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Zooming out a little bit...

T. Doi-san’s KIBAN(S) abstract https://www.jsps.go.Jjp/.../23h05439.pdf

HAL QCD works:
® J/PN-y:N (n; = 146 MeV) Yan Lyu et al, Phys.Lett.B 860 (2025) 139178
B QceeN, AcN (my; =137 MeV) L. Zhang et al
m DN (my; = 137 MeV) WY et al, In prep. < This work
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https://www.jsps.go.jp/file/storage/kaken_12_g726/r_5_en_23h05439.pdf

DN System: Motivation and Features

» D =¢gand N = gqq: no g7 annihilation channel
= Stable two-body system; possible exotic configurations (e.g.,
pentaquark?) cf. Te, P;

» Heavy Quark Spin Symmetry (HQSS): relatively small mass gap
between D and D* meson
= Contrast with KN system (e.g., ©T)

» In-medium properties of (anti-)D mesons:

1 Mass modifications in nuclear matter

[J Possible bound states (and excited states) with nuclei
(extension of kaonic nuclei, HQSS doublets)

1 QCD Kondo effect in charm sector?

= Toward heavy-flavor analogues: extension to BN interactions

= Scarce experimental data, strong model dependence

Wren Yamada DN Scattering at Physical Point



Current status: Models and Experiment

s SU(4) WT contact
J.Hofmann, M.EM.Lutz, Nucl.Phys. A763 (2005) 90-139, D.Gamermann, et al, Phys.Rev. D81 (2010) 094016
= Meson exchange models (+short range OGE)

Y. Yamaguchi, et al, Phys.Rev. D 84 (2011) 014032, ].Haidenbauer, et al, Eur.Phys.J. A33 (2007) 107-117
C.E. Fontoura, et al, Phys.Rev. C 87 (2) (2013) 025206, Y. Yamaguchi, et al, Phys.Rev. D 106, 094001 (2022)

Model a? a ap

SU(4) contact [185] —0.16 —0.26 —0.24
Meson exchange [194] 0.07 —0.45 —0.32
Pion exchange [192] —4.38 —0.07 —1.15
Chiral quark model [219] 0.03-0.16 0.20-0.25 0.16-0.23

Tab. from A. Hosaka, et al, Prog.Part.Nucl.Phys. 96 (2017) 88-153
= pD~ momentum correlation from pp collision (ALICE)

S. Acharya et al. ALICE collab. Phys.Rev.D 106 (2022) 5, 052010
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HAL QCD Method

N. Ishii, S. Aoki, and T. Hatsuda PRL 99, 022001 (2007)

V(r) 3(E)

C(t,7) = Y (O1(tE+P)0x(1, %) T(0)) = Y Autp(F; Ey)e Bt

X

§(7) — I =280 o, gy

(V2 + K2) (7 Ey) = / AU, 7 ) (7 Ey)
= Time-dependent method Ishii et al. (HAL QCD), PLB712, 437(2012)

1+3629> 0

Vz P 21 7(2 =
S o | KON = [aueRe
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Phys. Rev. D 110, 094502 (HAL QCD Collaboration)

Iwasaki gauge action (8 = 1.82)

241 ﬂavor O (a)—improve d WﬂSOIl Hadron Experiment [MeV] Lattice [MeV]
. P 138.04 137.1(0.3)(£99)

quark action K 495.64 501.8(0.3)(*00)
V =96 x 96° (L = 8.1 fm) N 938.92 939.7(1.8)(192)
A 1115.68 1121.4(3.6)(793)
b 1193.15 1202.5(5.6)(293)
a = 0.084372(54)(+%) [fm], 3 1318.29 13207(2.1)(113)

Relativistic heavy-quark action (RHQ) 2 167245 Input

[ set-I: slightly heavy ¢ quark
[ set-II: slightly light ¢ quark

Meson Set-I [MeV] Set-II [MeV] Experiment [MeV]

D 18802(1) 18543(1)  1864.84 +0.05

Wall source; Sink operators: _
D* 20178(2) 19941(2)  2006.85 % 0.05

Di(x) = e(x)isai(x),  Nui(x) = eape [(x)TCysa” (x)] 45,1(x)

360 configs x 96 source pos x 4 rotations x 2 directions of propagation

Ai*' projection + Misner method (T. Miyamoto et al., Phys. Rev. D 101, 074514
(2020)) Suppresses! = 4,6, ... (e.g., Laplacian-induced contamination)
PP g, L.ap
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LO HAL Potential

Leading-order of the derivative expansion:

ue,

LO potential (set-I):

7) = Vio(r)8F —7) + O(V")
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m t-dependence controlled within statistical fluctuations

m Repulsive core + Weak attractive pocket (stronger for I = 0)
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LO HAL Potential: m. dependence

Vio(r): set-I vs set-II
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Viert/ Vaertt(I = 0) = 1.0115(9)  Vier/ Ve (I = 1) = 1.010(3)

m Heavier the D meson mass, the more attractive cf. ms.ft'l / m%et'H=1.014

m Linear interpolation to physical Dy mass
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Fitting

m Fit A: purely phenomenological fit

4
Vétc(r) =) g exp(—b?r?)
i=1

m Fit B: TPE-motivated fit (OPE forbidden by parity conservation)
J.Tarru Castelld and G.a.Krein, Phys.Rev.D 98 (2018) 1, 014029

3 —2myr
VESHTPE(r) = Y g exp(—b2r?) +aTPE(1 — exp(—AZrz))ZeT
i—=
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Fitting: Example ¢

50
4G (7*/dof =0.419999)
40 3G+TPE (72/dof =0.766291)
¢ ta=14
30
2 20
2
§ 10
0 W -
-10
Ao 0.5 1.0 15 2.0
r [fm]
50
4G (y2/dof =0.744232)
40 3G+TPE (z¥/dof = 1.122075)
¢ ta=14
30
2 20
2
=10
=
0 PP

en Yamada

r2V(r) [fm]

r2V(r) [fm]

¢

4G (r*/dof =0.419999)
3G+TPE (¢*/dof =0.766291)

©

i

4G (7*/dof =0.744232)
3G+TPE (7*/dof = 1.122075)
tla=14

i

DN Scattering at Ph

sical Point




s-wave Phase Shift (Fit A)
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m t-dependence controlled within statistical fluctuations

m [ = 0 weak attraction, I = 1 weak repulsion

m No bound state (or virtual state) in both channels
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Scattering Length

kcotdy = % + 7ok + O(Y)

m FitA
=0 _ +0.037 I=1 _ +0.014
=0.246 £ 0.105(*3%7) fm  af~! = —0.085 £ 0.050(*3904) fm
= fitB 1=0 0.026 I=1 0.013
=0 __ +0. =1_ +
ah™0 = 0321 £0.116(*3%26) fm  a)~! = —0.052 £ 0.071(FI9%3) fm
®  Y.Yamaguchi2011
® JHoffnfann2005
)—.—( HAL (4G)
|———e—— HALGG+TPE)
7A‘(v 74‘4 71‘12 74‘ 0 7% 8 7; 6 71"2 0.0 ()"Z U‘A 0‘6 U‘K 1.0
ag [fm]
®  Y|Yamaguchi2011
®  J.Hoffmann2005
®  J.Haidenbauer2007
Fe4  CEFontoura2013
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Mass shift of D with Linear Density Approximation

m Linear Density Approximation

my+mp 1 (1=0) 3 (1=1
Amp = —2n7DpNa0, ag = ,aé )—i- 7u(() )
mymp 4 4
Input HAL scattering amplitude:
4G 3G+TPE
Amb%) ~ 1014 MeV  Amb )~ 27 MeV
Analysis Ref. Mass shift of D (MeV) Density p (fm~)
QMC model (QMC: quark-meson coupling)[18] -62 attractive 0.15
QCD sum rule [19] —48 +8 attractive 0.17
[23] +45 (averaged mass shift of D and D) repulsive 0.15
28] —46 + 7 (averaged mass shift of D and D) attractive 0.17
[30] —72 (averaged mass shift of D and D) attractive 0.17
[31] +38 repulsive 0.17
Coupled channel analysis [21] +18 repulsive 0.17
[22] +(11-20) repulsive 0.16
[26] +35 repulsive 0.17
[15] ~ —(20-27) attractive 0.17
Chiral effective model [20] ~ —(30-180) attractive 0.15
[25] —27.2 attractive 0.15
[16] -35.1 attractive 0.17
[37] +97 (parity doublet model), 4120 (skyrmion crystal) repulsive  0.16
Our result* +74 repulsive 0.095
*D. Suenaga, S. Yasui., M. Harada, Phys. Rev. C96, 015204 (2017) [See this paper for the reference numbers.] Yasui-san’s slide
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Finite Volume Energy and Effective Mass

= LO HAL QCD potential in FV
Hypu(F) = EO¢a(F),  H=-V*/2u+V{§(r)

m Effective mass:

o _ L ROPY(t)
Eg'(t) = ~log {R(opt)(tﬂ)

R()=LRED, R = Dy @R

: 2
1 1™ &
— - #
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= = T
B &
-1 ELO -1 ELO
lII ngf: with projection lII EJ": with projection
=2f §  EZ"™ no projection =2f §  E&"™ no projection
9 10 11 12 13 14 15 16 17 9 10 11 12 13 14 15 16 17
tla tla
m Energy level of LO HAL QCD potential (4G) lies well within statistical error

GS projection on the R-correlator does not change result
— Strong ground-state overlap in the R-correlator
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= DN system: relevance for pentaquark states, charmed nuclei, ...
m Very limited experimental input = lattice QCD is essential
m This work: LO analysis in derivative expansion using fitted potential

O Attractive interaction in I = 0, repulsivein I =1

[ No bound states observed in either I = 0 or I = 1 channels

O Systematic uncertainties estimated via 4G vs. 3G+TPE fits
— relatively small compared to model dependence

O FV energy levels consistent with R-correlator effective masses
— LO truncation effects are under control

» Coupled-channel analysis of DN-D*N system
— essential for explaining the attraction

= Study of multi-body systems (DNN, DA) via HAL QCD potential
m Possible Coulomb-assisted bound states?

n Extension to BN-B* N system
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