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Effective Field Theory

»The fundamental theory is Quantum
Chromo-Dynamics (QCD), non-
perturbative in the low energy
regime.

®»|f fThe momentum scale, g, is small
compared to the phy5|c0l CUTOFT Agyt,
a physical process can be described
using Effective Field Theory.

®For low energies: (q < Ag,e = my), PION
can be integrate out and only
nucleons are left as effective
degrees of freedom.

QCD— AEFT
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Building #EFT Lagrangian
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Building #EFT Lagrangian
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#EFT: 1 +2 # 3

» For £EFT there Is a big difference between a
nuclear system with 2 particles and 3 particles

» Deuteron: ¥, (k) = ,@

» Triton: T(E, k,p) = J; d*p'T(E, k,p")D(E, p) K (E,p',p) (93

Summing over all possible amplitudes (Faddeev equation)
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Bedaque, Hammer, van Kolck (1999), Kénig and Hammer (2011), Kénig et al (2014)




#EFT: A = 3 scattering amplitude

B(k,E)"B(p,E)
E-Ep

B(p, Ep) = j d3p'B(Es, p)D(Es, p)K (Es, p's )

» Jriton, ] = E ,coupled channels Faddeev equation:

T B F
G A AN oy

.

[
B = (an>' [L(E,p) = My Z YuvauwKo(E, p,0") @ Dy (E, p)Iy(E,p")

v=t,np,nn

®» For bound state: T(EB k,p) = + R

Bedaque, Hammer, van Kolck (1999), Kénig and Hammer (2011), Kénig et al (2014)




#EFT: A = 3 scattering amplitude

» Triton, ] = % , coupled channels Faddeev equation:
I EEN ANECRY ANER (NI
se ;:1. . N =§;T

Eigen value problem

I
B= (an > My = MyyuyyauwKo(E, p, 0 )Dy (E, ")

Bedaque, Hammer, van Kolck (1999), Kénig and Hammer (2011), Kénig et al (2014)




Binding energy:

2 - B ).
» Deuteron: E; = —% e
» Triton: )
[,(E,p) =

> @ Ko(Ep,p") ® Dy(E, PN (E,p')

v=tnp,nn

» £, = E;z(A), Efimov effect:

/ /.

£s

» 3-body system has strong
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cutoff dependence —» add 3-body force at LO.
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Bedaque, Hammer, van Kolck (1999)
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Binding energy: :

10

2
» Deuteron: £z = —%d

» Triton:
[,(E,p) =

A

* Numerical
— Analytical

Z Vv Ko(E,0,p") & D, (E,p)IL,(E, p")

v=tnp,nn

» [, = Ez(A), Efimov effect:
» 3-body system has strong

[L(E,p)
H(A)

v=tnp,nn

=207
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cutoff dependence —» add 3-body force at LO.

= M z yuyv [a'uvKO(E; p) p,) + b.u,V AZ ® DV(E' p,)FV(E’ p,)
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Bedaque, Hammer, van Kolck (1999)



Normalization of the wave-function:
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» Bethe-Salpeter (B.S.) normalization condition:
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Koénig and Hammer (2011), De-Leon, Platter and Gazit (2018)



Normalization of the wave-function:

__ 0 1 | o — 1
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» Deuteron. z;1

5 . / H(A) / /
= TrtON: T, (E,p) = M By—cnpn Yudv | @Ko (B, 20" + by 32| ® Dy (E,pI(E, ')

= Bethe-Salpeter (B.S.) normalization condition:
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Koénig and Hammer (2011), De-Leon, Platter and Gazit (2018)



Normalization of the wave-function:

Z°H
uv

1 d .
1= —Z <1/J”(E, p) ‘ﬁ [l (B0, 0") — ayy Ko (E, p, 0] t/Jv(E,p’)>

6S(E, p) B ’ /
= S(E, p)S(E,p)é6(p —p)

We show that the normalization is equivalent to

all possible connections between two identical bubbles:

————

E (_pror —p’)

YEp) D@ [—a—E?C] Dl@): p(Epn
De-Leon, Platter and Gazit (2018)



General matrix element

01S,5,,1,1,E) < |S,S',, ,LI',,E',q) , (0) = a!(S,S', 11}, E',ql0/ 01 04|S,S,, 1,1, ,E)

®» A matrix element is equivalent o all possible connections, with
und stafes:

De-Leon, Platter and Gazit (2018)



General matrix element

01S,5,,1,1,E) < |S,S',, ,LI',,E',q) , (0) = a!(S,S', 11}, E',ql0/ 01 04|S,S,, 1,1, ,E)

®» A matrix element is equivalent o all possible connections, with
B.S. kzund states:

(E+pop) i

--------------------------- D “’”) :
O TR VED) Wi(E+qo ' +0) e
» Reduced maftrix element:
]1]1111 Jp Liqrq ' Ljqq N
(0)=a E”O ”E 2 0 2 l/)v(E'p-I'Q) a/,tvjc (E'p'p)_l_d/,tv:] (E»P;P)‘/JM(E;P)
JTRY,

De-Leon, Platter and Gazit (2018)



Reduced matrix element

» Reduced matrix element

1.,]1 o ] ol
(0) =a’ IIO’II < O 2>z<¢$(E,p+q) aﬁiﬂcq(E,p,p)+dL£7q(E,p,p)‘IIJL(E,p))
®» For the case thati=j,q=0,E =E:

TRY

ij—
ay =y

d=5,,

De-Leon, Platter and Gazit (2018)



General matrix element

» A ’rypicol;(EFT iInferaction contains also the following two-body
Inferactions up to NLO:
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General matrix element

» A ’rypicol;(EFT iInferaction contains also the following two-body
Inferactions up to NLO:
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Devuteron matrix element

Reduced matrix element:

(0) = o/

1 1 - '
<§ 10/]] E> <1/Jt (E',p+ Q)|dt,t7 1(E, p,p’)ll/J%(E, P)) + L2<¢t (E'.p+ Q)llpé(E' p))

This implies ThoT]z{EFT is consistent for A = 2 & 3 transitions for bound
stfates.

De-Leon, Platter and Gazit (2018)




Adding photons - perturbative and
non perturbative approaches:

®» For the bound state the typical momentum Q > ,/MyE:y. ~ 85MeV],

one photon exchange - ““;N < 1.

» The Columbic correction :

(a) (b) (¢)
(d) (e) (f)

®» Diagrams a-d: ~ 0(x) ““Q“N, diagram e~ O(a)%which Is NLO,

diagram f: result of the pp propagator.

Kénig, Hammer (2011), Vannase et al (2015), Kénig et al (2014-2016)




SHe - non perturbative photons:
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Kénig, Hammer (2011), Vannase et al (2015), Kénig et al (2014-2016)



SHe - non perturbative photons:

» Binding energy:

Two ways to find 3He binding energy difference:

O Find the pole of the
non-perturbative
solution of the
homogenous Faddeev
equation with Coulomb
interaction.

=3
=
=2

—  From wave function
. 3H exp data
- - 3He exp data

[He (Boge, p) =

14 14 ! 14 14 H(A) 14 !
Z Yulv la vaO(E3He: p,p’) +c uv K;fv(E3Herprp )+b WAz & Dy(E,p)T,(Eshe,0")
V=t,np,pp
2 5 1 03 2 5 1 04 2 5 1C
A [MeV]

Kénig et al (2014-2016)



SHe perturbative photons:

» Binding energy:

Two ways to find 3He binding energy difference:

O Find the pole of the
non-perturbative

solution of the AE = ZiH u}yg);wyuyu {I‘i”(ExH,p)Du(EsH,p)}®CWKS,(33, p’,E)®[Dy(EsH.,p’)PiH(Em,p’) +
o oo o % [Pmmmirea]e ki )
inferaction. { 1Dy (Bost, ') = Don(Bort, )] T (B, ) } =

D §ince C_OUk?mb Ziﬂ > [TiH(EBH,p)D,L(ESH,p)] ® cwKS, (0,0, E) ® [Du(EaH,p’)FiH(Esn,p')] +
interaction is p=tmpn S e by ”
perturbative in SHe, one 1

3 2 2 3

i D (Bsy, p) ® ==8(p — 1) © {[Dpp(Esnt, ') — Do (Bont, )] T B, p')} =
Z D

can calculate the N ,

energy shift in the one- S (6 En)
photon approximations s e
as a matrix element.

v

two body

0% (B, p, p') + OX2 (B, p, p')

U (B, p))

Kénig et al (2014-2016), De-Leon, Platter and Gazit (2018)



SHe perturbative photons:

» Binding energy:
Two ways to find 3He binding energy difference:

O Find the pole of the 8.4
non-perturbative — From wave function
solution of the 8.2 N 2::22;'3;?0
homogenous Faddeev 8 *  Perturbative, one body
equation with Coulomb = Perturbative, one body + two-body
interaction. £78
a Since Coulomb S Tk, Sl e T T
interaction is 76 _—
perturbative in *He, one T
can calculate the
energy shift in the one- 7.2
photon approximations
as a matrix element. 73 = - 2 = o 2
A [MeV]

Kénig et al (2014-2016), De-Leon, Platter and Gazit (2018)




NLO A=3, Binding Energy

For triton:

~ (E —ER)*TNO(E k,p)
AEB e llm =
E—Ep ZLO (k' p)

(WO (E, p)|ONLO(E, p, )W C(E,p")) = f(A)

B EY B.Q

Eg° = Ep© > AEg = f(A) =0

Determines the three —body force up to NLO:

Jiet al (2012), Vanasse et al (2014).




NLO A=3, Binding Energy

For triton:
Eg° = Ep © > AEp = f(A) =0

Determines the three —body force up to NLO:

HY o) 1 p, (A ,
- = — I3H (B3, p )2
R = | |, 4 O p 2 :

=50} 3p'2
pS A ! 3H ! 231, _ME3H
+ 2 [ ap' @ Banp 2 :
Vs Jo 3p’2 1
= 100 T—MEsﬁ——S
3p'2 ]
pS A ! 3H ’ 231. _ME3H
150 + 25 [ ap s )2 -
Vs Jo 3p'2 1
J"a —MEsw — o
~200} My¢ fA N2 g o MYE fA Np 2 g
- X Esy, d Ezy, d
—Analy‘mcalI [47_[4 A Y, (E3y,p)p “dp + an? ), Y (Esy,p )p “dp
* Numerica -2
5 1C > 107 - 5 - % 2 = f i B8 Y0200
2 5 103 2 5 104 2 5 105 2 5 108 2 5 107 4t J, T

A[MeV] Jiet al (2012), Vanasse et al (2014).



NLO A=3, wave function

For friton:
= Photon perturbation:

AES = f(1) = Z(wbow P)|0gy (B p, 2w, p)

3He(ESHe p) = z [ V + Oﬁﬂ/] ® Dy (Ezge, p,)[jHe(E3Hef ),

1dent1cal to 3H

= NLO perturbation:
AENYO = £(8) = > (WO (B, p)|ONO(E,p,p") 9O (B, p"))

U

v LO NLO

L B, p) + 6 (B, p) = [05 ’ ONLOI ® Dy (Eewtp') IO (Ben, 1),

Vanasse et al (2014), De-Leon, Platter and Gazit (2018)



NLO A=3, general EW matrix element

(055) + (M) =

WO|ogy |9") + (N |0 [ )+ O |ogP [ O)+(y O | Oy [YN-O)
0L, Opf

Y, (E,p) = DMO(E, p)I° (E,p) + D°(E,p)I2™° (E,p) +

Vanasse et al (2014) , De-Leon, Platter and Gazit (2018)




Low energy magnetic reactionsin A < 3
nuclear systems and uncertainty estimation.

De-Leon and Gazit (2018), in prep.

Pionless: Kirscher et al. (2017), Vanasse (2017)
chiral: Pastore et al (2013), Bacca and Pastore (2014)




Electroweak analogues:
low energy observables 4 < 4

» To examine the consistency of #EFT we need fo find a
set of A < 4reactions all well measured.




Electroweak analogues:
low energy observables 4 < 4

» To examine the consistency of #EFT we need fo find a
set of A < 4reactions all well measured.

| Weak Electromagnetic

Proton-proton Radiative Deu’rer?.n
A fusion: capture: magnetic
N moment:
p+p—->d+v,+e n+p->d+y
(Ua)
SH magneti S He magneti
_ SH g decay: agne . © o e. -
A=3 T moment: moment:
H-v,+e” +°He
(3p) (3He)

» All the Electromagnetic interactions for A < 4 are well
measured.



Electroweak analogues:
low energy observables 4 < 4

» To examine the consistency of #EFT we need fo find a
set of A < 4reactions all well measured.

| EM | Weak _

1-body LEC Ko, K1 ga
1-body operator g,o0t° v, ot
2-body operator  L;std, L,dtd Liystd
A=2,q=0o0bs. Onps (Ua) Ay
A =3,q = 0 0bs. (Wsu) (H3He) °H g decay

» All the Electromagnetic interactions for A < 4 are well
measured.



Magnetic interaction in #EFT :

®» The one body Lagrangian of the magnetic interaction is given by:

e
Ll}nagnetic = MNT (ko + K1T3)0 - BN

» The two body Lagrangian of the magnetic interaction is given by:

Lz — _[KlLll(t—I—S + STt) * E - KOle(t—l—t) * E]

magnetic

' s @ -
! DiDs g

2

1) = 1\ —— |\ —— () = Ll u——
Tt/ PtPsK1 At As TTPtKo At/ De-Leon and Gazit (2018)




Magnetic interaction in #EFT :

A=2
» n+p->d+y
Onp X (Y2
[ vio 1 ' - |
Yy = ZIL},LO 1 — + /_Zd _yt(ps pt) + lll(ﬂ)
A asVt) - (L _
0(0) I 0(1)

= (Ug)

(1) = (210) {Z’J”’ ~Za v lé(ﬂl”
0(1)

Y' (ug) = 1
All calculations were done up to NLO, and we keep consistency in Z,.




Deuteron normalization

i 1 | 7 1
. __Yt =
Op tDt(Do,p) "Po —_M_Izv'p—o T 1-ype

» Deuteron normalizafion: z;* =

Up to NLO there are two alternatives to arrange the EFT expansion

» Effective range expansion (ERE) , y.p, Is the small parameter:
1

Lg=7T—""7" Vepe)? + Vepe)®
L=Yere 0 NZLO N3LO
® /-parameterization, Z; — 1is the small parameter:
1
Zg=— = + 0

1-vepe LO 2LO N?’Lo

-
ERE 1 1.408 Phy5|col

Z 1 Physical 0 Ve,

Griesshammer (2004), Philips (2000)



A=3 magnetic moments calculations:

ety | e
— i [ =
: )
l
___________________ e e - -
Mpﬁ& z : % K
—— O — T
) N j g : L, =}r‘=
One body : Two body

De-Leon and Gazit (2018)




A=3 magnetic moments calculations:

I~
tw

-

~~—

et >Zw<%(E3H P\ 390 E,p,p) + 42T =0 (E,p, )| (B, P))

—L’1(<1/)t(E3H;P)l’abnp(E3H;P)> + (’wbnp(E3H'P)|1/Jt(E3H:P)>)

3
+ 5 L2 (e (Eon, P) s (Eon, P))

(uHe)

s e

a'y) KI=O(E,p,p") + d';),3 7=°(E,p,p")

¥y (Bones P)

_lél(<lpt(E3He' P)|1/)np(E3He' P)) + (‘/)np(EgHe'P)llpt(E?’He' P)>)
+ _L’1 (l/)t(E3He» P)llps(E3Her P))

2 De-Leon and Gazit (2018)




A=3 magnetic moments calculations:

S r/ I

\. - -
....................................... 1-body LO, ERE . = = = Ibody L0 ERE
= = 1-bodylLO,Z
3.3 v = = 1-bodyLO, Z
IR ORHR -1.8 =+= NLOI,l, = 0,ERE
1202 — Y
—-= NLOl,l,=0,Z —-= NLOI,l,=0,Z
3.2 3I_I e 19 3H€ —— NLO, ERE
______________________________________ NLO, Z == A —— NLO, Z
.," = Exp data g | S - q
; = = Exp data
3.1 _5)

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

Cutoff independence.
 When [; and ['2 are fixed from A=2 observables:

NLO NLO
I T

NLO 297 (292) -2.11(-2.18)

EXP 2.9789 —2.1276
De-Leon and Gazit (2018)



A=3 magnetic moments calculations:

S 17| e mtmem . ——— s s e s s e e R
........................................ = = 1-bodyLO, ERE e o
s = = 1-bodyLO, Z - = 1-bodyLO, Z
=+= NLOI,l, = 0,ERE 1.8 —-= o e
T NWOLL =02 —-= NLOl,l, =0,Z
3.2 3I_I B 19 3H€ —— NLO, ERE
_______________________________________ — NLO,Z -3 . h — NLO,Z
' —— Expdata [ TN | — Expdata
3.1 _5)
h
N e et et e e e e e e e e oL
 SoCrrTTTTTTTTTTTrvrrrrvrversy ] R
L e—— (|
9 -2.2 F
2 5 103 2 5 104 2 5 105 2 5 106 2 5 107 2 5 103 2 5 104 2 5 105 2 5 106 2 5 107
A [MeV] A [MeV]

Z — parameterization gives better predictions
I T
NLO 297(292) -2.11(-2.18)

EXP 2.9789 —2.1276
De-Leon and Gazit (2018)




A=3 magnetic moments calculations:

= ;and i, are fixed from A=3 observables simultaneously:

ERE 9.81-1072 15.2-1072
Z 391-1072 —2.12-1072

= 'and i, are fixed from A=2 observables:

ERE 8.18-1072 —2.25-1072
Z 3.86- 1072 -2.25-107%

» When I', and l’, are fixed from A=3 observables simultaneously:

TN -

ERE 1.2613 1.02 parameterization

Z 1.2455 0.858 gives better
Exp 1.2450 +0.0019  0.8574 predictions.

De-Leon and Gazit (2018)



Electromagnetic as study case:
theoretical uncertainty

(Ua)

" Yo () (I T S,

B ERrE
| 4

B ERE
|

0.8

0.6

0.4

LEC calibrated from A=3 LEC calibrated from A=3

experimental data [a.u]

{Mspe)

0.2 (on)

M1 strength normalized to

(en)  (Hene) (o) (o)

experimental data [a.u]

Ya (Md) ynp (‘ud>

Yop () I 0 0

LEC calibrated from A=3

M1 strength normalized to

LEC calibrated from A=2

Full NLO LO NLO, Short range Short range Full NLO Lo NLO, Short range Short range
range contributions  contributions N contributions contributions
corrections corrections

Fixing LECs from A=2 or from A=3 leads to the same result —
consistent "measurements’.

®» Small NLO conftributions for Z-parameterization

De-Leon and Gazit (2018)



Electiromagnetic as study case:
theoretical uncertainty

» [or /-parameterization, similar small NLO contributions.
» Post-dictions accurate to <1% for Z-parameterizations.

» All observables are consistent with each other in the Z-
parameterization.

» ERE parameterization postdictions of A=2 and A=3
Inconsistent at NLO.

» We can estimate the theoretical uncertainty < 1%

De-Leon and Gazit (2018)




Summary and outlook

» B.S. normalization is equivalent to all possible
connections between two amplitudes with identity
insertion.

» Summing over all the one-and-two body photon
exchange diagrams perturbatively yields the energy
difference between 3He and 3H. This implies that the
Coulomb interaction can be treated perturbatively

» At NLO, we proved that a consistent diagrammatic
expansion is just the sum of all possible diagrams with a
single NLO perturbation insertion.



Summary and outlook

» The small NLO contribution leads to a minor breaking
of the SU(4) symmetry (for the Z—parameterization p, ~ ps).

-7{EFT IS consistent for the A=2<3 fransitions, for the
[—parameterization.

» The strong qualitive analogue between the weak and
electrometric operators, implies that we can assume the
same consistency for the weak interactions.



A=3 magnetic moments calculations:

oy _ Gilal3)

(nu ~ TZM,V <¢u (E3H: P)

a,},}9=°(E,p,p") + d,,3 ©=°(E,p,p")

by (Ben, P))-
3
—L1 (e (Ben, P)|tonp (Bopt, P)) + (o (Bopt, PY[e (Bom, P))) + 5 Lo (e (Bopy, P (o, P))

Magnetic Coefficients:

d np ] : d i np nn
(2pp+iin) d —(=u,—= 2 3
g — d p3 L (ﬂn —up) 0 i 3/*‘19 3/~‘n (/ip + 2y) Hp
i i 2.
np ('un R ,I.lp) Hn s np SHn t S Hp 2y — Hp —HUp
3 3
nn 0 0 Up |
nn 2y —20, 0

Normalization Coefficients:

d np nn]

d np nn

g = d 1 0 O . d 1 3 3
BV dmp 0 10 BV 1 1 -1
nn 0 O 1 nn 2 -2 0




A=3 magnetic moments calculations:

: ol _ ij o g :
(e = : >Zuv<¢u(E3He:P)‘ A KI=(E,p,p") + d';,T T°(E, p,p")

—L((eBspter P)|tonp (Bspre, P))

Yy (Esge, P)>'
3
+ (Ynp (Bopte, P |e(Bspie, P))) + 5 Lo (b (Bopte, P)[ths (Bspre, P))

Magnetic Coefficients:

d np nn| 2 " "
Cpn+up) d -— Eu —zu (up + 2u,)  3u
g (tp — 1) 0 ij o 3" 3P n p .
Ry : fuv = 2 1
np (ﬂp gﬂp) :L:)p 0 np 3 Hp + 3 Hn TS =,
e Hn nn 21, —2Uy, 0 |
Normallzqhon Coefficients:
d np nn] d np nn]
o —|d 1 0 o0 o o_|d 1 3 3
B lmp 0 10 BVl 1 1 -1
nn 0 O 1. nn 2 -2 0




