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Introduction LO EFT NLO EFT Summary

Hypernuclei & EFT Fit & resonance saturation Diagrams & potentials LO & NLO
A Hyperon Hypernucleus
Made of u, d and s quarks Nucleus made of A and nucleons
Spin=1/2, s=-1, Q=0, I1=0 n(rtt, KHA, n(ro,K)A, p(e,e’ KHA, p(y,KHA
Mass=1115.683+0.006 MeV (BNL, CERN, KEK, Jlab, DAPHNE, FAIR...)
Life time 1=(2.631£0.020)-10"% New decay modes: AN>NN, ANN->NNN
Free decays: A>nn® and A2 prt (36:64)
(Al=1/2 rule) R B i

20 —

No stable beams

T /PArree

o
—

Hypernuclear

2-body interaction «—> decay observables

W.M. Alberico and G. Garbarino, Phys. Rept. 369 (2002)
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Introduction LO EFT NLO EFT

Hypernuclei & EFT Fit & resonance saturation Diagrams & potentials

3 Hypernuclear Observables

* Total nonmesonic decay rate [(AN—=>NN)
* nn/np <=2 (A n—=>nn)/T(Ap=>np)
* Asymmetry = [N* (p)-N(p)]/[N* (p)+N-(p)]

Experimental values (KEK):

Z
t " ip) *aHe “\B

r 0.50+0.07 0.95+0.14
0.861+0.096
rn/rp 0.450+0.114 [0.6-2.2]
A 0.24+0.22,

0.11£0.09,
‘ N- (p) 0.07+0.08

Summary
LO & NLO

12
AC

0.828+0.087,
0.89+0.18, 0.83+0.11

0.51+0.14

-0.16+0.28+0.18

Future/ongoing decay experiments: J-Parc (HYP2012)
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Introduction LO EFT NLO EFT Summary

Hypernuclei & EFT Fit & resonance saturation Diagrams & potentials LO & NLO

AN—>NN: One Meson Exchange model

A N A N
: || COUPLINGS & FORM FACTORS
| . AW EXPERIMENTALLY
! :_i(l_{(—f/“‘ NOT KNOWN:
SU(3) & SU(6) NEEDED
N N N N
L ) | J
Y I
long-range short-range

e SU(3)/SU(6) symmetries 2> Symmetry breaking effects

ra~1fm

e Short range: heavy mesons 2 range,~ 0.25 fm (we don’t really know what

1
happens at such short range)
: ry™1fm
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Introduction LO EFT NLO EFT Summary

Hypernuclei & EFT Fit & resonance saturation Diagrams & potentials LO & NLO

Building the EFT for the AN->NN decay

* Separation of scales = soft (pions) and hard (rho meson/baryons)

—_—

* Relevant degrees of freedom
21, K, N, A, 2 (g=300-400 MeV) Expansion g/M

== (Weinberg power counting

* Symmetries (and symmetry breakings) *+ Heavy Baryon expansion)

— Chiral, discrete (PV) |

Recent baryon-baryon EFT’s

Weak YN: Jung-Hwan Jun (2001); A. Parrefio, C. Bennhold, and B.R. Holstein (2004-05);

Parreio, A., Bennhold, C, Holstein, B.R., NPA (2004).

Weak NN: Zhu, S.-lin, Maekawa, C. M., Holstein, B. R., & Kolck, U. V., NPA (2005).

Strong YN: Haidenbauer, J., NPA (2010). Haidenbauer, J., Meifner, Ulf-G., Polinder, H., NPA 779 (2006)

Strong NN: Machleidt, R., & Entem, D. R., PR (2011); Epelbaum, E., Hammer, H., Meiner UIf-G., RMP
(2009).
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LO EFT

Fit & resonance saturation

LO EFT: Feynman diagrams & potential

L@vS=1 = _iGFmaerN (AA +BA7/5 );aﬂ%( (1) )

Weak phenomenological Strong chiral

Lagrangian Lagrangian
A ‘ N A N A
|
| !
: T : K
|
N N N . N N
V(é)=—G mZgBi A _ é# (_)’-é’ 6’26 VLO_Co_l_Cl
“ e 2M .\ " 2M,, : ~qo+q’ +mi 4P 0 0

with u=m, K; A_=AT,%,, B, =BT, T,,

n CPV CPV_> _ R CPC CPC
A =—K 4DV 4K 7.7, B =—K 4D+ =K
K 2 K 1 2 K 2 K

T,°7T,



Introduction LO EFT NLO EFT Summary
Hypernuclei & EFT Fit & resonance saturation Diagrams & potentials LO & NLO

LO EFT: fitting LO LECs C,° & C,*

2 models to obtain strong couplings & final NN wave

- - . - functions (Nijmegen Soft-Core 97f and Jilich B
V(@) =V, @+ V(@) +V3n(@) (Nimee |

V4P(é) = C(? + Cé(_):l '52

2

3 3 7
Hypernuclear  _ d'k, rdky 1 o S(M - —E —E
decay rate: g f(Zn)3f(2n)3 2J +1 E (27) ( BRI 2)‘ fi

M, {R}{1}{2}
Amplitude: M, = f Er¥ (Ve (r) « J
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Introduction LO EFT NLO EFT Summary
Hypernuclei & EFT Fit & resonance saturation Diagrams & potentials LO & NLO

LO EFT: fitting LO LECs C,° & C,*

2 models to obtain strong couplings & final NN wave

- - . - functions (Nijmegen Soft-Core 97f and Jilich B
V(@) =V, @+ V(@) +V3n(@) (Nimee |

Vip(q) = C(? + Céﬁl 'O,

2

3 3
Hypernuclear  _ d'k, rdky 1 o S(M - —E —E
decay rate: g f(2n)3f(2n)3 2J +1 E (27) ( R 2)‘ f

M, {R}{1}{2} )

Amplitude: M, = [d’r% NV, (r) =
Shell model,
Residual nucleus <}=J ﬂ g weaek Cn;f:pﬁng

+NN (t-matrix) Scheme for A,
2-body potential Uncouple N (F.P.C.),
Harmonic Oscillator w.f.
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LO EFT

Fit & resonance saturation

LO EFT: fitting LO LECs C,° & C,*

Vig)=V,(q)+V(q)+V,,(q)
V. =C)+C,0, 0,

Figure 1: Hypernuclear decay
observables (total and partial decay
rates and asymmetry for >,He, 11,B and
12 C), including their error bars and their
fitted values. The total decay rates are
in units of the A decay rate in free space
(M, =3.8 x 10%s%). All the quantities are
adimensional.

Axel Pérez-Obiol
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LO EFT

Fit & resonance saturation

LO EFT: resonance saturation

EFT:V_+V, +HCy+ Cy,0,°0, OME: V, +V +V +V +V + V.

A ‘ N A N A N A . ] / .
T : ‘I \r//
' 'K >‘< : T : K L, pyw, Kk
| | | //i\
1 o , . — @ ; ,
N N N N N N N A N N N N
Expand in q:
v
C° = gXNK* B Ci?*c’v + DV | 4 81‘\/11\70)0‘0) _ 28w, | > 5
0~ m2 2 K m2 }n2 M - 1 A2
K @ p Vmesons (Q) x ) 2 7 =2
q +m \ A +q
14 PCY 1%
Cl _ | gANK*CK* _ gNNpap ]mZ 1 g: Strong v
0o~ 2 2 1
2my. m . OME OME
K+ p C, D, a: weak COO + COI 0.1,0.2

Resonance saturation in NN: Epelbaum, E., Meil3ner, U-G., Glockle, W., & Elster, C., PRC (2002)



LO EFT

Fit & resonance saturation

LO EFT: resonance saturation

| . N | I N A>.<N A\ ’ : : : - \\r”/l/
i T : K { s : K : n, p,w, Kx*
N | N N . N N N N | N N ‘ N /,\/IIJ\\

0 | S (_ i’ Dpc,v) By _ 28w ]mz o | 8w G 8w, |
0 mlz(* 5 K* mi mf) 7 =0 2m12<* mlz) ™
Nijmegen Soft-Core 97f Jiilich B
OME expansion |LO PC calculation|OME expansion|LO PC calculation
Cy 1.07 £ 0.88 4.01 £0.23 —1.7+£2.6 4.03 £0.50
C} 0.02 £0.36 0.02 £0.33 0.12 +£0.37 —0.30 £ 0.28
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Introduction LO EFT NLO EFT Summary
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LO EFT: 0 meson

Vo (é)(PS) = _GFmJZTgNNG

A, +—¢ @q)L m,=550MeV, g\, =88

*R. Machleidt, Adv. Nucl. Phys. 19, 189 (1989)

m
2 2 2 T
m m m

1) 0 o

PC,V V 4
— E ANK* (_ CK* +DPC,V)+ Envo@w _ 2gNNPaP _ AagNNa 2
K*

Co’=4.03 = 0.5 mm
0
CO (u)(Au)

Figure 2: We plot (for the Jilich model)
the dependence of the coefficient on the
weak A, coupling, represented by the
shaded blue area, and compare it to the
fitted EFT value (solid orange area).

20
A

(8

Other works with sigma meson in hypernuclear decay: K. Sasaki, M. Izaki, M. Oka, PRC71, 035502 (2005)
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NLO EFT

Diagrams & potentials

NLO (g/M)! and NNLO (q/M)? Feynman diagrams

Higher orders in the derivative expansion

A N A N N A N
/.\ . / AN
/ \ f \
| ) | |
\ / \ /
AN /7 N\ /
N N N N N N
A N A N N A N N A 2 N
O —@— Q- \ o
/ 0\ /N \ / \ /
/ \ / \ \ / \ /
/ \ / \ \ / \ /
/ \ / \ \ 7 v/
L \ yi AY \ A4
N N N N N N N N N N
A N N A = N A N N A P N
O . . O O — ——O0
| | I | < <
| | | | X X
| | | | , / AN N , / AN N
| | | |
N N N N N N N N N N N N
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NLO EFT

Diagrams & potentials

NLO (q/M)* and NNLO (q/M)?2

* Short range: q/M expansion up to (g/M)?

Order Parity Structures
0 PC 1 G0
Possible structures given 1 PV 91 %4, 01>, 024,

two momenta: Gy P, (01 X G2) - q, (F1 X 02) - P,

qQ’ 132’ (5:1 A 5’2)q_2a (51 2 52)252a (51 g @(52 . (Da

2 FC @ F)@2 D), (G1+52) - (Tx D)

S 01q o2q . . 01 X 02) q
V@) = 0 2L 4 oy P20 400 (X020

Contact interaction L oMy IM N IM N
vl momenta: pog DIRT oy T oy T
| * 4AM? > 4AM? > 4M3,
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NLO EFT

Diagrams & potentials

NLO (q/M)! and NNLO (q/M)? master integrals

1 dU 1 (13145 0,0)
B = ~ 4712 _ )2 4 4 2 _m244
i) (2m)*12 —m?+ie (I+q)* —m? +ie
1 [ d4 1 1 (1313 Llys L L)

MHVIP = G ) @r) 2 —m2 4 ie 1+ q)2 —m2+ie —lo— g) + e

1 / dil 1 1 1 (1515 Luls Ll )
(

N AP =
spvivp = 2m)4 12 —m2 +ie (I + )2 —m2 +ie —lp — gy +ie —lo—ro+ie

RUX. . 1 1 (1; Lu; Lubus L 1)
R4 ) (2m)* 12 —m? +de (I+ q)? —m? +de —lo— gy +ie  lo+1o+ie
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Introduction LO EFT NLO EFT Summary
Hypernuclei & EFT Fit & resonance saturation Diagrams & potentials LO & NLO

NLO (q/M)! and NNLO (q/M)? master integrals

1. CalculateB, |, J, K
2. Relate B, with B, etc

1 a4 1 (131

B..,=—-
=4 ] 2r)4 12 —m2 +ie (1 +7¢

1 [ d4 1 1 zu; Ll L)

e = ) @mA —m2+ie (I+q)2 —m2+ie  —lo— g + e

1 f dil 1 1 1 p; Ly L)
( e

N AP =
WHVRYE = | (2m)2 12 —m2 +ie (I 4+ q)2 —m2 +ie —lg — g +ie —lo — 7o + ie

_1 [ d4 1 1 1 u; Ly L))
wipviie =4 | (2m)4 12 —m2 +ie (I+q)%2 —m? +ie —lo — gy +ie  lo +ro +ie

Axel Pérez-Obiol Universitat de Barcelona 17



Introduction LO EFT NLO EFT Summary
Hypernuclei & EFT Fit & resonance saturation Diagrams & potentials LO & NLO

NLO (g/M)! and NNLO (q/M)? master integrals

1. CalculateB, |, J, K
2. Relate B, with B, etc

B, =1 fdl 1 pi uly)
iy = (2m)4 12 —m? +ie (I +q)* — m? + ie
I 1 d*l 1 .lp, lp,/m\p.l lp)
spvipvp = 2m)A 2 —m2 +ie (1 {‘) —m2 + ie —lo

; 1 [ d4 1 1 1 p; Lilys Ll L)

pipvipp = 3 (27)4 12 — m2 +de (I +q)2 — m2 +ie —lp — g) +ie —lp — 7o + i€
_1 [ ¥ 1 1 1 u; Ly L)

iV = (2m)4 12 —m? +ide (I+q)2 —m? +ie —lop— g\ +ic lo+ 1o+ ie
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NLO EFT

Diagrams & potentials

NLO (q/M)* and NNLO (q/M)? potentials

e Potential

Vo =Ca1 1+ T Computed
Zf’fc”la ) ( > numerically AN y
e =Cc1T1* T2 Q@

Vi =leas +car 1 - G4{casd 7) {Lcasts - @x D) (71 - 72) n

Ve =(Ce1 + Ce201 + §)(T1 " T2) . N .

Vs =[Cf1 + Cfoby - 0o+ Cf301 - T+ cpa(F1 X F2) - F ) (a)
+egs( - @) (@2 - @) + cpe(Fr - D) (@2 - D) A N oAg N P P
teprdy - (FX @) +epsda - (FX D) (€ + i T2) W

Vo = [Cgl + €420 + 02 + ¢g3(F1 - §)(0%2 - Q)] (cor + Cha 71+ T2) vy v v ~ v v N
+[eqads T+ a1 X 32) - @] (el + o s - 72) (b) (c) (d) (e)

Vh=[ch1 + Chal * 02 + Chadh - G+ cpa(F1 X 02) - G L’ al ll L : - ’—N L.\\Ai, \Z,.—N
+cn5(01 - @)(F2 - §) + cns(F1 - §)(F2 - P) E E 5 E N
Fenrd - (FX @) + chads - (5 X q')] (Chy + Cho 71 - T) N N N ¥ ¥ ¥ N X NN

(f) () (h)

Vi =[Cu + €201 G2 + ¢i3(0"1 - §) (2 - Q')] (ci1 + Cip 71+ 72)

+[Ci451 + @+ cis(01 X 02) 'fﬂ(ci'l + Cio 71 - T2)

Axel Pérez-Obiol Universitat de Barcelona
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NLO EFT

Diagrams & potentials

NLO (gq/M)! and NNLO (g/M)? potentials for 3S,>3S,

1.0 i ‘. -“ .
ron \ .
A \ \ pion . .
05\ ‘\ kaon
— r \‘ ‘\ \‘ - - - (a) ball \4.7\
Q N N N
= PRI
> (b) up triangle AN
(c) up triangle 2 .
(d) down triangle (Real) I
(d) down triangle (Imaginary) NS
f (e) down triangle 2 - / N
—1O Vs g
1 2 3 4 5 — @
r (fm) :

~ > d3q iq-TY (2 1 > : =
Vir) = e' "V (q°) = dgsin (qr) ¢V (¢*)
0

2m2r
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Current & future work: Hypertriton (LO) decay
with Andreas Nogga (IKP, Jiilich)

Initial wave function calculated with 2N & 3N EFT strong potentials

Final state interactions with EFT potentials: 3N break up & deuteron+N

Axel Pérez-Obiol Universitat de Barcelona
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Summary
& Conclusions

Thanks!

Axel Pérez-Obiol

We have developed an EFT for the two-body AN->NN transition
driving the decay of hypernuclei.

The numerical values for the LO EFT LECs have been obtained by
fitting the available experimental data for hypernuclear decay
observables.

We have compared the LO EFT to the OME and have written the LO
LECs in terms of meson couplings and masses.

The experimental database of hypernuclear decay observables can be
described with good accuracy within a LO EFT supplemented by the
pion and kaon meson exchanges.

The 2t exchange mechanism has been incorporated sistematically in
the EFT.

In progress: Reduce the model dependencies coming from the strong
BB interaction by using EFT in the strong sector.

Expected PhD defense in a few months

Universitat de Barcelona 22



NLO (g/M)! and NNLO (q/M)?

e Strong chiral Lagrangian RN
L, = i-Tr(Ey“ [VM,B])—D-T;’(E)/“)/S [A‘u,B])—F-Tr(Ey“yS {A‘u,B}) R
Ty
« Weak phenomenological Lagrangian
_ ' ' i b N = Reproduces Decay
Ly =-iG.m’y, (A_+Bys)o ¢, : = No chiral symmetry
| = Mixes g/M orders
 Weak chiral Lagrangian = Can’t reproduce decay
= Chiral symmetry
57 =D -Tr(l_z{gu E B})+F -Tr(l_a[gm E B]) A N
w w 6> w 659 9 T



Sub-leading and leading (q/M)° orders

e Strong chiral Lagrangian N N

L= i-Tr(Ey” [VM,B]) - D-Tr(z_sy“y5 [AM,B]) - F-Tr(Ey“yS {AM,B})

I
Ky

* Weak phenomenological Lagrangian

Reproduces Decay

A N
L?VLH - _iGszerN(AA +BA7’5)%'5;11/)A( 0 ) T No chiral symmetry
1 Mixes q/M orders (B,=7,A,=1)

I
1
1T

N N

AS=1 . 2
Ly, =-iG.m;

(CII;V + CIIEC)@)'(aK )T Yy + ENZIJN (DI}()V + DII;C%).(%K )T ( (1) )

— (0
(.

—

« Contact Interactions C, +C,0, 0,



Decay amplitude:

weak strong weak

I

M ~ (¢sn|(1+ P)V*|¢s ) + (dan|(1 + P)(Viz + V1(§§)E e gL PV dsm)

1 J |\ Ji
Y |

plane wave rescattering

!

E+ie—H(

Solve: |U) = (1+ P)(Viz2+ VS@) 1+ P)Vw‘¢§\H>



Solving the rescattering part

U) = (1+ P)(Viz + Vi3)) L+ P)V*|¢s )

E+i6—H(
é using: G = GO —+ G()VG

3 1 w 3
U) = (V12+V1(2§) H0(1+P)V |¢?\H>+(V12+Vl(2g)

E + i€ — (1+P)|U>

E +ie — Hy



Solving the rescattering part

U) = (1+ P)(Vig + V,2) 1+ P)V"|¢g )

E+i6—H(
V wine =yt aove

U) = (Viz + Vi33) 7 U+ PV [6) + (Vaz + Vi) (14 P)|U)

1
E + ie — E +ie — Hy

é solve 2-body force: (1 + t12Go)(1 — V12Gp) =1

U) =t12Go(1 + P)V¥|¢s ) + (1 + t12Go)VisaGo(1 + P)V*| g pr)
+t12GoP|U) + (1 + t12G0)V1(§§G0(1 +P)|U)

k; iterate U



AN—->NN: One Meson Exchange model

A N A N
| |
: + : n? p) w?
7 L K, K
| |
N N N N
| ) |\
i i
long-range short-range

Theoretical predictions OME

M/ T ———HH+—H+—+—F—+——+—

0 050 1 1.5
KEK, E462, E508 : »@% #+—@+— KEK, F462, E508

c : Do : 1
AHe AC

Axel Pérez-Obiol Universitat de Barcelona

28



AT = aa)®|A-1)

= Y (JamaJeMc | JiMp) | (nalysa)jama) | JoMe TiTs,)

ma Mo

\IIZSCTCa(l....N) = Z (J(;'Tca“ JROTRo(Xo,jN>

JryTRy@0JN

[\I’gSROTRoao(l,,..N — 1) R WN(N)]JCTC

i

Amplitude: M, = f &rY (V¥ (r)
i Shell model,
Residual nucleus <}=) % weak coupling
+NN (t-matrix) Scheme for A,
2-body potential Uncouple N (F.P.C.), \m
Harmonic Oscillator w.f.
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