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Outline

e Effective Field Theory
e 3H and 3He in TEFT up to NLO
o A3 electromagnetic interaction in TWEFT.

o AZ3 electroweak Interaction in TEFT.

* Summary and outlook



Building XEFT Lagrangian
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Dibaryon Propagator

e The dibaryon propagator is defined as the sum of a Dyson series:

e In LO:
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Dibaryon Propagator

* Up to NLO:
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* The deuteron propagator is a result of the expansion of the full

propagator near the deuteron pole,

* The singlet propagator is a result of the expansion of the full
propagator near the (q = 0) ,



’H in XEFT
* 3H can be written as a result of n-d scattering:
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* The red bubble represents the deuteron channel, while the

green bubble represents the triplet channel.

* These equations are coupled integral equations and can be
solved for Ez(3H ) = 8.48 MeV.

PF. Bedaque , H.-W. Hammer and U. van Kolck 1999



Finding the 3-Body Force H(A)

. Solving the homogeneous parts of the Faddeev
equation for *H without three body force (H(A))
enables to find H(A) for E;y = 8.48 MeV

20 ,
* Numerical
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P.F. Bedaque , H.-W. Hammer and U. van Kolck 1999



Power counting

e The power counting rules for two nucleons system are :
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e In the dibaryon form:

2 A QA 1 1
Y 2 uy O 7 uy Qtsc ~ p LO Prsc ~ 3y NLO

In LO 3He has additional columbic diagrams and propagator.

D.B. Kaplan et al, 1996.



3He in REFT

* For the bound state the typical momentum Q > /MyE;y,
~ 85MeV], one photon exchange - % < 1.

The Columbic correction :

5 TN T

(a) (b) (¢c)
(d) (e) (f)
° diagrams a-d: ~ O(X) %, diagram e~ O(a)% which is NNLO,
diagram f: O(X)— aMN ~ IZ—Z

CZMN

<1

In the non-bound states (pp fusion etc.) Q =

G = CD
M. C. Birse and S.-1. Ando. 2010. X. Kong and F. Ravndal. 1999,2001. Ando et al.2008 Konig and H.-W.
Hammer, 2011



3He in REFT

* In contrast to 3H, in 3He there is a Columbic interaction.
* The dibaryon pp propagator is Dyson series sum over pp

Interactions:

X+ XK+ SO -
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i is the logarithmic derivative of T function.,
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M. C. Birse and S.-I. Ando. 2010. X. Kong and F. Ravndal. 1999,2001. Ando et al.2008 K6nig and H.-W.
Hammer, 2011



‘He in XEFT

The NLO correction to coulomb propagator:
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M. C. Birse and S.-I. Ando. 2010. X. Kong and F. Ravndal. 1999,2001. Ando et al.2008 S. Kénig and H.-
W. Hammer, 2011



‘He in REFT

* “He can be written as a result of p-d scattering (in LO):
T W W T
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M. C. Birse and S.-I. Ando. 2010. S Kénig and H.-W. Hammer, 2011.



JHe Energy Shift matrix element

 Using the calculated wavefunctions of 3H we can obtain

the Coulomb-induced energy shift: £y, = Esy + AE.
E = (37| V|3t

I'3H-normalized solutions to homogenous SH Faddeev equations

in bound state - E = E3y
I/ contains:

°* & order corrections origins from one- photon exchange

°* & order corrections origins columbic propagator:
S. Konig et al 2015.




JHe Energy Shift matrix element

6.4

pert. (unit. leading order) m

nonpert. calc.

ot oo Nl J BAX
pert. (incomplete)

S. Konig et al 2015

1000 A (MeV) 10000



SH and *He in NLO

e In NLO for the humongous part of the SH Faddeev equations:
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J. Vanasse et al 2014.



SH and *He in NLO

e In NLO for the humongous part of the SH Faddeev equations

contains additional columbic corrections:
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Electromagnetic Interaction in TEFT

e For A < 4 there are four electromagnetic interaction with two
body LEC L; and L,.

A=2:
Opp:n+p - d+y — radiative capture cross section.
* The deuteron magnetic moment - (u).
Well measured and calculated.
A=3
3H and 3He magnetic moment - {usy), {(Loye)
Well measured and never calculated using mEFT.

« Examine the consistency of mMEFT between from A =2t0A =3

and vice-versa.

* Determining the effect of the position and residue of the

deuteron pole (Z — Parametrisation)



Magnetic Interaction in EFT

e The one body Lagrangian of the magnetic is given by:
L} = —_NT (kg + k,73)0 - BN

magnetic — p7.

* The two body Lagrangian of the magnetic is given by:
2 = e[ Ly(N"PAN)T(NTPIN )B; — L, (N"P) (NTP/N) By + h.c]

magnetic

* The nucleon magnetic moments are given by:

Ko Z%(Kp +Kn), K1 Z%(Kp—lcn)

Kaplan, Savage, Wise 1998; Ando and Hyun 2004



Magntic Interaction in EFT

® In the dibaryon frame of work with EXACT Hubbard-Stratonovich
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A=3 magnetic Interaction 1n EFT

e The magnetic moments of 3H and 3He-
1 1 {1
<_2' IZ'?’ mf”Lmagntic” > Iz’fmi>

J2T+1

: : . . 1 1
I, is 3-nucleons isospin projection (5 for 3H, — for 3He) :
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H. D and D. Gazit. In preparation



3-nucleons normalization

e Z3is the three-nucleon normalization:
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Electromagnetic Interaction in EFT
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H. D and D. Gazit. In preparation SH



Electromagnetic Interaction in EFT

e For A < 3 there are measured two electromagnetic processes:

np radiatve capture:n+p > d +vy

e e
><%=><§>e

One body | Two body
a (vé +p?)° V2
np sz
N
(Kp ’Cn)as < 1 > 1Z;
Ve d MN V,ag 4 (pt ps)

Ando and Hyun 2004



Electromagnetic Interaction in EFT

e For A < 3 there are measured two electromagnetic processes:

(Ua)

Ando and Hyun 2004



Deuteron normalization
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X. Kong and F. Ravndal. 1999,2001, H. W. GrieBhamme 2004



Electromagnetic Interaction 1n
EFT
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Electromagnetic Interaction 1n

EFT
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Electromagnetic Interaction 1n
EFT
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Electromagnetic Interaction 1n

EFT
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Electromagnetic Interaction 1n

EFT

e ForA =3
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e Full NLO was calculated using A4 = 2 calibrated LEC:

H. D and D. Gazit. In preparation
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Electromagnetic Interaction 1n

EFT
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Electromagnetic Interaction 1n

EFT
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Electromagnetic Interaction 1n
EFT
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Electromagnetic Interaction 1n
EFT
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Electromagnetic Interaction in
EFT
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The full NLO was calculated using A = 3 calibrated LEC

(simultaneously):

Ly (=), (pspe))
L (=), (pspe))

H. D and D. Gazit. In preparation




Electromagnetic Interaction in EFT

(U3h) (H3he) Onp (uq)

Full NLO 2.980 £ 0.002 | -2.127 £+ 0.001 338.8+ 0.1 0.8592 + 0.001

F“HZNLO 2934001 |-2.150+0003 | 347.8+0.1 | 0.8547+0.001
t
Exp data 2.9789 —2.12762 3342+ 0.5 0.8574
A 0.04% 0.03% 1% 0.2%
AZ, 2% 1% 4% 0.3%

* In the case of expansions around @ = 0 the results show good

consistency between A=2 and A=3.

e In the case of expansions around deuteron pole the results show

good consistency between A=2 and A=3 only in the bound state.

H. D and D. Gazit. In preparation



pp Fusion

. p+p—=7H+e +y, +e+p—=TH+y,
The energy generated in the | ppi
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pp Fusion

p+e+p—=7H+y,

* The energy generated in the

0.24%

Sun comes from an exothermic ;H.F]Jwe.y
16.70%

set of reactions, pp chain: e | o
4-p - 4‘He + Ze'l' + ZVe ‘He+°He —He+2p ’”e—*”el"ﬁeﬂ He +p—'He +e' +V,
* The leading reaction (~99%) is T 1
pp fusionip+p—->d+et +v, | |

Li+p-—>2*He 8 —Be* +e* +v,

99.88% 0.12%

ppl ppll pplll

* This reaction is governed by the weak interaction which
makes it the slowest reaction in the whole chain (7 ~ 10°
years) and therefore it determines the Sun’s lifetime.

* The typical energy transfer is ~10 keV (depending in the
Sun’s temperature).

* Measurement of its cross section is impossible, so it must be

calculated from the fundamental theory of physics.



pp Fusion in EFT

e L. E Marcucci et al. have calculated S(E) and the next

derivatives using yEFT.
The disadvantages of yEFT:
* Cannot change the cutoff continuously.
* The nuclear Hamiltonian contains more parameters than 7EFT.

* The typical energies of the fusion: B; = 2.25MeV, Eqransfer
~ 10keV, suitable for wEFT.

* Power counting issue.

°* Many parameters to fit.

L.E. Marcucci et al 2013



Weak Interaction in EFT

* The Lagrangian of the week interaction for low energies (E « W, Z2)
is given by: Lyeak = —%lﬁjlj + h.c
o 1} is the leptonic current and j; is the hadronic current.
® Jy contains two parts : polar-vector and axial vector.
Ju=Vu— 4y
Nty TN
2

The axial -vector part: 4, = %ANTTJFN + LlA(NPtiN)T(NPSAN)

* The polar-vector part: V, =

ga:axial coupling constant, known from neutron £ decay.

* Ly4:two body analog to g,, unknown, NLO.

X. Kong and F. Ravndal. 1999,2001.



Weak Interaction in EFT

® In the dibaryon frame of work with EXACT Hubbard-Stratonovich
transformation: L, , l(NPtiN )T(NPSAN) + h. c] -

) - Pt 1 g
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H. D, L. Platter and D. Gazit. In preparation



L,, Calibration

Chen et al have calibrated L 4 using Muon capture:
u-+d-ov,+n+n

The cross section in known from the MuSun experiment, but

the energy transfer might be to high for tEFT.
The accuracy is 1% only.

The cutoff dependence require the introduction of additional

coupling constants.

J.-W. Chen et al , 2005



L,, Calibration

 3H f decay into *He:
3H — Ve + e + 3He
The cross section is well know and the energy transfer is suitable

for tEFT.
The challenges:

«  Weak interaction process that includes three nucleons was

never described using 7 EFT.

* Lq4 is at NLO, which require a full derivation of the 3-
noucliun scatting amplitude up to NLO, in order to keep

consistency.

*  The description of 3-noucloen system with coulomb

interaction is not well define.

H. D, L. Platter and D. Gazit. In preparation



'H f-decay into *He

¢ The half life time of °H 8 decay is given by:

K/Gy
foAF)?* + fagi(GT)?
Where: GH||oT™ ||3He) GH||T~||3He)
N =""rrx1 + =" 1
(GT)
d*q 2
= ,/Z3HZ3H8 '[2_71'3FA(q’E3)DA(E3, Q)yt
MZ
y N

21t [\/3 q%Z = &My Eayy ++/3 q% — 4My (Ean + lo)|

I4(q, E3y + lg)Dg(E3yg + 1y, q) =<)=
« (mf|0k|mi) - B
(7m0 1, K| 1/2,m) H );V 3 He

e

H. D, L. Platter and D. Gazit. In preparation



'H f-decay into *He

o The half life time of 3H 8 decay is given by:

K/Gy
friF)? + fagi(GT)?
Where: GH||aT™[|*He) GH||z™[|*He)

N =""rr+1 - O=T

* The LHS of each diagram is SH. v |

e The RHS is 3He. oo

= e = - —
—/ \

* The blue line represents proton, /% €0 &,

. ) g ;
while the red line represents ¢
neutron. il Q{W R

—o——¢ —— 3 Nm__x/

BUL BY I Bl

Bi Y BR7 Y Bi
One body

H. D, L. Platter and D. Gazit. In preparation
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Fermi transition

* Red —Former calculation R
of the Fermi reduced .
matrix elements for total

isospin, (F) = 0.993 09

0.85

0.8

2 5 103 2 5 104 2 5 105 2 5 106 2 5 107
A[MeV]

T.-Y. Saito, et al 1990. H. D, L. Platter and D. Gazit. In preparation



Fermi transition

e Red —Former calculation
of the Fermi reduced
matrix elements for total
isospin, (F) = 0.993

* Blue — calculated 7~
transition (contains only

the one body diagrams).
(F) = 0.9985 + 0.0005

R - - »
& &

@) ={€/ I e _ﬁ{ m :Zg;

0.

85

0.8

NLo

- -SNPA
—NLO

2

&

51032 51042 51052

A[MeV]

79 €
ny

{ I m3

One body NLO

T.-Y. Saito, et al 1990. H. D, L. Platter and D. Gazit. In preparation
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Gamow -Teller transition

o — empirical results:
K/GV—(F)ZfV(FTﬂz)t
ng,%l(FTl/Z)t

(GT)* =

(1)

1.65]

T.-Y. Saito, et al 1990. H. D, L. Platter and D. Gazit. In preparation



Gamow -Teller transition

o — empirical results:
K/Gy—(FY?fv(FTy1/3) y
GT 2 — t \
(GT) Fadi(FTaya),
e Black — one body LO .

............................................

AlMeV]
Ve 7 “1 LO
N I mN ¥ B

T.-Y. Saito, et al 1990. H. D, L. Platter and D. Gazit. In preparation



T" transition

o — empirical results: -
(GTy2 = KISV (ETay2),
ng,%l(FTl/Z)t

e Black — one body LO
e Red —one body NLO

5 103 2 5 1 04 2 5 1 05 2 5 1 DE 2 5 " 07
AlMeV]

H{/ —%/ NLo \//

;

NE

&
.%: %w m(;%_ gﬁm

NLO Q

200
380

One body NLO
T.-Y. Saito, et al 1990. H. D, L. Platter and D. Gazit. In preparation



Gamow -Teller transition

o — empirical results: R
K/GV—(F)ZfV(FTﬂz)t
ng,%l(FTl/Z)t

e Black — one body LO
e Red —one body NLO

1.5

(GT)* =

o — tull NLO with L,,  ——
= 0u =y AT RY LRy
e mom i
Two body NLO

D 9D €90 099 €3 €%

One body NLO
T.-Y. Saito, et al 1990. H. D, L. Platter and D. Gazit. In preparation



Gamow -Teller transition

o — empirical results: .\ R
K/Gy—(FYfy(FT1/5), T '
ng,%l(FTl/Z)t

e Black — one body LO
e Red —one body NLO

(GT)* =

o — full NLO Wlth LlA T L T ST R R
~ O BT Rv Y Rt
e Green - full NLO with O @Ok o
Lia=0,u=A Two body NLO
o e e e o2 o

One body NLO
T.-Y. Saito, et al 1990. H. D, L. Platter and D. Gazit. In preparation



Gamow -Teller transition

. . . 1 1 Empirical results

— empirical resu ts: . = Guebodr LO

\ Full NLO, Lyy = 0,1 =

1.8 ‘\ —‘F%IINLO,LH =0,pu=1
;

K/GV—(F)ZfV(FT1/2)t L
ng,%l(FTl/Z)t | R

e Black — one body LO
e Red —one body NLO

(GT)* =

° —tull NLO with L4 - F - |
=0,u=myg, e
e Green - full NLO with
Lig=0,u=A Two body NLO
o -3 O e Cm O A s b

One body NLO
T.-Y. Saito, et al 1990. H. D, L. Platter and D. Gazit. In preparation



Gamow -Teller transition

. . . 1 1 Empirical results

— empirical resu ts: . = Guebodr LO

\ Full NLO, Lyy = 0,1 =

1.8 ‘\ —‘F%IINLO,LH =0,pu=1
;

K/GV—(F)ZfV(FT1/2)t L
ng,%l(FTl/Z)t | R

e Black — one body LO
e Red —one body NLO

(GT)* =

= 0, U= mg 10 ’ MM:V] m : :
¢ Green - full NLO with
Lig=0,u=A Two body NLO
" rommany TNEAENCACHCI O
RO EAD 0 6 €0 € O

One body NLO
T.-Y. Saito, et al 1990. H. D, L. Platter and D. Gazit. In preparation



L1 calibration

2
1.9 —4Zh
. —M = m’]‘l’
1 1
1.8 (‘“_a_t)<'“ _a_)
—~ MyLy, s/ =111+ 0.01 + 0.04 + 0.02
H:a 1.7 419,
2 1.6
:T; 15 Uncertainty due to experimental u

Fine tuning E3y;¢ = E3yye + 200 keV = 7.92 MeV (old counting)

| Safe uncertainty estimate g, = 1.2695 — 1.275

2 5 103 2 5 104 2 5 105 2 5 106 2 5 107
A [MeV]



pp fusion in TEFT
\ P (a) | ]>‘(§(/;—=}
|

g

\ ©) (d) (e) |

|

Ll-l

AV = | L 7 0)]=(1+128) [eX —apyx 1G0] +

2
87tC77

2
[0 (o) ()
prtpc) —— \p—— || u-
4 ‘ ¢ Tga Ag Ac(w)

ANLO(0) = 2.650 + 0.005
ANL9(0)%2 = 7.02 + 0.03




pp fusion in TEFT

* Previous calculations of pp fusion matrix element using EFT:

BM KR BC Ando et. Marcucci o It
rr :
(ERE) (NLO) (N‘LO) al etal S
(1969)  (2001) (2005) (2008) (2013)
6.99—7.05
A(O)2 7.08 7.04~7.70 | 6.71-7.03 7.07-7.11 7.04—7.08 With Z;
~ 7.5

* Bahcall and May have used full ERE.
* NLO by Kong and Ravndal with rough estimate of L, ,.
e N*LO by Butler and Chen with rough estimate of L;,.

* Full ERE with dibaryon field by Ando et al with L;, fixed
from XEFT

* XEFT by Marcucci et al with g, = 1.2695
* With g, uncertainty 6.98 —7.08



Summary

* A description of 3—body electroweak interaction using TEFT is
possible.

o TTEFT shows good consistency between A=2 and A=3 for both

expansion (g = 0, deuteron pole) for bound states.
* In the case of non-bound state the g = 0 expansion is better.

® L, can be fixed from fundamental physics.









pp fusion in TEFT

* Previous calculations of pp fusion matrix element using EFT:

Bahcal KR BC Ando Marcucci Our
(ERE) (NLO) (N*LO) S | et al result:

(1969)  (2001)  (2005)  (2008)  (2013)
A(O)2 7.04~7.770 | 7.04~7.70 | 6.71-7.03 | 7.07-7.11 | 7.03—7.08 6.99—7.05

® The nEFT calculation include L,, which was never calibrated.

e [t is essential to find a well measured weak interaction in 7EFT

regime.

X. Kong and F. Ravndal. 1999,2001. Ando et al.2008. M. Butler and ].W Chen (2001)



