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Nuclei & Hypernuclei
~3300 nuclear isotopes

~40 single Lambda hypernuclei

3 double Lambda hypernuclei

QCD — EFT

o Use obsereved hyperons properties
o Precise few-body methods

o Effective description of nature

Nir Barnea (HUJI) Baryonic EFT for Light Nuclei and Hypernuclei 4 / 50
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What do we have?

®®

Not bound
scarce scattering data

a®

Not bound
no scattering data

Nir Barnea (HUJI)

> ap @

iH, Bjp ~ 0.1 MeV 'f\HO‘l,'f\Heo‘l Bj =~ 3 MeV
2He, By = 3 MeV

Q@

AsHe, By =~ 3 MeV
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[}
Hypernuclear BEFT /7#EFT in a nut shell iy sz e

Nir Barnea (HUJI)

No overbinding problem!

Virtual state

Physical resonance?

Solidaly bound

Marginal case

Unbound
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Baryonic EFT

2-body 3-body 4body  5-body
10 Py - -
NLO - Ey -
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The Nuclear Interaction - YEFT

Weinberg, van Kolck, Epelbaum, Machleidt, Meissner, ...

’ﬁQCD(q,G) — Lygrr(B,m, K) ‘

Two-nucleon force Three-nucleon force Four-nucleon force

</ XH i
CXHHHE] - =

:::::[ I Ty A -
A LR B
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The Nuclear Interaction - YEFT

Weinberg, van Kolck, Epelbaum, Machleidt, Meissner, ...

’ﬁQCD(q,G) — Lygrr(B,m, K) ‘

Two-nucleon force Three-nucleon force Four-nucleon force

-
CXAHKD] = =

:::::[ I Ty A -
A LR B

One Pion Exchange =~ cxp(fuﬁr)/r‘

[0y
Vio = Ve (r) + (cs + croq - 02)d(r)
——
1—pion exchange § interactions
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o B =n,p, A are the only DOF.

B B B
B B
‘ﬁQCD(QaG) — Lygrr(B, 7, K) —>£(B)‘ N
. . B B
o L is expanded in powers of @QQ/Mj,. B B B
o Include contact terms and derivatives.

o Not too many parameters & 7 A N
£:NT(i60+V—2)N+AT(i80+V—2)A o —
2m 2m’ | ST

+Lop +L3p+ ... N A N A
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The expansion parameter n"wn':\n'uunﬂu'\:uumn}
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N : N A

Accuracy for light nuclei
Nuclei The pion mass is our breaking scale M,

QN _V2BnMy o5 g
]th iz

Seems to work better in practice as AB(*He) ~ 10%

Hypernuclei No OPE therefore breaking scale is 2m

Q V2BAMy
]\fh 2m7r

At LO accuracy goes as (Q/M},)?
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@ Universality
o ©OLO the only 2-body inputs are scattering lengths
o BEFT is well suited for studying universality

@ The Wigner Bound rhiiips, Beane and Cohen (1997-1998)
o The effective range is bounded by the cutoff

o All orders but LO are perturbation (kaplan, van Kolck, ...).

@ The Thomas collapse Bedaque, Hammer, and van Kolck (1999)

o With LO 2-body interaction | By o hA® /m.
o A 3-body counter term must be introduced at LO.

@ NLO - 4-b0dy force Bazak et al. (2019)
o At NLO the 4-body system is

unstable. s0f . :
158 S e d
AAAAAAAAAA_&&?EWQ 2
a&8 5

° the 4-body force g
y R N .
must be promoted to NLO. 35F Lo —
3.0 # NLO(2+3) o BE
25 A NLO(243+4) 1
750 100 150 200
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The Nuclear Interaction - BEFT/#EFT

Kaplan, van Kolck, Bedaque, Hammer, Bazak,

2-body 3-body 4-body 5-body

10 - -
Bazak, Kirscher, Konig,
Pavén Valderrama,

Barnea, and van Kolck,

PRL 122, 143001 (2019)
NLO - -
Hammer, Konig and van

Kolck, Rev. Mod. Phys.

92, 025004 (2020)
N2LO 7 ?
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BEFT of Anp @ leading order
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2-body 3-body

2-body & 3-body
Strangeness = 0 Crs Chi, Chy Drs D diagl’ams:

- minimal

amount of parameters

Strangeness = -1 Cip, Oy Dys Dyy, Doy, Dis - ConStraInted by
exp. data
Strange = 0 - #LECs =3
Strangeness = -2 Crs Coo Dys D%% Strange == _1 _#I—ECS = 5

Strange = -2 - #LECs = 2

L. Contessi, M. Schafer, N. Barnea, A. Gal, J. Mared, PLB 797 (2019) 134893
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Y N scattering data T }\

o Cross-section data for p;.p > 100
-11
MeV/c a2
® Xeft LO"
o 12dp. for A\+p—>A+p e A
T -14
0 22d.p. for X+ N - A+ N, X+ N g .
;;E} ® Xeft NLO
:_;—15
i ; 17 ...julich ‘04
o Spin dependence not resolved N Qe scos
=19
o Alexander et al. pri73, 1452 (1968) TN e i T
a([)\N = —1.8fm A. Gal et al.,
a/l\N = —1.6 fm Rev. Mod. Phys. 88 (2016) 035004
o Sechi-Zorn et al. pri75, 1735 (1968)

0> aly > —9.0fm
—0.8 > ajy > —3.2fm
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|lambdaN and AA scattering lengths

AN scattering length rvp ss, 035004 (2016)

WY7YIT AN A TN
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o STAR

Lelenbin bl

* FG

Exp./Model aSn [fm]  apy [fm] E
-1.80 -1.60
NSC89 -2.79 -1.36
NSC97e -2.17 -1.84
-2.60 -1.71
ESC08c -2.54 -1.72
Julich 04 -2.56 -1.66
-1.91 -1.23 ALICE Collaboration, PLB 797,
-2.91 -1.54
134822 (2019)
AA scattering length
Exp./Model aXa [fm]
PC(K~,KT)AAX —1.2(6) PRC 85, 015204 (2012)
HALQCD —0.81+£0.23%,  wpa 998, 121737 (2020)
XEFT(LO;600) —1.52 PLB 653, 29 (2007)
XEFT(NLO;600) —0.66 NPA 954, 273 (2016)

Femtoscopy

—0.79792%

PRC 91, 024916 (2016)
PRL 114, 022301 (2015)

Nir Barnea (HUJI)
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E2cnac3
Wno>3
8 Unphys. Ck)

—+HALQCD
* HKMYY
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What do we have?

o LO and NLO #EFT fitted to low-energy experimental constraints
o The Schrodinger equation

What do we want to know?

o Bound states
o Resonances
o Scattering

How do we get there?

o Gaussian basis functions

o Few-body bound states = SVM (Suzuki and Varga)

o Scattering = Busch formula

o Complex rotation, analytic continuation = Resonances

Nir Barnea (HUJI) Baryonic EFT for Light Nuclei and Hypernuclei 16 / 50



Baryonic EFT for Light Nuclei and Hypernuclei  cvozman oo, }\o
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o Nuclear scattering
Elastic s-wave scattering ©ONLO for A < 5

o A hypernuclei (1 2)
s-shell hypernuclei - overbinding of ?\He

Hypernuclear resonances

o AA hypernuclei (,12)
Onset of binding, A=4 or 57

o Charge symmetry breaking
The Dalitz von Hippel paramaters from SU(3) symmetry.

o Few nucleons in a box
EFT matching of LQCD calcs.

Nir Barnea (HUJI) Baryonic EFT for Light Nuclei and Hypernuclei 17 / 50
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NN (1So) & NN (351)
135 135
e | T 0
45 S 45 o
LO ¥ exp
0
16 ~ 1.6
= 08 - - EO,B 7777,—’
go.o‘/ — é’o.o#,f,f*”iii
—0.8 -0.8
0.0 0.2 0.4 0.6 0.8 1.0 0.0 0.2 0.4 0.6 0.8 1.0
k2 [fm=2] k2 [fm~2]
Leading order (LO): Effective range expansion:
(exp. constraints)
1 1 4
(16”1’ - 18.95(40) fm kcotg(5) = —a + 57’]{1 + ...
oY = 5.419(7) fm

B(®H) = 8.482 MeV
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NLO #EFT
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180 180
NN (1S5) NN (351)
135 135
[ 90 -
© ) =
a5 I
Lo NLO T exp
0
1.6
£ £
= = 08
=) e
2 2
S S 00
x x
-0.8 -08
0.0 02 0.4 0.6 0.8 1.0 0.0 02 0.4 0.6 0.8 1.0
k2 [fm=2] k2 [fm=2]

)

Next-to-leading order (NLO):
(exp. constraints)

Leading order (LO):

(exp. constraints)

al™ = — 18.95(40) fm rom = 2.75(11) fm
o= 5.419(7) fm e =

B(*He) = 28.296 MeV

1.753(8) fm
B(®H) = 8.482 MeV
19 / 50
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Few-body s-wave scattering

nQO—_"

O
/\"@ nQ—_~
SH@
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Universal fermionic relations (sm, petrov, peltuva,...)
Atom-Dimer scattering

Gad _ 11791 + 055372 . Ted _ o384 1,047

Qaq Qaq Gaq QAaa
Dimer-Dimer scattering

ddd _ () 5986 + 0.105.2% . T4 _ (133 405179

aaa allll aaa a'aa

These results are reproduced for spin saturated system:

o Neutron-Deuteron S = % scattering

o Deuteron-Deuteron S = 2 scattering.

Nir Barnea (HUJI) Baryonic EFT for Light Nuclei and Hypernuclei 21 / 50
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n _|_ (l (S — %’ T Scatterin 7Y MMINA AN

® Near-threshold 3H* 2.0
LO
virtual state 15 == NLO
1.0 c  exp
= pole of S-matrix os
® Near-threshold zero in 0'0/ —
S-matrix 03 (
-1.0
1 o 0 -1.5
kcotg(5) — ik 20755 0.0 0.2 0.4

k2 [fm~2]
lim Ecotg(d) = +oo
k—ko Oers and Seagrave, PLB 24, 11 (1967)

= modified ERE al}? =0.29 fm
rt2 =170 fm
kcot (5)—A—|—Bk2+L ;oa=— ! and r=2B
810 = A+rDk) ° T A+cC -
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Experiment & Theory : n + °H and n + *He scattering lengths

450 450
ac (1972) a® (1985) o (1977) ac (2006)
1.25 0, (1972)  lF LO 1.25 a® (1979) ai™e (2014)
o, (1980) B NLO a"* (2002) NLO
1.00 ac (1981) 1.00 a® (2004)

AV18
NEET(NLO) (500 & 600)
XEFT(NLO) (500 & 600) + N?LO(600)

AV18 + UL

AVI8
[}

=il -
Rematrix (p+*He) Rematrix (p+91e) AVIS 4+ UIX

300 Kirscher (LO pionless) 300
2.75 2.75
50 2.50
300 325 330 375 400 425 430 475 5.00 650 675 700 725 750 775 800 825 850
0 0
@y [fm)] alyyy, [fm]

Phys. Rev. C 42 (1990) 438; Phys. Rev. C 102 (2020) 034007; Few-Body Syst. 34

(2004) 105; Phys. Lett B 721 (2013) 355; Phys. Rev. C 68(R) (2003) 021002
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n —|— _lHe S'Wave scattering WYYIT MY TN }

L7
1.6 4 Quaglioni 2008 (YEFT N*LO)
1.5
g
=14 Arndt 1973 (Ex)
5
N ollett 2007 (AV18) @NLO
1.3
g ravvaris 2020 ((EFT NTD)azquskas 2018 (YEFT N*LO)
1.2
11 T T v
2.0 2.1 2.2 2.3 2.4 2.5 2.6
ag [fm)]
Exp ap [fm] Teft [fm]

Arndt 1973 2.4641 £ 0.0037 1.385 £ 0.041

+0.0017 [stat]

Haun 2020 2.47461 007 ot _
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Light Hypernuclei GLO
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Ba(2He) vs. cut-off \ in LO E 3 [t e TTTETHHT]E
BEFT 2 38
@ 4
4.5

5 Alexander B s=—e— ||

1 2 3 4 5 6 7 8 9 10
Cut-Off A [fm™"]

L.Contessi N.Barnea A.Gal, PRL 121 (2018) 102502

With Alexander & YEFT(NLO) scattering lengths a, a;
B (iHe) is reproduced within theoretical error

B
Cut-off dependence L)\) =1+ ¢ + s

Bj(00) A A
Nir Barnea (HUJI) Baryonic EFT for Light Nuclei and Hypernuclei 25 / 50



Onset of AA hypernuclear binding s i s |
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3 I
1.3 x ¥ ' AHe
D 21 v
= |
s B
1
iR [ [ B BB - — R R
H
AN\
1 2 3 4 5 6 7
A [fm™1]

Contessi-Schafer-Barnea-Gal-Mares, PLB 797 (2019) 134893.

Double-A systems:
o The neutral systems AAn, AAnn are far from threshold
o wAH on verge of binding. Better data is needed for clarification.
o In our theory ,{H is comfortably bound

Nir Barnea (HUJI) Baryonic EFT for Light Nuclei and Hypernuclei 26 / 50



Search for excited trios Dy e }\'

3 y* +
AH (3/27) ?\H(l/2+)
o no experimental evidence
A 2H'(3/2%)
o JLab C12-19-002 proposal P N
n N
— p
Ann(1/2%) n
o experiment (HypHI) ® n
o JLab E12-17-003 experiment N hnA@L/2Y
o structure of neutron-rich A-hypernuclei
Calculating resonance states is a task

We have used two techniques:

o Complex scaling method (CSM)

o Inverse analysis continuation in coupling constraint (IACCC)

Nir Barnea (HUJI) Baryonic EFT for Light Nuclei and Hypernuclei 28 / 50



Ann and 3H* - Theory

o R. H. Dalitz, B. W. Downs (PR110, 958, 1958; PR111, 967, 1958; PR114, 593, 1959)
first calculation, variational approach, unbound Ann

0 H. Garcilazo (J. Phys. G: Nucl. Phys. 13, 63, 1987)
Faddeev equations, separable potentials, unbound Ann

0 V. B. Belyaev et al. (NPA803, 210, 2008)
first resonance calculation, 3-body Jost function, phenomenological potential
Ann pole just above/below the threshold, large widths
0 E. Hiyama et al. (PRC89, 061302(R), 2014)
YN model equivalent to NSC97f; changing *VE, ns, “Vivn to bind Ann
nonexistence of bound Ann (?\H iH* jl\H, 3H)
0 A. Gal, H. Garcilazo (PLB736, 93, 2014)
Faddeev equations, separable potentials
nonexistence of bound Ann (oAp, ?\H and ?\H exc. energy)
o 1. R. Afnan, B. F. Gibson (PRC92, 054608, 2015)
Faddeev equations, Ann resonance calculations, separable potentials

subthreshold (non-physical) Ann resonance

Nir Barnea (HUJI) Baryonic EFT for Light Nuclei and Hypernuclei 29 / 50



Ann and 3 H* - Exp.

O HypHI Collaboration (PRC88, 041001(R), 2013)
suggestion of bound Ann, %Li +2 C @ 2A GeV

O JLab E12-17-003 Experiment (PTEP92 2022, 013D01, 2022)

3H(e, e’ K1)Ann
No significant structures observed

Nir Barnea (HUJI) Baryonic EFT for Light Nuclei and Hypernuclei 30 / 50



Implications of just bound Ann and 3H* (A =6 fm™')

Bx [MeV]

14

12

10

Bound 3H"
(BAGH")=0.001 MeV)
— Ba(H)
BA(RH™)
= Ba(3He)

----- BA(AH ) exp.
BA(RH") exp.
Ba(He) exp.

NSC97f xEFT(NLO) xEFT(LO) Alex. B

Bound Ann
(Eg(Ann)=-0.001 MeV)
NSC97f xEFT(NLO) xEFT(LO) Alex.

0 Ba(3H) is used to fix three-body force in I,.S = 0,1/2 channel and remains

unaffected

Nir Barnea (HUJI)
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Ann system and 3H*(J”

— 3/27)

+
Ann(J™ =1/2T)
0.50
®  Alexander
® NSC97f
0.25 s Py % XEFT(LO)
" XEFT(NLO)
000 —t ' Re(f)
R R e e—
)
ET050 / Y S— Py
- O
) [
$-0.75 ¢
< Im(E)
PN
—1.00{ e
-1.25 B By, g
-150 2 3 7 5
Alfm=1]

excited state

* +
AHT (T =3/27)
0.05
® Alexander B
® NSCO7f
| % YEFT(LO)
0.00 e XEFT(NLO)
b S ®---.. PR
-0.05
—-0.10 . | S —
.
.,
-0.15 <
»
L 3
-0.20
—0255 7} 8
Alfm1]

Ann predicted as a near-threshold resonance
— large width 1.16 < T" < 2.00 MeV

?\H* obtained as a near-threshold virtual state

— enhanced s-wave A 4 2H phaseshifts in J™ = 3/2F channel

Nir Barnea (HUJI)
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Charge symmetry breaking

H+ A ‘He + A

1+ Lo67:0.08 | 1+ 0984008 % -0.083£0.094
1.090.02 1.406+0.003
" Smemoon | of _Z_T_Qﬂ;.(;s_ - i 0.233£0.092
AH AHe
By (MeV)

Nir Barnea (HUJI) Baryonic EFT for Light Nuclei and Hypernuclei 33 / 50



ypernuclear Ievel Scheme WY7YIT AN A TN
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H+ A SHe + A
0.984+0.05
1+ 1067008 | 17 % -0.083+0.094
1.09+0.02 1.406+0.003
. A 4
215740077 | 07 Ym 1] 0.2330.092
2.390.05
4
H AHe
A
BA (MeV)
o Charge symmetry: under n < p, e.g. °H < 3He

o Nuclei: for ®He - *H, AEcgp without Coulomb is about 70 keV
o For3He - 3H:  AEcsp/AE ~0.01
Hypernuclei: CSB in {He-1H: AEcsp/AFE ~0.22

©

Nir Barnea (HUJI) Baryonic EFT for Light Nuclei and Hypernuclei 34 / 50



Theoretical considerations TUIa M T

‘THE HEBREW UNIVERSITY OF JERUSALEM

Dalitz, von Hippel Phys. Lett. 10, 153 (1964)
A — %0 mixing in SU(3) s (following Coleman & Glashow)

(Z0l8M|A)

0
A§:>1 - _MEO — My

= —0.0148(6)

CSB OPE contribution by ganr = 24" gas,

O A. Gal Phys. Lett. B 744, 352, (2015) A By
Generalization of DvH S
(4]
(AN|Vosp|AN) = ——= A, (SN|Ves|AN) 7. 2
/3 =1 = Ves
ABA(0T) =240 keV  ABA(17) = 35 keV
O Gazda, Gal PRL 116, 122501 (2016) A N

generalized DvH; LO xYEFT Y N interaction; NSCM
ABA(0T) 2 180 £ 130 keV  ABA(17) & —200 + 30 keV

Nir Barnea (HUJI) Baryonic EFT for Light Nuclei and Hypernuclei 35 / 50



Charge symmetry breaking -
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Observations:

Qo

Qo

©

©

7, K terms negligible
CSB is short range physics

2 d.p. and 2 parameters
CCSB CtCSB
s )

S =0, 1 have opposite signs

Spin singlet dominance

[erd 3 (o

Question:
Can BEFT explain these last
2 observations?

Nir Barnea (HUJI)

Fig. 1 CSB contributions involving pion
due to A — £° mixing (left two diagrams)

P Ao

\ p A

N A N

N \ N

exchange, according to Dalitz and von Hippel [1],
and 7% — ;) mixing (right diagram).

A ,\\ /,}

n A/

[4 ] NLO13 [ NLO19 |
COFBMeV—2] CFSF(MeV 2] | CO9BMeV~2]  CF55 | MeV
500 1,691 x 107%  —9.294 x 10~ 5.590 x 107%  —9.505 x 10~ *
550 6.724 x 1077 —8.625 x 1077 6.863 x 107%  —1.260 x 1073
600 9.960 x 107%  —9.870 x 107 % 9217 x 107%  —1.305 x 1073
650 1.500 x 1072 —1.142 x 10~% 1.240 x 1072 —1.395 x 1073

Haidenbauer et al., Few-body sys.

Baryonic EFT for Light Nuclei and Hypernuclei

(2019)
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Charge symmetry breaking - i3 s

A N A N A N
Observations: i
O m, K terms negligible m |
O CSB is short range physics A N A N A N
Fig. 1 CSB contributions involving pion exchange, according to Dalitz and von Hippel [1],
@ 2 d.p. and 2 parameters due to A — 520 mixing (left two diagrams) and 7" — 5 mixing (right diagram).

CcSB ~CSB
Cs 7Ct

» A n AA \
O S =0,1 have opposite signs K Ko \,
O Spin singlet dominance
A 13 A n /
‘CCSB| > ICCSBl Fig. 2 CSB contributions from K* /K% exchange (left) and from contact terms (right).
s t
A ] NLOL3 [ NLO19 |

COTBMeV2] CFSFMeV 2] | CO9BMeV2]  CF55MeV 2

500 1,691 x 107%  —9.294 x 10~ % 5.590 x 107%  —9.505 x 10~*

. y 103 —_ 5 -4 g 10—3 . -3
Questlon: 550 6.724 x 10 ‘ 8.625 x 10 6.863 x 10 1.260 % 10

600 9.960 x 107%  —9.870 x 107* 9217 x 107%  —1.305 x 1073

Can BEFT explaln these last 650 1.500 x 1072 —1.142 x 107% 1.240 x 1072 —1.395 x 10

2 observations?
Haidenbauer et al., Few-body sys. (2019)
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Charge symmetry breaking - w013 v e
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A N A N A N
Observations: i
O m, K terms negligible m
O CSB is short range physics A N \ N v N
Fig. 1 CSB contributions involving pion exchange, according to Dalitz and von Hippel [,
@ 2 d.p. and 2 parameters due to A — X0 mixing (left two diagrams) and 7 —  mixing (right diagram).
B B
CcSoB,cP® r
» A n Al A \ /,; A
@ S =0,1 have opposite signs I K
O Spin singlet dominance
v p i\ n A/
CSB CSB Fig. 2 CSB contributions from K* /K excl selleft) and.f santactterms.tright).
ICs=2 > 107
4] NLO13 [ NLO19 |
COFBMeV—2] CFSF(MeV 2] | CO9BMeV~2]  CF55 | MeV
500 1,691 x 107%  —9.294 x 10~ 5.590 x 107%  —9.505 x 10~ *
H . 550 6.724 x 1077 —8.625 x 1077 6.863 x 107%  —1.260 x 1073
Question: X107 5 x x x
600 9.960 x 107%  —9.870 x 107 % 9217 x 107%  —1.305 x 1073
Can BEFT explain these last 650 | 1500 x 1072 —1.142x 1073 | 1240 % 10~2  —1.395 x 109

2 observations?
Haidenbauer et al., Few-body sys. (2019)
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The DvH mechanism in BEFT

WY7YIT AN A TN l
‘THE HEBREW UNIVERSITY OF JERUSALEM

Dalitz, von Hippel for BEFT

(AN|CcsB|AN) =

2
V3

A (SIN|Ces|AN) 7.

Nir Barnea (HUJI)

A N
&®
20
Ces
A N
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Dalitz, von Hippel for BEFT

(AN|CoslAN) = ——= A, (EN|Ces|AN) 7=.
V3
A N
Assuming SU(3); symmetry we can relate CEN,EN to the NN
and AN LECs: X
20
CRN,EN = —3(C¥n — CRn)s Cecs
011\N,2N = (011\71\7 - C/l\N)'
Dover, Feshbach, Ann. Phys. (NY) 198, 321 (1990)
A N
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Dalitz, von Hippel for BEFT

(AN|CoslAN) = ——= A, (EN|Ces|AN) 7=.
V3
A N
Assuming SU(3); symmetry we can relate CEN,EN to the NN
and AN LECs: X
20
CRN,EN = —3(C¥n — CRn)s Cecs
011\N,2N = (011\71\7 - C/l\N)'
Dover, Feshbach, Ann. Phys. (NY) 198, 321 (1990)
A N

The resulting CSB LECs are opposite in sign and

IC9B| > o 5P|

Having Agoz)l we have no free parameters.
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Dalitz, von Hippel for BEFT

(AN|CosslAN) = — = AQ) (SN|Ces|AN) 7.
V3
A N
Assuming SU(3); symmetry we can relate CEN,EN to the NN
and AN LECs: X
EO
CRN,EN = —3(C¥n — CRn)s Cecs
011\N,EN = (011\71\7 - C/l\N)'
Dover, Feshbach, Ann. Phys. (NY) 198, 321 (1990)
A N

The resulting CSB LECs are opposite in sign and

IC9B| > o 5P|

Having Agoz)l we have no free parameters.

Now we can go in the other direction and predict A([O:>1 from

the hypernuclear spectrum.

Nir Barnea (HUJI) Baryonic EFT for Light Nuclei and Hypernuclei 37 / 50



Extracting the DvH parameter iy aun }
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0.035
0.04
<
g 0.00 0.025
;' —0.02 ~e- Alexander XEFT(LO) -~
~0.04 %~ NSCO7f -®- XEFT(NLO) LU:O-OZO
0.04 T0.015 —
o 0.02 s
% o] R, | o0 el
T -0.02 0.005 XEFT(LO) DVH mass formula
—0.04 -®- XEFT(NLO) - LQCD
0 2 4 6 8 10 O'DDGU 2 4 6 8 10
Alfm~1] Alfm~1]
Method/Input —Ar—1
SU(3)s [DvH64] 0.0148 + 0.0006
LQCD [LQCD20] 0.0168 £ 0.0054
#EFT(LO)/XEFT(LO) [Polinder06] 0.0139 £ 0.0013

#EFT(LO)/XEFT(NLO) [Haidenbauer13]  0.0168 % 0.0014
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Short Range Correlations - The
Generalized Contact Formalism

Scattered
@ electron
4
v
4

p e Correlated
v recoil proton
o’
Incident
electron 0

Knocked-out
proton
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The short range wave function - Universality whura a2 Ao }
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We start with the 2-body Schrodinger ...

2
OtV V(r)}w — By
m

Vanishing distance, r — 0
o The energy becomes negligible £ < h? /mir?

o The w.f. @) assumes an asymptotic energy independent
form ¢

[_%Qw +V(r)](r) =0 ro(r) = 0lr=o

o ¢ is a universal function (in the weak sense - V' dependent)
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Factorization, Short range observable - The Contact

Tan, Braaten & Platter,...

The 2-body system

Y(r) —— o(r)

The N-body system

\I/(’I'l,’l"z, e ,’I"N) r——>0> QP(T12)A(R12,7‘3, .. .,T‘N)
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Factorization, Short range observable - The Contact

Tan, Braaten & Platter,...

The 2-body system

Y(r) —— o(r)

O12 = §(r12) = ($|O12|9) = Ca(p|O12]¢)

The N-body system

\I/(’I'l,’l"z, e ,’I"N) r——>0> QP(T12)A(R12,7‘3, .. .,T‘N)
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Factorization, Short range observable - The Contact

Tan, Braaten & Platter,...

The 2-body system

Y(r) —— o(r)

O12 = §(r12) = ($|O12|9) = Ca(p|O12]¢)

The N-body system

\I/(’I'l,’l"z, e ,’I"N) r——>0> QP(T12)A(R12,7‘3, .. .,T‘N)

(2] Y 04;10) ~ XE=L(A4] A) (0] Oral )
Cu
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s OI’t a I’Id Long WY MM APTIIIN }\'

Nuclear Physics

4 4
( N\ ( N\
Short wave lengths Long wave lengths
= ‘ J = ‘ J
s 0 s 0
Factorization Effective
and Universality Field Theory
- J - * J
s 7
High momentum Low energy
observables observables
- J
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s OI’t a I’Id Long WY MM APTIIIN }\'

Nuclear Physics

4 4
( N\ ( N\
Short wave lengths Long wave lengths
= ‘ J = ‘ J
s 0 s 0
Factorization Effective
and Universality Field Theory
- * J - * J
@
s 7
High momentum | _ Cn Low energy
observables h observables
- J
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Example A - 1-body momentum distribut whurea mun oo
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The 1-body momentum distribution

(k) — Cop 0|8y (R)? + Crp | @ng (R)I? + 2G50 10750 ()2

np

AE‘ 10°
. . FR: Full VMC Calculation
Comparlng Wlth the 210750 Full Contact Calculati
< R 0 contribution
VMC data: ' G connd

-- Cp’ contribution

-~ C;;' contribution

Surprisingly, the §1‘2—\ /\ ‘ ‘\\\ //\

agreement holds for 3 TS @/]D/\Q = J
1 To.8- 3 !
kp <k <6fm T s &5 2 3 4\7\;

K [f ] K [fm ]
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Example B - 1,2-body Momentum distributions  7vo:mwnmoea }\'

1-body neutron and proton momentum distributions

| k), (k) |

2-body nn, np, pp momentum distributions

| Funk), Fon(k), Fpp(k) |

SRC relations

np(k) —— 2Fp, (k) + Fpn(k)

k—o0

Np (k) —— 2F,, (k) + Fpn(k)

k—oc0
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Numerical verification o T T }

i
o

P
PR
B W

n
n

pn

(2an+F )n
@

(@F ¥F )
-

VMC calculations of light nuclei
R. B. Wiringa, et al., PRC 89, 024305 (2014)

o Series of 1-body, 2-body momentum distributions

o The data is available for 2 < A < 10 and A = 12,16, 40
The calculations were done with the VMC method

o Potential - AV18+UX

©

The momentum relations holds for 4 fm ™ < k < 5 fm !
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Scattered

Example C - Electron scattering @ on
<
. i = Correlated
Experiments at 1.4 < 25 <2 “@5\ eclprin
- b4
A. Schmidt et al. (CLAS Collaboration), Nature (2020) Lr;ggve;:
Enmiss Distribution, 12C(e, e'p) Knocked-out
800 —— N3LOpon - focal proton
— 20Oy
600 — AV18
i Data

0.3 < Piss < 0.45 MeV/c

Pmiss Distribution, 12C(e, e’pp)

200
—— N3LOnon —socar
o > — N2L0jcar
400 0145 < ppiss < 0.6 MaV/C — Avig
300 = 20 I Dpata
5 200
H
8
100 30
g
S
3
5]
0.6 <Piss < 1.0 MeV/c 20
H 10
H
8
0

03 0.4 0.5 0.6 0.7 0.8 0.9 1.0
Pmiss [GeV/c]

-01 0.0 0.1 0.2 03 0.4
Emiss [GeV]

Contacts taken from ab-initio calculations

oo taken from previous experiments.
E’_, is modified in the range (0,30)MeV.

Nir Barnea (HUJI) Baryonic EFT for Light Nuclei and Hypernuclei 48 / 50



summary
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Thank you !
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