A=3—4 radiative captures in a hybrid yEFT approach

EM currents in the conventional approach
Potential and EM currents up to one loop in YEFT

Boost corrections to the chiral potential
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Conventional Approach: EM Currents

Marcucci et al., PRC72, 014001 (2005)
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+ J (3)(\/ 21T)

e Static part vy of v from 7-like (PS) and p-like (V') exchanges

e Currents from corresponding PS and V' exchanges, for example
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e Currents from v, via minimal substitution in i) explicit and

ii) implicit p-dependence, the latter from

T ° ’Tj = —1 + (1 + ;- O'j) ei(rji'pi—l_rij.pj)

e Currents are conserved, contain no free parameters, and are
consistent with short-range behavior of v and V2™, but are not

unique

Variety of EM observables in A=2-7 nuclei well reproduced,
including p’s and M1 widths, elastic and inelastic f.f.’s, inclusive

response functions, ...

current predictions for 2H(n,~)*H and *He(n,y)*He cross-sections
shown later




“H(p,v)’He capture at low energies
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Nuclear YEFT Approach
Weinberg, PLB251, 288 (1990); NPB363, 3 (1991); PLB295, 114 (1992)

YEFT exploits the y-symmetry exhibited by QCD to restrict

the form of 7 interactions with other 7’s, and with N’s, A’s, ...

The pion couples by powers of its momentum (), and L.g can
be systematically expanded in powers of QQ/A, (A, ~ 1 GeV)

Log =L 420 4 £2) 4

YEFT allows for a perturbative treatment in terms of a (J)—as

opposed to a coupling constant—expansion

The unknown coefficients in this expansion—-the LEC’s—are

fixed by comparison with experimental data

Nuclear YEFT provides a practical calculational scheme,

susceptible (in principle) of systematic improvement




Previous Work

Since Weinberg’s papers (1990-92), nuclear YEFT has developed
into an intense field of research. A very incomplete list:
e NN potentials:
van Kolck et al. (1994-96)
Kaiser, Weise et al. (1997-98)
Glockle, Epelbaum, Meissner (1998-2005)
Entem and Machleidt (2002-03)

e Currents and nuclear electroweak properties:
— Rho, Park et al. (1996-2009), hybrid studies in A=2-4
— Epelbaum, Meissner et al. (2001, 2009)

— Phillips (2003), deuteron static properties and f.f.’s

Lots of work in pionless EFT too ...




Preliminaries

e Degrees of freedom: pions (7) and nucleons (V)

e Time-ordered perturbation theory (TOPT):

(N'N'| T | NN:v)

oo n—1
1
N'N'"| H H NN;
NN () 1N

e Hy = free m and N Hamiltonians; H; = interacting m, IV, and

~ Hamiltonians implied by Leg

e Irreducible and recoil-corrected reducible contributions

retained in 1" expansion




Power Counting

e In the chiral expansion the transition amplitude is expressed as

2 n n
T=T"0+TVO 4TV 04 and TV 9 ~ (Q/A )" T

and power counting allows one to arrange contributions to 7" in

powers of ()

e A contribution with IV interaction vertices and L loops scales as

N
e HQai—ﬁi/Q < Q—(N—lz > Q3L
1=1 e

N ~ denominators loopintegrations
Vv

H scaling

a; = number of derivatives (momenta) and 3; = number of 7’s at each vertex

e This power counting also follows from considering Feynman

diagrams, where loop integrations are in four dimensions




Strong Interaction Vertices up to Q?

~Q ~Q

'.“ k,a

H, NN

.ga o -k
NN Fﬂ—\/m NN

e g4 = 1.29 (via GT-relation) and F, = 184.8 MeV

~ QO ~Q?

X X

Hcmo

e Hcro @ 4N contact terms, 2 LEC’s

e Hcro : 4N contact terms with two gradients, 12 LEC’s




Electromagnetic Interaction Vertices up to Q?

HE,ST)NN Hﬂ/NN H”mm HCT”/ ng)NN

° HSQNN? H.nn, and Hyrr known: depend on g4, Fr, and
proton and neutron u’s (p, = 2.793 uy and p, = —1.913 uy)

e Hcr,: terms from minimal substitution in Hore known, but 2

additional LEC’s enter due non-minimal couplings

) ng)NN from L..n of Fettes et al. (1998): depends on 3

LEC’s, two multiplying isovector structures (~ vN A-excitation

current) and one isoscalar structure (~ ypr transition current)




Two-Body Currents up to N2LO

e Up to N°LO

5

N2LO : eQ? f.

e One-loop corrections to one-body current absorbed into un

and (r%)
A




Two-Body Currents at N°LO (e Q?)

e Omne-loop corrections:
FI R IR 5O

e Tree-level current with one e Q? vertex (3 LEC’s):

A

e Currents from contact interactions (12 LEC’s from minimal

and 2 LEC’s from non-minimal couplings):




Recoil Corrections at N2LO

e N2LO reducible and irreducible contributions in TOPT

Reducibie irreducibie

[ 1 1
szLO _ |--"‘ ""-l ;'I\ |

e Recoil corrections to the reducible contributions obtained by

expanding in powers of (F; — Ey)/w, the energy denominators

I o= = U A 1

Qwﬁ EZ'—E[J

o 1

0T L0
iy QwﬁJ

e Recoil corrections to reducible diagrams cancel irreducible

contribution




Recoil Corrections at N3LO

Direct Crossed
\ \ \

e Reducible contributions

. v 1 ONLO
re — v 4
Jred / (q2) Z—7-3"" (@)

w1 + w2
_2/ﬁVWNN(27CI2)VWNN(27q1)VWNN(l’qQ)V'YWNN(l’ql)
1 2

e Irreducible contributions

. w1 + wo
Jirr = 2/ﬁV';TNN(Qan)V'JTNN(27q1)V';TNN(17q2)V’77TNN(17q1)
1 2

(Vann(2,91), Vann(2,92)]_ Venn(1,92)Vyrenn (1, 91)

n Q/w%—l—wg—i—wlwg

w1 w2 (w1 + w2)

e Partial cancellations between recoil corrections to reducible
diagrams and irreducible contributions




Magnetic Moment at N3LO
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Comparing to Park et al. (1996) and Kolling et al. (2009)

e Expressions for two-body currents (and potential) at one loop

in agreement with those of Bonn group (derived via the UTM)

e Expression for p in Park et al. has different isospin structure:
different treatment of box diagrams—only irreducible ones

retained in Park et al.




Determining LEC’s: NN Potential at N2LO

rrrrrrr lize LEC's

LCTO ,CT2 ‘ !
px | "'1 X t.~.{ |'-.~| l..'»::1 J ""1 'x X
p ’ —‘, Sam” ’ |: ’
[ I | J
LO(Q°) Q%)

N2LO (Q?

e Contact potential at N2LO: v“1T2(k, K) + v512(k, K)
— Galilean-invariant term v“*2 depends on 7 LEC’s (C;’s)

— Pair-momentum dependent term vPC,TQ depends on 5 LEC’s:
1 — 09

ZCik °PXk—'—CS(O'1'PO'Q'K—0'1°K0'2°P)

+ (C§—|—OZO'1'O'2)P2—|—O§O'1°P0'2°P

e Interpretation of v5T2: boost correction to LO (rest-frame)
vCT0 then Cf = (Cs — Cr)/(4m%), C3 = Cr/(2m3%,), ...

e Retaining recoil corrections in both v and j ensures current

conservation up to N°LO




Fits to np Phases up to 1o = 100 MeV
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LS-equation regulator ~ exp(—2Q*/A*) with A=500, 600, and 700
MeV (cutting off momenta Q) = 3—4 m,)
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OPE+TPE chiral potential in first order PT, after Kaiser et
al. (1997):




Phase Shift (deg)
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Deuteron Properties
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Contact Lagrangian at Q2

Ordénez et al., PRC53, 2086 (1996)
01 (NTYN)2 + h.c.
(NTON) . (NTEN)
(NTNY(NTY2N) + h.c.

i (NTOUN) . (NT¥ x oN) + h.c.
i(NTNYNTE . o x TN)
i(NToeN) . (NTO x IN)

(NTe . UN)(NTo - IN) +h.c.

(NTod %)N)(NTU’“V_J?N) + h.c.
(NTod %)N)(NTUJ-%)N) + h.c.
(NTe . INYNTT . oN)
(NToJ WN)(NT%U"?N)
(NToJ %N)(va—kaj N)
(NTT - o vINY(NTod N) + hec.
2(NTTod . IN)(NTeIN)

o1 + o2

T2 (k, K) C1 k% 4+ Cy K2 + (C3k?2 +CyK?)oq 09 +iCs — =2 K xk
2

Cgo1 -kog - k+Cro; - Kog K

o1 — o2

ng2(k,K) ?/Cik -PXk—{—C;(Ul-PO’2-K—O’1-KO’2-P)

2
(C5+Cloy-09)P2+Cloy P oy P

Actually, 2 of the O;’s in original set are redundant ...




Relativity Constraints

Girlanda et al., PRC81, 034005 (2010)

e Reparametrization invariance: only 7 independent
combinations of O;’s [Epelbaum et al., PRC65, 044001 (2002)]

e What about the other 5 combinations?
Explore constraints that relativity imposes at order Q? in two ways:

e Write down the most general contact £ up to Q? and carry out
its NR reduction

e Enforce the CR’s between the generators H and K directly in
the NR theory within a consistent power counting scheme

Both lead to the same result:

=BT o= =8 = =

27 9m2 4m?2 "’ 4m?2 "’

4m

and v%,o should be included in calculations of A > 2 properties




NR Reduction

Building blocks:
(0id i 8. Tap) @O ($id"id " - -Tp)/(2m)N

>
0 on whole bilinear is ~ @Q); 0 inside bilinear is ~ Q' and, in
<~
principle, any number of 0 is allowed, however,

i) no two Lorentz indices can be contracted within a bilinear
ii) some of the most problematic terms of the type

DiOH GOL2 GO TE ) (D50 4, 10,10y Tpath)/(2m)?
(Vi [ [ AY) (Vi p1 O po 10 u, 'Ba® m

do not introduce any new structures for n > 1, since

(usTH u1) (WaTpau2) [(p1+ps) - (P2 + pa)]”/(2m)*"

and to order Q% the [...] can be expanded as

14+n [P%+p§+p§+Pi—(P1+P3)'(P2+P4)] /(4m?)




e 36 hermitian, C- and P-invariant terms

e NR reduction and use of EOM to remove time derivatives lead
to 2 leading terms (Q"), accompanied by specific 1/m?
corrections, and 7 subleading ones (Q?)

1
05+—(01—|—03—|—O5—|—O6)

4m?

1

4m?

OT—<O5+O6—O7+Os—|—2012—|—014>

1 1 1
—5C1(01 +202) + 2C52(202 + 03) = 5C5(09 +2012)

1 1 1
—§C4(09 + O14) + 105(06 —Os) — 506(07 +2010)

1
_EC7(O7 + 08 + 2 013)




Poincaré Algebra Constraints

Girlanda et al., PRC81, 034005 (2010)

e H =Hy+ H;y and K = Ky + K

(K, K9] = —iéiih gk = [KO Kg} K, H =iP = [Ko, Ho]

e Power counting:
Ko=K V+K"+... Hy=#mH"+H?+. .

e Constraints arise on H; and K;

e In terms of potentials: if v = v"© 4 vN'LO in CM (P =0), then

boost correction is give;Qby
SN LOP) = — v

Well known: Friar (1975); Carlson et al. (1993)




Nuclear YEFT (at Q% and e Q?)

N N potential:

rrrrrrr lize LEC's

LCTO »CT2 f !
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and consistent EM currents:

LO :eQ2

S

NLO :eQ~! l 1
o §
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o Bl K4
e 2 I |

unknown LEC's =»




EM Observables at N3LO

Pion loop corrections known (g4 and F;)

Five LEC’s: d°, dY, and dY¥ could be determined by pion
photo-production data on the nucleon

S jV 4V
d7d17d2 CS CV

)

41 X

dy /d{ = 1/4 assuming A-resonance saturation

Three-body currents at N°LO vanish:

corec tions  corec tions

M L L
XX BXCLX




Fixing LEC'sin EM Properties of A=2 and A=3 Nuclei

AV18/UIX or N°LO/TNI-N’LO (band)
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The nd and n3He Captures

Suppressed M1 processes:

Texp(Mb)
'H(n,~)*H | 334.2(5)
H(n,v)>H | 0.508(15)

SHe(n,v)*He | 0.055(3)

The 3H and *He bound states are approximate eigenstates of

the one-body M1 operator, e.g. ji(TA) |°H) ~ u, |°H), since

’H) = ¢(8) | (nl)1, (n1)2, (p1)3) + ..
Thus (nd | 4(IA) |°H) ~ 0 by orthogonality

A=3 and 4 radiative (and weak) captures very sensitive to
i) small components in the w.f.’s and ii) many-body terms in
the electro(weak) currents
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Summary and Outlook

e Hybrid predictions for nd (n3He) capture in (reasonable)

agreement with exp, and exhibit weak ( ~ 10%) A-dependence

e Future work:

1. Carry out consistent calculation—based on YEFT potential
and currents—of A=2-4 EM observables (in progress)

. Incorporate boost corrections to chiral potential in

calculations of bound and scattering state properties

. Extend hybrid studies to different combinations of 2N and
3N potentials and up to A = 7 systems (in progress)

. Include A-isobars in theory (might improve fits to phase

shifts and reduce cutoff dependence)




