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Main message

=NN 3BFs:
Derived from SU(3) chiral EFT

Correlation functions: Elastic cross sections:
Very limited sensitivity to 3BFs Possibly visible 3BF effect

3.0

w/ 3BF w/o 3BF
w/o 3BF - w/ 3BF (minus) = = = =
| w/ 3BF (plus)

2-baryon force 3-baryon force

d+ ="

Uratsu +, PRC 113, 015204 (2026)



3-baryon systems Light hyper nuclel

——— Three-body force
— — No three-body force
— — v18 pp potential

« « Gauss Ref. [41]

| | | | | |
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Q3 (MeV/c)

Garrido +, PRC 110, 054004 (2024) Le +, PRL 134, 072502 (2025)
Acharya +, PRX 14, 031051 (2024)
Le +, EPJA 61, 21 (2025)

> Sizable 3BF effect » Necessary for spectroscopy

Baryonic matters

PSR J0348+0432

AN + ANN (1) PSR J1614-2230

AN + ANN (1)

Lonardoni +, PRL 114, 092301 (2015)
Gerstung +, EPJA 56, 175, (2020)
Tong +, SB 70, 825 (2025)

Tong +, AJ 982, 164 (2025)

» Necessary for 2-solar mass




What about =NN 3BFs?



“INN systems l Search for bound states

Prediction by Gaussian-expansion method

Hiyama +, PRL 124, 092501 (2020)

NNE Egg

(T.97)  (5.37) G3.37)
ESCOSc oo 7.20 Mev
HAL QCD

Prediction by Faddeev approach Miyagawa &. Kohno, FBS 62, 65 (2021).

2 Julich-chiral-EFT 2BF and HAL-QCD 2BF
— No bound states

> ESCO08c
— Epp = 3.05 MeV (T = 1/2, J* = 2/3%

Related studies

Garcilazo +, PRL 110, 012503 (2013)
Garcilazo +, JPG 41, 095103 (2014)
Garcilazo +, JPG 42, 025103 (2015)
Garcilazo +, PRC 93, 034001 (2016)
Filikhina +, MMG 5, 1 (2017)

Egorov, PAN 86, 277 (2023)

Garcilazo +, PRC 93, 024001 (2016)
Garcilazo & Valcarce, CPC 44, 104104 (2020)
Carr +, PRC 57, 2858 (1998)

Miyagawa +, NPA 614, 535 (1997)
Glockle & Miyagawa, FBS 30, 241 (2001)



ZNN systems | Search for bound states

Prediction by Gaussian-expansion method

Hiyama +, PRL 124, 092501 (2020)

N N =) EBE “\0\“

(T.97)  (5.37) G3.37) No 2
ESCOSc oo 7.20 Mev
HAL QCD

Prediction b Faddeev q roach Miyagawa &. Kohno, FBS 62, 65 (2021).
y PP Related studies

> Jiilich-chiral-EFT 2BF and HAL-QCD 2BF Garelaza £, 1PG 41, 95103 (2014)
Garcilazo +, JPG 42, 025103 (2015)
— No bound states Garcilazo +, PRC 93, 034001 (2016)

Filikhina +, MMG 5, 1 (2017)

Egorov, PAN 86, 277 (2023)
Garcilazo +, PRC 93, 024001 (2016)

z ESCO08c Garcilazo & Valcarce, CPC 44, 104104 (2020)
Carr +, PRC 57, 2858 (1998)

— EBE — 3.05 MeV (T — 1/2, J7 — 2/3"‘) Miyagawa +, NPA 614, 535 (1997)

Glockle & Miyagawa, FBS 30, 241 (2001)




3BFs from SU(3) chiral EFT l General framework

PHYSICAL REVIEW C 93, 014001 (2016)

Leading three-baryon forces from SU(3) chiral effective field theory

Stefan Petschauer,!>” Norbert Kaiser,! Johann Haidenbauer,” Ulf-G. MeiBner,>? and Wolfram Weise'-*
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> 3BFs of any combinations of three octet baryons (N, A, 2, E)

2-meson exchange  1-meson exchange Contacts



Petschauer +, PRC 93, 014001 (2016)
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17r exchange

Contacts
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3BFs from SU(3) chiral EFT | 2NN 3BF 1

2]1'_ eXCha n g e te rm Uratsu +, PRC 113, 015204 (2026) Gen Uratsu

=NN 456 564 645 |
PE = A23 (Y123 + Y533 +Y312)

) 7173 (dermi — 2c3qur - @e3) +ca {13 - (11 X T2) H{o2 - (qu1 X ge3)}]

Y04 = . To - T 4clm727—203q52-q41 +C41T3 - (T1 X T2) 103 - (52 X Q41
2
YR = 92 _(93-de3) (72 - g52) T3 " T2 —12u1m72T + 6u3q63 - @52) — U4 T3 - (T1 X T2)5 101 * (€63 X G52
12T el v m2) @y ) T ) —ain (mxmon (e < gw))

6 LECs



3BFs from SU(3) chiral EFT | 2NN 3BF

1 ]Z'_ eXChan ge te rm Uratsu +, PRC 113, 015204 (2026) Gen Uratsu

=NN 456 564 645 564 645 A
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3BFs from SU(3) chiral EFT | 2NN 3BF

Conta Ct te rm Uratsu +, PRC 113, 015204 (2026)

Gen Uratsu
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3BFs tfrom SU(3) chiral EFT l =ZNN 3BF in d-=" scattering

We rcughly estimate

13



1. Central components only Uratsu +, PRC 113, 015204 (2026)

Irreducible tensor decomposition

Rank 3 |
Disregard

Rank 2

(tensor)

Rank 1

(vector)

Rank O

(scalar)




1. Central components only 2. Fourier transform Uratsu +, PRC 113, 015204 (2026)

Irreducible tensor decomposition Central potentials in coordinate space

Rank 3 ,
Disregard

Rank 2

(tensor)

Rank 1

(vector)

Rank O

(scalar)




3BFs from SU(3) chiral EFT l Steps for solving d—=" scattering

1. Central components only 2. Fourier transform Uratsu +, PRC 113, 015204 (2026

Irreducible tensor decomposition Central potentials in coordinate space

3_ Reglﬂarization Gezerlis +, PRC 90, 054323 (2014)

” Yukawa functions from & exchange

Y (mgyr) — Y(mﬁr)fRO (1)

5
fro(r) =1—exp |— (RLO)

2 Delta functions from contacts

or) = 47TF(35/5)R8 P (RLO)S

16



4. Decuplet saturation approx.

Petschauer +, NPA 957 347 (2017)

6 LECs 11 LECs 6 LECs

Only 3- & 4-point vertices

A(1232) & Z(1530) included

1 LEC 1 LEC 1 LECs Decuplet-octet mass splitting
~ 200 MeV

Large N, value

C’ - 3 /4 Kaiser +, NPA 637, 395 (1998)
o g A Vonk & MeilBner, EPJA 61, 135 (2025)



4. Decuplet saturation approx. 5. Folding potential Uratsu +, PRC 113, 015204 (2026)

Petschauer +, NPA 957 347 (2017)
Deuteron w.f.

/

U7 (R) = 47T / / drdR- " @) (v, R)

2
W (r, R) (270 /// dq,dgadgze! @™ T T Ts)
6 LECs 11 LECs 6 LECs % 8(q1 + g2 + q3) <V<6)NN( g1, Ga, q3)>spinisospin
\
Central potential Spin-isospin

Only 3- & 4-point vertices matrix elements

A(1232) & Z(1530) included

1 LEC 1 LEC 1 LECs Decuplet-octet mass splitting
~ 200 MeV

Solve d-E" scattering

Large V. value with U9 (R)+ U (0) (R)

=3 / A Kaiser +, NPA 637, 395 (1998) 2BF
o g A Vonk & MeilBner, EPJA 61, 135 (2025)

3BF




2BFs

r [fm]

Wiringa & Pieper, PRL 89, 182501 (2002)

LQCD

AV4’

[1]

LQCD

Lattice QCD potential

vNE(Slso)

t/a=11
t/a=12
t/a=13

Hadrons to Atomic nuclei

4 a7 e, ‘_-" -

" from Lattice QCD

Sasaki +, NPA 998, 121737 (2020)

=75

vNE(lBSl)

0.0 0.5

1.0

15
rfm]

imitations

L

Correlation functions

Koonin, PRB 70, 43 (1977)

'}§< Koonin-Pratt formula Pratt, PRD 33, 1314 (1986)

Fr(gR)
qRR

Cre(q) = 4m / IRR2S(R) S L
L=1

27T IRR2S 9 (o)
+ 5 | ARR*S(R) >

qRR

1 3
0=35,73

3 2-body source func. (Gaussian)

¥ S-wave only (all subsystems)
3 No deuteron breakup

Confirmed to be small: Ogata +, PRC 103, 065205 (2021)

2 No rearrangement channels
* No EN-AA coupling

Expected to be small: Kamiya +, PRC 105, 014915 (2022)




UL (MeV)

3BF: (G', H') =

. 3BF: (G', H')

Uratsu +, PRC 113, 015204 (2026)

Rough estimate of LECs

-1 <G’ <1

-1<H L1

Petschauer +, NPA 957 347 (2017)

2 Weaker and shorter w.r.t. 2BF



Uratsu +, PRC 113, 015204 (2026)

. B : = .
W/ 3NF Attractive d-Z" interaction by 2BF

w/o SNF ——
only Coulomb —

Consistent

1.9}

1.7+ | Attractive d-A int.

15 meme

1.3 _ — 2S5 +4S(A) ]
30 40 50 60

1
75 100 150
k (MeV/c)

200 250 300
Lednicky-Lyuboshits approach

w/ effective range expansion

Source size: 1.2 fm Haidenbauer, PRC 102, 034001 (2020)




d—=" correlation functions | 3BF effect

2.3
211
1.9
1.77
1.54%

w/ 3NF

w/o ANF ———
only Coulomb =— |

30

4()

50

60

1005 150 200 250
e’y (MeV/c)

300

Source size: 1.2 fm

22

Uratsu +, PRC 113, 015204 (2026)

Z Attractive d-Z" interaction by 2BF

7 3BF effect: < 4%

» Reason for small effect:
CF is sensitive to the potential

at] S R<S2fm

2 Cutoff & source size variation:
The same situation



d-Z" correlation functions | Artificially variation of binding energies

50

40 ¢

(o)
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Esg = 5.08 MeV
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 3BF: (G, H') = (1.0,—1.0) —— |
3BF: (G', H') = (—1.0,1.0)
2BF: 0 = 1/2 +vvevvn
2BF: 0 = 3/2 ==
(a)

3BF: (G, H') = (1.0,—1.0) ——

3BF: (G, H')

| 3BF: (G, H')

3BF: (G',H') = (—1.0,1.0)

(1.0, —1.0) —— |
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50 100 150 200 250 0 50 100 150 200 250
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Uratsu +, PRC 113, 015204 (2026)

» Even deep binding:
3BF effect < 8%

? Loosely bound nature of d

23

cannot explain small 3BF effect



Direct production or formation by final-state interaction CEF. Mréwezyfiski & Stof, APPB 51, 1739 (2020)




d—=" correlation functions | Previous study w/o =ZNN 3BFs

Direct production or formation by final-state interaction

3

CDCC
d w/o CC

Coulomb

\\
\\
~

g (MeV/c)

Ogata +, PRC 103, 065205 (2021)

300

Cf. Mréwezyfski & Stofi, APPB 51, 1739 (2020)

» Simulation w/ coupled channels method

~__Slight enhancement (6 —8%)

Direct




do /dS) (mb/sr

Vxlf/o 3BF
w/ 3BF (minus) = = = -
w/ 3BF (plus) «ooveveee

L | T
llllllllllllllllll
N 1
IIIIIIIIIII

W/ o 3BF
w/ 3BF (minus) = = = =
w/ 3BF (plus)

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

' E. =50 MeV < p. ~ 367 MeV/c

E. = 100 MeV < p. ~ 524 MeV/c

do /dS) (mb/sr

vxlf/o 3BF
w/ 3BF (minus) = = = -
w/ 3BF (plus) «+reveeie

. Eg =200 MeV

W/ o 3BF
w/ 3BF (minus) = = = -
w/ 3BF (plus)

E- = 300 MeV

. ps ~ 754 MeV/e & pz ~ 940 MeV/c

.
I
.
I
'
'
LETEN

2 Central 2BF + 3BF only

» 3BF effect: ~20-40% in magnitude

2 Shift of dip position

? Typical experiments:
450 < p < 850 MeV/c

Miwa +, PRC 104, 045204 (2021)
Miwa +, PRL 128, 072501 (2022)
Nanamura +, PTEP 2022, 093D01 (2022)



do/dQ [mb/st]

d + p scattering

10.0
E=250 MeV

—
-

L .
......

60 120 180
0, [deg]

Witala +, PRC 105, 054004 (2022)

d + 2~ scattering

v&lf/o 3BF
w/ 3BF (minus) = = = -
w/ 3BF (plus) «eeveeere

E- = 100 MeV

20

10 60 80 100 120 140 160
0 (deg)

180



do/dQ [mb/st]

d + p scattering

10.0
E=250 MeV

—
-

&
ek

L .
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do /dS) (mb/sr

60 120 180
0, [deg]

Witala +, PRC 105, 054004 (2022)

3 / | |
10 (720 10 60

Change of
iIncrease/decrease

d + 2~ scattering

10 . .
f w/o 3BF

w/ 3BF (minus) = = = -
w/ 3BF (plus)

E- = 100 MeV

||||||||
. e,
’
’
’
",
]

4
7
4
,
4
4
'l
4

!,
]
"y
]
"y,
"y
]
tay,,
||||||

y |
™ - -

0 (deg)




do/dQ [mb/st]

d + p scattering

10.0
E=250 MeV

—
-

S
ek
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......

60 120 180
0, [deg]

Witala +, PRC 105, 054004 (2022)

d + 2~ scattering

Only 2BF

Only 3BF (minus) = = = = |

Only 3BF (plus)

Change of

interference mode

109 | . .
f w/o 3BF
w/ 3BF (minus) = = = -
% w/ 3BE (plus) «+roeveee
=10 Ez = 100 MeV
= E
£
S
=
<1072 Scattering amplitude
S . . | |
7 e
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074040 60 5
/ 4l
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Change of 21
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Summary | 3BF with S = — 2 and d-E~ scattering .

Gen Uratsu Uratsu +, PRC 113, 015204 (2026)

=NN 3BF from SU(3) chiral EFT Elastic cross sections

V\‘f/O 3BF ]
w/ 3BF (minus) = = = =
w/ 3BF (plus)

20 40 60 SO 100
0 (deg)

100 150 200
q (MeV/c)

N2LO potentials derived Very limited sensitivity to 3BF 3BF: Possibly visible




