PTEP (2017) |
' D. Suenaga, et. al, PRC96 (2017); D. Suenaga, 1805.01709 (2018)

/ Advantages \

— D mesons-have-arge masses compared-to-Aqcp
—» SU(2)s heavy quark spin symmetry

— D mesons—contain-only one light quark
_ —> fundamental rep. of SU(2); x SU(2)x chiral group/
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« What is D meson ?

mass _ N
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« What is D meson ?
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« Chiral partner structure

Mass
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« Chiral partner structure

Mass
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a1(1260)(17)
i M. A. Nowak, M. Rho, and I. Zahed, PRD 48 (1993) E
p(770)(17) E W. A. Bardeen and C. T. Hill, PRD 49 (1994).
a(5007)(0™) ~
Chiral partner structure
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1. Introduction

- At chiral restored point

MNass
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1.

Introduction

 What should we calculate ?

— It is worth calculating spectral function forDy(0™) meson
because. ..

--------------------------------------------------------------------------------

(I) The shape of spectral function reflects L
imaginary part for decay of D\=+ Dr DO

_______________________________________________________________________________________

(II) The spectral function is dlrectly reflected into a double
differential cross section 5 (I will talk later in detail)
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« Calculation method

— Medium effects to D mesons are mediated by 0, ™ meson exchanges

Effective Lagrangian based on chiral
partner structure of D mesons

SN RSSO MMMy

D. Suenaga and M. Harada PRD93 (2016)
D. Suenaga, M. Harada and S. Yasui PRC96 (2017)

Nuclear matter is constructed by
parity doublet model with one loops

i Y. Motohiro, Y. Kim, M. Harada,PRC92(2015) E
i\ D. Suenaga, PRC97 (2018) !

___________________________________________

D(07), Dgtd™), - -




2. Model »

- Symmetry of heavy-light mesons

— Lagrangian for D mesons should be invariant under the . ..

(I) SU(2); x SU(2)r chiral symmetry

() SU(2)s heavy quark spin symmetry (approximately)

(111) parity



Heavy meson effective Lagrangian

— The*Lagrangian in-a-relativistic form-is
£ = 9,DfMDg- (m? — mdp; ) DFBG- 9uD1,0#D]" +8,D1,0™DY + (m? + 3, ) D1, D

+0,D0" D' —
1mA,,

2 Jn
1mA

5 f,r
2 Do Mt -

[Dy(M + MYD3' — Dy, (M + M) D

®DX(M — MYDt — Dy, (M — MYD*# —
0 W

2 fw 3,M)\D;' — Dy(3,M*

2 D*(@,M" — 8,M)D' — D(8,M' — 8,M)D*t —

2f,r
2f7r

2f,r
gl
2k

. M. A. Nowak, M. Rho, and I. Zahed, PRD 48 (1993)
. W. A. Bardeen and C. T. Hill, PRD 49 (1994).

[D“(a Mt +8,M)Dt + D@, M* + 8,M) D]

" Dy, M + 8,M)D** + D*(9,M" + 8, M) D!
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D(M -

—3,M) DI —

Dx9™MD* + (m® + mdp-) DZD*T“

— D(M + M')D' + Dj(M + M")D*]

MY)Dg' + D;(M — MT)D}¥]
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- Heavy meson effective Lagrangian

— Under the spontaneous chiral symmetry breaking:oc = og

Mmps =m+ — _ %n; ms, =m+ Mg 4 %, :
DY = 27,70 " 3 D 2f, 20 2 m L{average mass of chiral partners)
o Am 55 o _Am e Ay L (vhass difference of chiral partners
mD =MN— —0— — mD* m ——0p —_—
2f 2 2f, 2

(05,05+, 955,95, are added by the small violation of HQSS)

2300 /- 2400-/'
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- Parity doublet model

— Let us introduce two types of fermions: N; (naive) and N, (mirror)

Nir - 9zNi, Nir - 9rNigr

Nor - grINor, , Norp - gr.Nogr under SU(2)L XSU(Q)R

— Chiral invariant Lagrangian is given by

C. E. DeTar and T. Kunihiro (1989)
D. Jido, M. Oka, and A. Hosaka (2001)

Ly = Nig (ié’ + (uB + %73)70 — 't — gpiﬁ) Nir + Nu,(i@ + (uB + %73)70 — G — gpb) NiL

+Nop (ié’ + (1B + ﬂ7'3)’Y0 — gt — gpﬁ) Nop + Ny, (M’ + (uB + %7‘3)’70 — gt — gpﬁ> Ny,

2
—mgo [N1LNag — N1gNog, — Nop N1g + NapNig]

—91 [NiRMTNyL, + N1 MNig| — g2 [NarMNop, + Nop, MTNopg|

1 4 B .2 )2 4. 26
Ly = Jtr[0,M0" M) + Z (MM — S (r[MMT))? + T2
1 ,  m2 1 L, m2
_Zw#ku 7t T‘*’#wﬂ - §TI[PWP“ ]+ fpup“

0 (tr[MMT])3 + imetr[M + M1

M=o+ irt%¢




- Parity doublet model

— Mean field approximation: o - oo, wu - woduo , Pf. = P00

— Diagonalize the mass matrix

1
m = — _|_ 20-2 _|_ 4m2 _ _ o
( N(939) ) B ( cosf)  ~ssind ) ( Ny ) $ N(939) = 5 {\/(91 92)%0 ¢ — (92 — g91)00
N 1535 ~ \ —5sinf  cosd N. 1 = :
195 ” ’ MN = (1535) = > (91 +02)202 +4m2 + (g2 — 91)0p

4 )
— It is possible to treat N (939) and N (1535) simultaneously

— N (939) = MIN=*(1535) = Mo (09 — 0) at the chiral restored point
g J

"""""""""""""""""""""""""""""""""""""""

— Suggestion from lattice QCD | G.Aarts, etal, Phys.Rev. D92 (2015)no.1, 014503



- Parity doublet model

— Nuclear matter is constructed by fermion one loop
with the following input parameters

m, m_ m, m, f me po(uy) fm™)  E/A(u}) —my (MeV) K (MeV)  Egym (MeV)
939 1535 783 776 93 140 0.16 —16 240 31
|\ ' '
input in vacuum input in nuclear matter
1.2 . . .
mg =700 MeV
1.0 1
— Plot of og vs p with mg = 700 MeV 4}
K
= 0.6]
&)
. . . 0.4}
We find partial restoration of
c c 0.2}
chiral symmetry in nuclear matter
080 02 02 06 08 10 12 14

P/pPo



« Calculation method

— Medium effects to D mesons are mediated by U, It meson exchanges

Effective Lagrangian based on chiral
partner structure of D mesons

D(07), Dgtd™), - -

Nuclear matter is constructed by
parity doublet model with one loops

— Mediating O, Il mesons must be calculated satisfying the
chiral Ward-Takahashi identity to respect chiral symmetry
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3. Results
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- Self energy of D}(b*) meson

— We include not only mean field 0g but also O, Il exchanges

@\
4 \
I 1
\
\ ,I
~ -
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- Two point functions of o, it mesons

In .
— For example, ——@-— IS

_,_l@__ — e+ Y- +-{2HDF + .-

where

N Nt N Nt
& = OO OO
N N N* N*
N Nt
___Q___. -+ -__Q___.

{ — Chiral Ward—Takahashi is satisfied }




3. Results
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(1) threshold enhancement
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3. Results

- Spectral function for Di¢h*) 15 s i

____________________________

— Spectral function at several densities with mg = 700 MeV
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— The first peak from right corresponds to a resonance of DOL(DJ’)

— At ps = 0.25p9 — 0.5p0, this peak gets melted by collisional broadening

— Atpe = 0.5pp — 1.0po, this peak grows by narrowing of b} D +n decay




3. Results
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— The second peak corresponds to a threshold enhancement

— Its peak position reflects mass of D(0™) and remarkably enhanced

— This peak can be an appropriate probe to study partial restoration
of chiral symmetry in nuclear matter

~

/




3. Results

- Spectral function for D (0") | o sunea axivisosoro |

— Spectral function at several densities with mg = 500 MeV

D+n
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— The results with mg = 500MeV show qualitatively the
same tendency




3. Results

- The origin of threshold enhancement

— Consider the self—-energy of Dé meson in a simplified model: mean
field level with a constant Landau damping

vac2

s~ My > Im¥5(s')
s (o) — 2% / ds’ 6 TmY -
0T T T P —mgey T

o Landau damping
—c for m% < s < (mp+my)°

_% (mfim)ZFZ(m;A)\/(l _ M> (1 _ (mo ;m”)2> for (mg +mn)? < s

—

' Opening of DL, Dt decay

— The self-energy in the second Riemann sheet Z(g% (s)is obtained as

S5s(5) = Tp)(s) = %F%M,M\/ (“"D o) 1> (1 _ (mp = mn>2)

S
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» The origin of threshold enhancement

— Let us search for the pole of D(% propagator in the first and second
Riemann sheet

-

\_

— If the pole is found in the first Riemann sheet I$ DT bound state

— If the pole is found in the second Riemann sheet I$ DTt virtual state

~

)

— The chiral restoration effect is included to the
following mass formulae ( oo = f in the vacuum)

i o 7 = —
b 2f, 0 P 05, 0p;; are added by

Mp; =m+ ZATmGO — 35, the violation of HQSS
Tt




3. Results

- The origin of threshold enhancement

— Spectral function with several choices of 0@

— 20 - - o 20 - -

g i 0o = 0.08 GeV 5 0o = 0.07 GeV
(3 151 so = 2.04 GeV E (3 150 So = 2.06 GeV

- (second sheet) | . (second sheet)

-4% 1ol Virtual State! | % joli Virtual State!

2 =

S 5 S 5}

3] . I3

g S0 g ‘

w : s s " 0 ¢ s .

195 2.00 205 210 2.15 2.20 1.95 200 205 210 215 220
Vs [GeV] Vs [GeV]

o 20 - - - — 30 : : :

% 0o = 0.06 GeV % ol 0p =0.05 GeV_
O 15} sp = 2.08 GeV O, So = 2.09 GeV

S (first sheet) S 208 (first sheet)

S 10/ Bound State! B 15F Bound State!

5 5

= Z 10f

O 5¢ ] S

g [T— 1 8 9

Q. 50 e So \v

n 0 X : “ 0 ; % '

200 205 210 215 220 200 205 210 215 220

Vs [GeV] Vs [GeV]



3. Results

- The origin of threshold enhancement

— Spectral function with several choices of 0@
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3. Results

« Go back to the results

— Spectral function at several densities with mg = 700 MeV

D;—n D;rn D+mn
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— The sharp point at the threshold is upward—convex

=

— There may be virtual state (no bound state) just below the threshold
(this is true for mg = 500 MeV as well)
\ ° )
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4. Conclusions

 Conclusions

— We study spectral function for DOL(O“L) In nhuclear matter paying
special attention to the partial restoration of chiral symmetry

— Chiral partner structure for D mesons and parity doublet model
for constructing nuclear matter are employed

— In the spectral function for DJ0™), a revival of the resonance of
Do(0™) at higher density is found due to the narrowing of D D + 1
decay width by partial restoration of chiral symmetry

— The threshold enhancement can be an appropriate probe to
explore partial restoration of chiral symmetry at density

— The threshold enhancement may be induced by a virtual state
at and less than PB = Po
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« Chiral partner structure

— Density dependence of D mesons

/
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Calculation method "

* One loop calculation

o ).

4 \
1 \
I 1
\ 1

0 O

— For example, one—loop correction 500 IS
calculated by

B = i\ 105 o a'k F(k,A))? Re[G, (k) — G°(k)] x 3
% = gz | 00 + i3 As0p (2@4( (k,A))" Re Gy (k) — G7°(k)] x

= s (10~ o) gy (Pl ) - 70
_ L(Aao—%sag) o [ akk (PG ) 0o (k) = P01}

o 39 *2
4mim

A2
F(k,\) = EEE




4. Conclusions

« Future prospect

— (Density averaged) spectral function for Dg(0™) meson (P(E5:)) is
reflected to a double cross sectionofe.g. s+ A - D+ (D5in A)

Po Ty e [ -
dQpdEp dQ2p o e 0

elementally  (spectral function)

process




3. Results
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3. Results

- Spectral function for Di¢h*) 5 s i o

L

— Spectral functions at neutron—rich matter with mg = 500 MeV
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