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NN interactions is of fundamental interest

* Antinucleon-nucleon (NN) Interactions (residue quark-gluon strong force)
- Acts between anti-nucleons and nucleons
- Binds antinucleons-nucleons into antinucleonic atoms (possible)
- Plays an important role in antinulceon related physics

+ Hardon Spectroscopy
+ Nucleon electromagnetic formfactors
+ Neutron-antineutron oscillations

Precise understanding of the NN interactions is essential!



Experiment advances provide fresh opportunities

e New measurements * Novel proposal

- Near-threshold NN enhancement.

* Next generation facilities

- Super J/psi factory (beam source production) - FAIR (antiproton-nucleus collision)
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Ongoing interest in the studies of NN interactions.



Theoretical studies |

« Phenomenological NN interactions

- Optical model : Paris ; cote. et al., Phys. Rev. Lett. 48, 1319 (1982)

Vin = Ujn — iWjiy

Uxne G transformation of Paris NN potential
Wiyt Meson theory

- Partial wave analysis (PWA): NiJMegen oaren znou et al, phys. Rev. ¢ 86, 044003 (2012)

Short-range effects : Parametrization

Long-range effects : N2LO chiral EFT pion-exchange potentials
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Theoretical studies ||

 Chiral NN interactions (low energy EFT of QCD)
- Heavy baryon chiral NN interactions (weinberg power counting)

o 2011I 2 body: NLO

>< |- [ * Long-range: G
onC [ + transformation of NNV
el P pion-exchange .
GYC & JPM Phys. Rev. D 83, 094029 (2011 pOtentiaIS 2014 2 bOdy NLO
NINLO + > +_J
@/aor T * Short-range : Complex
WXK et al., JHEP 02, 113(2014) contaCt terms Similar . 3
\//+ H l to NN case 2017 2 body: N3LO

W g |

LYD et al., JHEP 07, 078(2017)



The chiral potential nowadays of high precision

pp Cross section
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Why covariant

LO chiral results for 1=0 1P1 waves (\\einberg p.c.)
20 - - . . . . . .

 In analogy to the NN case,
renormalization challenging
Weinberg power counting.

11|:,1

« NN experiences suggest
covariance might important.

We constructing LO
covariant chiral interactions

0 150 300 450 . Expecting a faster convergence.

D. Zhou et al., Phys. Rev. C 105, 054005 (2022)



NN interactions at leading order

. . . 2
- Covariant chiral Lagrangians £ _{;Tr 0,00 U + (U + Ut) m2)
|

Lot = L2+ + 20+ L0,

« LO Lagrangians & Feynman diagrams \

LY =Cs (T0) (VW) + Ca (Ty50) (Tys0)
+Cy (U7, 0) (U 0)

+Cav (\Tj%u’75\1[) (lIny 70

+Cr (00, 0) (T ) >TaLEes

E(l) —E,(Nljzf = E M + —’7 ')/5uy,



Chiral potentials

0) _ = = o
NN = V1lat Pt i
1
ViUV Uy = V1V URUy u(p,s)=N|_2'P |y, ,N= £+ my )
E ~+ mN \ mN

v(p; S) = yOC u*(p; S)'



One-pion exchange potential is trivial

VN ( /) ,9A @ (p, s1) Ty ysqtu (P, sh)] [a (=D, s5) ey y5¢”u (—p, s2)]
orE \P;P _—-'4f2 (B, — Ep) — (p p)2 —m2

Ren X.L. et al., Chinese Physics C 42, 1, 014103 (2018)

1 G—parlty Fermi E, Yang CN, Phys Rev. 76:1739-43 (1949)

95 [0 (p, s1) Ty ysqtv (P, 1)) [a (=P, $5) Tovv5¢ u (—p, s2)]

VAN (p,p') =
ors (0:7) = 37, (By — By’ — (o —p)? —m2

One-pion exchange potential is of an opposite sign as the NN case
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Contact terms needs careful consideration

* Normal ordering

VAN (p,p') =Cs [5(p, s1) v (0, )] [ (—p', 55) u (=D, 52)] + Ca [0 (p, 51) v50 (0, 8,)] [T (—p', 55) Y51 (—D, 52)]
+Cv [0 (p, s1) v (P, 81)] [G (—p', s5) v u (—p, s2)] + Cav [0(p, s1) vuv50 (P, 81)] [@ (—p', 5) V50 (—p, s2)]
+Cr [0(p, 1) o0 (P, 87)] [U (=D, 85) 0" u (—p, s2)],

S S

* All arrangements

>~ G o (s T (8 )] (9 55) T ()]
Z Ci [ (p,s1) Tiu(=p, s2)] [0(=p', 55) T (P, 51)]

3o (psn) (s [a 8 ) T ()]

3015 (pr ) Taw (. 4)] [3 9 56 T (-, )]
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Contact terms needs careful consideration

* Normal ordering

VAN (p,p') =Cs [5(p, s1) v (0, )] [ (—p', 55) u (=D, 52)] + Ca [0 (p, 51) v50 (0, 8,)] [T (—p', 55) Y51 (—D, 52)]
+Cvy [0 (p, s1) Vv (p sD)] [a (=o', s5) v u (=p, s2)] + Cav [0 (P, s1) vuysv (P, 81)] [@ (—p', 85) v y5u (—p, $2)]
+Cr [0 (p, 51) opv (P, 87)] [ (= p’ s5) o u (—p, s2)]

- All arrangements - Reminds of Fierz identities

> Cilo(ps)Tiv(p',s1)] [a(=p',s5) M'u(—p, s2))] . (@O rAe@) (O rBy@) =3 "B (O rCu®) (@O rly@),

i C.D

>_Cilo(ps)Tiu(=p,s2)] [a (=P, 55) T (P, 1)) | - But Exchanged spinors of different
type

vC’i@ ,s1) Diu (—p, s2)] |u (P, s} I’iv—’,sé-,
4 [0 (p,s1) Diu(—p, s2)] [ (p,s1) Mo (—p, 55)]

Zb cess \FZU (_p,75,2)] [ﬂ’ (pfasll)Fiu(_pa 32): 3
Uy 2
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Contact terms needs careful consideration

* Normal ordering

VAN (p,p') =Cs [ (p,s1) v (0, 81)] [a (=9, s5) u(—p, $2)] + Ca [0 (P, 51) 50 (P, 81)] [ (—p'. 85) v5u (=, 82))]
+Cy [0 (p,s1) vuv (P, 81)] [T (=P, s5) v u (—p, s2)] + Cav [0 (p, s1) Y50 (P, 51)] [@ (=D, 85) 7> y5u (—p, 52)]
+CT [ (p7 51) Oup? (plv Sll)} [ﬂ‘ (_pla 5,2) o u (_pa 32)] )

]

<

* All arrangements

> Cilo(ps)Tw (@, sl [a(-p s5) Mu(-p,2)] | v Interchange a pair of u-spinors to v-
: spinors in quadrilinear is possible

 Generalized Fierz identities
e (1234) = K@D e(gbed)

(& _ ; . :
Z C, LCGSSQ\ T (—p', sb)] [u (p, s) Diu (—p, s2)] J. F. Nieves et al, Am. J. Phys. 72, 1100 (2004).
7 ry .9

-

> Cilo (ps1) T (=p,s2)] [ (=P, s) T'0 (', )]

.

N\ [0 (p, s1) Tiu (—p, s2)] [a (P, s4) Tho (—p', s5)]
4 [0 (p,s1) Diu(—p, s2)] [ (p,s1) Mo (—p, 55)]
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Contact terms needs careful consideration

* Normal ordering

VAN (p,p') =Cs [5(p, s1) v (0, )] [ (—p', 55) u (=D, 52)] + Ca [0 (p, 51) v50 (0, 8,)] [T (—p', 55) Y51 (—D, 52)]
+Cv [0 (p, s1) v (P, 81)] [G (—p', s5) v u (—p, s2)] + Cav [0(p, s1) vuv50 (P, 81)] [@ (—p', 5) V50 (—p, s2)]
+Cr [0(p, 1) o0 (P, 87)] [U (=D, 85) 0" u (—p, s2)],

S S

Only need this one !
* All arrangements

D Cilo (o) Lov (8. 50)] 1= ) ' (. 52)]
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Chiral potentials in LSJ basis

 Elastic potential (10 LECs)

Vo =€ [Crso (B2 + R2) + Cuso (1+ B2R2)]

Vipo = EC3po Ry Ry,
Vip1 = 2 (0331 — 30351) R,R,,

4 A
Vapy = gf (0130 — Olso) RyRy,

VR, —¢ [0331 (R2+ R2) + Css1 (9+ Rf)Rf),)} ,

V3D1 — 85035’1R Rpl

V381—3D1 = 2v/2¢ (20351R;27 + é331Rz2J

Vabi_as1 = 2V2¢ (20331}%%, + CA‘331R;,2)

— 2772 —
¢ = —4rN2N2. R, =

|P|/€p

2
R,

2
),

ep:Ep+mN

« Annihilation potential (16 LECs)

1 _
Vigo =
1
‘/BPU

1 _
lel -
VI _

3P1 —

I
Vas1 =

1 —
‘/E’)Sl—?,Dl -

1
‘/?:Dl—?)SI

1
Vapr =

=—1 (C:Cfpo)

(from unitary constrains)

X p? X "
—1 (C?so + O?SoW) (C?So + CYso W) ’
N N

o pp

2 )
4mN
/

. ~a N2 PP
_Z(OlPl) ;

T2
dmy,
/

crva N2 PP
_Z(03P1) )

A2
dmyy

( . p2 . pl2
i (g, + o, —) (0351 T 0§51—) |
4m%\, 4m?\,

2
} Aa p p
—1t (Cgm + C3sy am?, ) Ce am?,’

12
p p
(Ca )2 p2p/2
Yo 16my Kang XW, JHEP02113 (2014)

- One-pion exchange potential is of a opposite sign as the NN case

Ren XL et al., Chin.Phys.C 42 1, 014103 (2018)6



T-matrix & phase shifts

« T-matrix is obtained by solving the Radyshevsky equation

SJ (0 oe dek ,
T (0',p) = Vi (', p) +Z (0 k)
L.’f

2
m 1
N x Tpit g, (k,p)

2 (k2 +m%,) VP2 +m3 — k2 +m3 + e

 Potential regularized using a non-local gaussian type cutoff
- Covariant pion-exchange potential is non-local due to retardation

effects and the presence of Dirac spinors

fA (p,p’) = exp [_ (p6 1 p’6) /Aﬂ Kang XW, JHEP02113 (2014)
- On-shell S-matrix and phase-shifts 1 Im (S;)
Re (0,) = = arctan ————,
2 Re (SL)
2 1
SE’JL (p) — 617 — 1 pmy TSJ (p) Im(d,,) = _§1Og|SL"

2 L
87 Ep Couple channel: stapp parameterizatith



Numerical details

* 26 LECs are determined by fitting
 NPWA: pp scattering phase shifts

* 14 partial waves : J = 0, 1 (twice as NN case because the absence of Pauli exclusion principle)
- 144 data points : 10 for each partial waves (T,,, < 125 MeV ) & 4 additional for 3!S, 3P,

waves ((2 I+1)(2S+1) L)

 Fitted results
 Some constants

A =450 ~ 600 MeV
0,=1.29 f=92.4 MeV
my = 939 MeV m_=138 MeV

LEC  |A = 450 MeV|A = 600 MeV
C1so 0.213 0.154
Ciso 0.031 0.013
8| —1.080 0.668
O, | 20987 —9.199
Cspo| —0.019 —0:117
% 1.472 0.971

I'=:0 €% 1.281 1.478
O 0.737 0.447
Css1| —0.043 —0.025
Css1 0.001 0.0002
Go., 0.207 —0.388
Oy 4.533 3.326
o —1.982 0.743

Ciso
Cis0
Cj‘fso
Ct'so
Cspo
Cspo
Cip1
Cspy
C3s1
C3s1
Cil
Css1
C4

—0.051

—0.004

—0.398
4.730
0.242
1.177
1.270
1.336
0.014
0.001
0.211
9.208
1.720

0.016
0.025
1.270
—14.110
0.179
0.570
1.066
1.214
0.032
0.001
—0.081
—4.512
—2.078

C (10 GeV?) & C? (102 GeVY)
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e.g. Bound states in 'S, 3P, partial waves



Description of J = 1 phase shifts (single channel)
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- o Q (3p)
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o ° o % b o °
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T, (MeV) T, (MeV) Tia (MeV) T (MeV)

No free parameters for the elastic process
1P, & 3P, elastic potential is controlled by the S wave LECs

4 R
LO covariant & NLO Julich comparable Vapr = 3¢ (OISO — OISO) Ry Ry,
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Vipr = 2¢ (0331 — 30:&51) R,R,,
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of J = 1 phase shifts (coupled channel)

S wave generally well reproduced

Possible S wave
bound states

Ez(MeV)

(-7.1,28.8)-
(45.5,49.2)

(-17.6,7.0)-
1(128.9,134.4)

Vapr = 86C3s1 RER,
V;&-l 3D1 = 2\/§£ (2(’;;5'1[?‘[2, + @;;,g’]RZRi/) 3

Vib1-ss1 = 2V2¢ (2(':9511?‘,"),/ + C'BSIR‘,{R;E,/) ,

D wave elastic potential is controlled by the S wave LECs

LO covariant & NLO Julich comparable
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Summary & Outlook

 We have constructed the covariant chiral antinucleon-
nucleon interactions at leading order
- Comparable (even better) description of P.S. than NLO Julich potentials.
- A deeply bound state in 1S, channel, quantum number consistent with
X(1835), X(1840), X(1880).
* We are working on
- Exploring more suitable regular functions on the long-range interactions
- Constructing a more consistent annihilation potential 7T

* Our ultimate goal is
- Build a high precision covariant chiral potential
- Study antinucleonic related physics '‘Thank you !JI

— e e —— ——
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Backups



Relations between covariant LECs

Ciso = Ca + Cay — 6CT 4 3CY,
Ciso = 3Cay + Cs — 6Cr + O,

Cspg = —2(Cyq —4C 4y + Cg — 12Cr — 4CY ),

Css1 = = (—Ca — Cay —2C7 + Cy),

0331 = —(—Cav +Cs +2Cr + Cy).

O] = Q| =

25



Annihilation potentials

V= Z VanoxGxVx_an,
X = I s
1 1
=P= Find (z),
Tt 1€ X T (’L)

ImV' = —m Z VanosxVxown
X
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Possible bound states

. Ep (MeV)
Partial Wave — —
LO relativistic NLO non—relitl\/lstlc [33]
Sy [(=102.2,—152.5) —i(79.1,199.3) /|
1S Py (—1.5,—-2.1) —i(20.2,21.0) |(—1.1,1.9) —i(17.8,22.4)
138 (—7.1,28.8) —i(45.5,49.2) (5.6,7.7) —i(49.2,60.5)
335 (—17.6,7.0) —i(128.9,134.4) /

2 It is unclear whether a N N bound states can be observed in this channel
because the possible structures are only searched for near /N /N threshold.
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Generalized Fierz 1dentities ;- e aar e a an 5 ohys 72 1100 o0e,

« Some notations & standard Fierz identities

Tg =1,
€1 (1234) = (\lerlqu) (@31_‘1\1]4) Cr (1234) — ;FIJGJ (1432) ?Ziiﬁi,
. Lay =175
» Generalized case (a simple example) La =15

er (2°1°34) = (U°T'¥°) (PI'0) Ve = 4 CU”
CTTC=nl] WD W = —n 0T 0° 11 I=8AV,A
=Y 1=vrT
er (1234) = )~ Spje;s (2°1°34) ’
J

Interchange a pair of u-spinors to v-spinors in quadrilinear is
possible
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Generalized Fierz 1dentities

e (1234) = K94 e(gbed)

1
(1 1 § -1 1)
4 20 24
F=2112 0 -2 0 12
4 -2 0 -2 4

1 -1 L 1 1)
\ ;

S =diag(—1,+1,+1,—1,—-1).

Final order

(1234)
(1432)
(2°1°34)
(124°3°)
(13°2°4)
(13°4°2)
(142°3°)
(2614°3°)
(31°2°4)
(31°4°2)
(4°1°2°3°)
(4°1¢32)
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Phase shifts

single channel

1
Re (0;) = 2 arctan

Im (SL)
Re (SL) ’

1
Im (61) = 5 log|St|.

Coupled channel

1 Im
Re (6p+1) = 5 arctan (m’il), Sr.L
Re (n7+1) ML = Zos3e;
1
Im (5L:|:1) = —5 10g|77L:|:1|a
1

€] = 5 arctan

(

7 (SL—l,L—l + SL-l—l,L—}-l)
24/S1-1,0-151+1,0+1
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First observation of antinucleon

(iy"‘aﬂ — m)<p =0

0. Chamberlain E. G. Segre
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