PHYSICAL REVIEW C 94, 054004 (2016)

p + d — *He +y reaction with pionless effective field theory
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We study the proton radiative capture by a deuteron with the pionless effective field theory [EFT(s)] formalism.
The calculation of the pd — *He y amplitude is considered for the incoming doublet and quartet channels leading
to the formation of a *He. The strong and Coulomb scattering amplitudes for the proton-deuteron (pd) scattering
are included in this study. In this calculation, the properly normalized *He wave function has been used at each
order. We evaluate both M 1 and E1 transitions in the pd — *He y process up to NLO. We calculate the total cross
section for the pd — *He y process based on the cluster-configuration space and compare it with the experimental
data. The cross section results are presented for the incoming proton with the energy 0.5 < E < 3 MeV where the
lower and upper limits are chosen for the treatment of Coulomb effects perturbatively and the EFT(jf) breakdown
scale, respectively. No three-body force is needed to renormalize observables up to NLO other than those we

have introduced in the pd scattering amplitudes.

DOLI: 10.1103/PhysRevC.94.054004

I. INTRODUCTION

The pd — >He y reaction performs a prominent role in the
evolution of protostars. A reliable knowledge of the physics of
protostellar evolution is of fundamental importance [1,2]. The
study of astrophysical nucleosynthesis reactions like neutron-
deuteron (nd) and proton-deuteron (pd) radiative capture
reactions were pioneered at the low energies based on the
model-dependent approaches [3,4]. The model-independent
and precession controlled pionless effective field theory
[EFT(st)] approach has successfully been used in the study of
nd — *Hy up to N*’LO. The magnetic dipole (M 1) transition
at the very-low-energy regime is a dominant piece in the
amplitude of the nd — 3H y process. The calculation of all
M1 diagrams have been performed recently for zero energy
in the nd — 3H y reaction [5,6]. The experimental data of the
pd — 3He y reaction in the low-energy regime indicate that
the electric dipole (E'1) transition is dominated, and the M1,
E?2 transitions have small contributions [7,8].

In the present study, we apply EFT(3) to the low-
energy pd — *Hey process. In this respect, the dominated
electromagnetic E'1 transition is considered using one-body
currents up to next-to-leading order (NLO), but the magnetic
one- and two-body currents contribute in the M1 transi-
tion up to NLO. In addition to the strong interaction the
Coulomb interaction is also included. The pd scattering is
the building block of the pd — *Hey transition. The pd
scattering amplitude is calculated based on the Coulomb
proton-proton (pp) scattering [9] and the cluster configuration
space constructed by two protons and one neutron [10-12].
In this paper to achieve cut-of independent observables, we
have used an analytical approximation form for the leading-
order (LO) three-body force (3BF) in the pd scattering.
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However, at the NLO we use the 3BF which is numerically
obtained by fixing the NLO correction to give the correct
*He binding energy. Recently, the analytical form of the
NLO 3BF for the pd scattering has been derived and the
assessment of the agreement between the analytical form and
the numerical fixing of the NLO three-body force has been
presented [13].

The formalism and results in this paper are as follows.
The electromagnetic (EM), strong and Coulomb interactions
are introduced in Sec. II. The pd scattering is introduced
in Sec. III. The formalism of pd — 3Hey is presented in
Sec. IV, and the numerical results for the pd radiative capture
is discussed in Sec. V. Finally we summarize the paper in
Sec. VL.

II. INTERACTIONS

The degrees of freedom in the pd — *He y process at the
low energies are neutron and proton. In this regime, the neutron
and proton momentums are as a low-momentum scale Q and
the high-momentum parameters are scaled by A ~ m, with
m as the pion mass.

The interactions of the nucleons in the pd — 3Hey
transition can be classified as the strong, Coulomb, and EM
sectors. We initially explain briefly about these interactions up
to NLO in the following.

A. Strong

We follow the power counting and notations presented in
Ref. [5]. We consider the inverse of the scattering lengths
of the singlet and triplet nucleon-nucleon (NN) systems,
1/(a; = —23.714)fm™! and 1/(a; = 4.318)fm™!, as a low-
momentum scale Q, however, the inverse of the effective
ranges of the 1soand 3S; NN states, 1/(p; = 2.73) fm~! and
1/(p, = 1.765) fm~!, are related to the high-momentum scale
A. The strong interaction for the pd system in the EFT(j)
formalism using a dibaryon auxiliary field are given by the
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S-wave Lagrangian [10,14]

D? D2 2 . D2 2
Ly =N(iDg+ — N +d" | Ay —co(iDo+ — + L) |aA +a'| A, — cor[iDo + — + L=
2m my 4mN mpy

myH(E, A)

N 4N

— (0d? (NTPAN) + y,d!' (NTP'N) + He.) +

+32(d'a) (dPom))N 4,

where D), is the covariant derivative which acts on the nucleon
and dibaryon fields with 9, +ie 12’3 A, and 0, +ieCA,
relations, respectively. A, and e are the external field and the
electron charge. We have C = 2,1, and 0 for proton-proton,
proton-neutron, and neutron-neutron dibaryons. In Eq. (1), N,
d!, and d? denote the nucleon, the deuteron, and the ! Sy NN
auxiliary fields, respectively.
The operators

= ﬁozo’rz, PA = %azrzrf‘ 2)
with 74 (0;) as isospin (spin) Pauli matrices project the NN
system to the 351 and 'S, states, respectively. my represents
the nucleon mass and the three-nucleon force is introduced
by H(E,A), where E and A are the total energy and cutoff
momentum. The H(E, A) which absorbs all dependencies on
the cutoff as A — oo is given by [15-17]

2 myE 4+ y2\"
H(E,A) = A ZHZm(A)<Tt>
m=0
2Ho(A) | 2Hy(A)
=0 X (mMNE+y)) 4+ 3)
where the interactions proportional to H,, enter at

N*"LO [15].
We consider two couphng constants for the singlet and
triplet channels as y, = . The parameters A, and coq;

m

are given by matching the EJFT(;#) NN scattering amplitude
to the effective range expansion (ERE) of the scattering
amplitude of two nonrelativistic nucleons around the iy, [10],
and y, =45.702 MeV is the binding momentum of the
deuteron. We note that according to our power counting
Ay ~ Q enters at LO, however, the dimensionless parameter
Cos/t ™~ Q" first appears at NLO since it comes with two powers
of momentum, co,/, p> ~ Q2. Using the Lagrangian (1), the
single nucleon propagator is given by the relation

iAN(E.q) = ————,
E

9>
2my Le

“

and we obtain the propagators of the triplet and singlet
auxiliary fields up to N"LO (n < 1) as

4 1
Dt(n)(CIO,C]) = 2 >
NIy, — & —mygo — i
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B. Coulomb

In the pd system, the Coulomb interaction is dominated
at the low-momentum regime. As noted in [11,12,18,19], the
Coulomb parameter enters as ¥, where p is the momentum
transfer. With respect to the Coulomb potential

o
VC = 5> (6)
p2

one cannot assume that the scale of all momenta is set by the
deuteron binding momentum, y,. As it is mentioned in [18],
we have to introduce a new momentum scale p, where p < Q
for the power counting. Thus, we have to make a simultaneous
expansion in two small parameters ¥ 2 and p

The Lagrangian of the kinetic and gauge ﬁx1ng terms of the
photons is

1 1
Lop = =3 FuF" = E(BMA“ — NV A%,
n, = timelike unit vector. @)
Therefore the static photon propagator is
) i
iApn(p) = m, (3

where A is the mass of the photon. We consider the mass
for the photon because the infrared divergences of the photon
propagator should be handled. The final results are obtained
using an extrapolation for the A — 0.

By ignoring the Coulomb effects we have two different
isospin-symmetric NN states with respect to their spins:
singlet and triplet channels. But the pp part of the singlet
NN channel has an additional Coulomb contribution. So, the
Coulomb interaction makes isospin breaking. The propagator
of the pp part of the 'Sy dibaryon at N"LO (n < 1) is given
by [13]

4 1
myy? aL + 2KH(?)

5 (s

D" (q0.q) =
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with
e? 1 amy , \/qz—
:ENE’ :T, q =1 Z_quo_le»
(10)
and
H(n) =y @n) + ﬁ — log(in). an

In Eq. (11) the function v denotes the logarithmic derivative
of the I" function. Also, the scattering length and effective
range for the pp channel are introduced by a, = —7.806 fm
and r. = 2.794 fm, respectively.

C. Electromagnetic

The E1, M1, and E2 transitions contribute to the pd —
SHey amplitude at the low-energy regime. With respect
to the experimental facts for the pd — *Hey reaction, the
contribution of the E2 transition is small in comparison with
the M1 transition at low energy. We therefore evaluate the
contributions of E1 and M1 transitions in this calculation.

The Lagrangian of the E1 one-body current is given by the
minimal substitution of V — V + i e@f_\} in the Lagrangian

of Eq. (1) with A as an external field:

1 L.
Lp==L NT( J;T3)(P+P/)-s*yN, (12)

2mN

PHYSICAL REVIEW C 94, 054004 (2016)

where P and P’ are momenta for the incoming and outgoing
nucleons and £, denotes the three-vector polarization of the
produced photon. We note that the contribution of the E1
two-body current enters first at higher order than NLO [20].
The Lagrangian of the M1 interaction is constructed by
considering the nucleon and dibaryon operators coupling to
the magnetic field f)’,

e R el it
Ly =—Ni(ko+ k)6 BN + ————d/ d’B;
2my myoros
— 22 end d By + He., (13)
mpy Py

where ko = %(k,, +k,) =0.4399 and k, = %(k,, —ky) =
2.35294. k, (k,) denotes the proton (neutron) magnetic
moment. The coefficients L; = —4.427 £ 0.015fmand L, =
—0.4 fm which have been fixed using the cross section
of np — dy at thermal energy, and the deuteron magnetic
moment 1y, enter at NLO [21].

III. pd SCATTERING

In this section, we explain about a major building block
of the pd — *Hey transition, the pd scattering. As was
investigated in [12], nucleon-dibaryon scattering amplitudes
up to NLO constructed by two protons and one neutron are
evaluated using the diagrams which are shown in Fig. 1.

+ Kpox + tl;LL + Kot
pm

+ X
D™

+ X

\

Kbox + M +N<ilft

FIG. 1. The Faddeev equation of the nucleon-dibaryon scattering in the cluster-configuration space up to the next-to-leading order.
The superscript “n” denotes the contribution up to N"LO (n < 1). The dashed oval is the nucleon-dibaryon scattering amplitude. The solid line
indicates a nucleon. The Coulomb internal wavy line with coupling to nucleon from both sides represents an exchanged photon. The double
solid line denotes a dibaryon auxiliary field with the propagator D). The K, and H depict the propagator of the exchanged nucleon and the
three-body force, respectively. The K., Knoy, KN, and K" denote the kernels with the Coulomb interaction ~o. The diagram with direct

tri

Coulomb between the nucleon and deuteron enters only at the next-to-leading order.

054004-3



NEMATOLLAHI, BAYEGAN, MAHBOUBI, AND ARANI

In Fig. 1, all diagrams ~O(«) are shown in the cluster-
configuration space. We do not consider diagrams of the
second and fourth lines for calculating the Coulomb con-
tributions, because they have a small contribution in the
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15% contribution compared to the simple nucleon-exchanged
diagram without the photon [12]). The dashed oval represents
the nucleon-dibaryon scattering amplitude with the Coulomb
effect. In the cluster-configuration space the N"LO(n < 1)

final results (Kpox has a 7% effect, also K" and K°" have

tri tri
|

D,(”)(q —m,q) 0 0
D" (g0,q) = 0 D™(qo — 5--.q) 0

0 0 Din;p(qo - 2mN’q)

We note that the diagram with the direct coupling of the photon to the dibaryon enters first at NLO, so we do not consider it at
the LO calculations.

The quartet nucleon-dibaryon scattering amplitude has been made only by the scattering from the incoming N + d; to the
outgoing N + d; channel. By using the projection operators for S and P waves one can project the nucleon-dibaryon system
to the 45% Jip 1 and * P% channels [22]. Therefore, in the cluster-configuration space, the Faddeev equation of the diagrams in

dibaryon propagators are given by

(14)

Fig. 1 for the quartet channel has only the nonzero component t;’f; 2 which represents the amplitude in the quartet channel for
the d; p — d; p transition,

Nyz2
22

A
1B (Esk,p) = —mNy,[ K, (E;k,p) — K(””(E k, )] / dq q [ wL(E;q.p) — = K“”(E q, p)]
0

2
n q n,
x Dj ><E - —,q) g2 (Esk,q). (15)
2mN
Thus the 3 x 1 quartet amplitude for the pd scattering is given by
n,L
ty'ioh
W(Ekp) =] 0 |(Ekp), (16)
0
where E = % — Yk and p are the total center of mass (c.m.) energy of the nucleon-dibaryon system, the incoming, and

outgoing momentums respectively. In Eq. (15), the propagator of the exchanged nucleon, K , is given by

Py (cos 0)
+p2—myE +kpcos b’

1 1
Koi(Eskp) =3 f_ dGeos )5 (17)

where Pj(x) denotes the Lth Legendre polynomial of the first kind and 6 indicates the angle between k and p vectors. The
Kc(f‘lf)‘" kernels which are the contributions of the third and fourth diagrams of lines 1 and 3 in Fig. 1 are obtained with the

relations
K+ p+22\ /(1
__6n s
QL( 2kp )(m ‘p’>

For the doublet (? St, 2 P1, and 2 P%) channels, the nucleon-dibaryon scattering amplitudes in the cluster-configuration space
constructed by two protons and one neutron are given by

n=0,1.

K!D"Esk,p) = (18)

té"ti)[ yA(Ks.1 + 80H(E,N)) y; K(t) o
Wil | = n% —yeys(Kor +8002E2) | + '"TN 0
s, —y1ys (2K + 8107 5) 0
VDI (K 4 810H(E.N) =y, DPBK,p +8,0H(E.A)) 0 et
- % —yr)’sD( (K. + 810 L) —y2D™ (K, — 810 HER) 0ol® E(znzi)sl
—yi s D" (2K, 1 4 810 PEN)  2DW (2K, L + 810 ER) o)\t
. y?Di’”Kifk” 0 —y 3 D0, BK, L +810H(E,A)\ (12,
- 0 VEDWKE"  yIDW (Koo + 0 ER) L@ |4t (19)
0 0 SLoy?Dm) AR i
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FIG. 2. The Feynman diagrams which contribute in the E1 and M1 pd — *He y transition amplitudes up to NLO. The first and second
lines show the diagrams which contribute in the M1 and E1 transitions of the pd — *He y process up to NLO. For the E1 we do not calculate
s5 and the fifth diagram in the second line that are related to the ss diagram, because it will appear in a higher order than NLO. The third line
presents the diagrams which enter only for the pd — *He y transition (Coulomb effect). They are depicted by the rectangle with an outgoing
wavy line. The wavy line which exits from the nucleon denotes the emitted photon. The dashed half-oval is the normalized *He wave function.

All remaining notations are the same as in Fig. 1.

with

1
AR B=—

L 20

A
/0 dq g*A(...q)B(...q).

In the above equation, tf,'f’vL_))w denotes the N'"LO d,N —
dyN transition amplitude in the doublet channel where L
denotes the L wave, and v and w are ¢, sy, and s, for the
381, 'S0, and pp part of 'S, dibaryons, respectively. Here,
the single nucleon in the nucleon-dibaryon system is proton,
proton, and neutron when the dibaryon is the 3$;, ! Sy, and pp
part of ! S, respectively. We emphasize that the relation (19)
is constructed by considering the projection operators for the
doublet channels [22].

The nucleon-dibaryon scattering amplitudes in Eqs. (15)
and (19) enable us to evaluate the amplitude of the
pd —? He y transition in the following section by the cluster-
configuration space up to NLO.

IV. pd — *Hey SYSTEM

We concentrate on the energy regime £ > 0.5 MeV and
try to calculate the amplitude of the proton radiative capture
by deuteron in the c.m. framework. We work in the region
E > 0.5 MeV because in this regime the Coulomb parameter
WTN is of order % and so, nonperturbative treatment of Coulomb
effects is not necessary.

In the absence of the Coulomb repulsion the pd — *He y
process is acting like the nd — *He y process and the M1
transition has the dominated contribution with respectto E'1 at
zero energy. With the presence of the Coulomb repulsion, both

the E1 and M 1 transitions amplitudes are small at zero energy.
With increasing energy, the amplitude of the E'1 transition, due
to the capture in the P-wave state, increases and contributes
dominantly in the pd — *He y process.

The diagrams of the E1 and M1 transitions for the pd —
3He y process up to next-to-leading order are schematically
shown in Fig. 2. The dashed oval depicts the nucleon-dibaryon
scatterings which are given by Egs. (16) and (19) as the quartet
and doublet amplitudes, respectively. The dashed half-oval
indicates the normalized *He wave function at N"LO which
is introduced by t3(:l)e in the next section. We consider the
contribution of all diagrams shown in Fig. 2 in the amplitude
of proton radiative capture by a deuteron reaction. We do not
consider the contributions of the diagrams similar to Fig. 3.
As noted in [11] these diagrams have negligible contributions
in the final results. In the following we calculate the M1 and
E1 amplitude for the pd — *He y process separately.

A. M1 transition

By working in the Coulomb gauge, the M1 amplitude of
the pd —3 He y can be written as two orthogonal terms
(t1ouN)Ea % (%) x §Nas  iWTN)Ea- 8% x §),  (21)
where ¢, g4, and (? are the final *He field, the three-vector
polarization of the deuteron and the unit vector along the three-
momentum of the outgoing photon, respectively.

Using the M1 transition, the final *He ground state can
be made from both initial doublet (25%) and quartet (* S 2 ) pd
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) ) ) )

FIG. 3. The neglected diagrams which can be contributed in the final amplitude of the E1 and M1 pd — 3He y transition. All notations
are the same as previous figures.

systems. We calculate the contribution of the diagrams in Fig. 2 where
step by step as presented for the amplitude of the nd — 3Hy

iz R 2
reaction in [5]. Thus, the amplitude of the M1 pd — *He y X'S% 18487y X q + 0 X Ea€Ty X G,
transition can generally be written as the sum of both initial s 3 2 553 2
g . Xag, =2ig46%, X § — 0 X £48%, X § . 23
ZS% and 45% pd contributions by the relation ‘53 18atTy X q =0 X faty X q (23)

The M&") with x = 2§ 1 45% for the quartet and doublet
W(Mn)l = IT[MS;)] Xag, +M§';)3 X4S§]N ; (22)  channels before multiplying the deuteron wave function
LA L normalization factor is given by

J

M(E; k) = [S§UE; k) + S™(E; k) + CO(E; k) ]u

1 A
~53 / dg q* [S"(Ei.q) + C(E;.q)|[D™(E;.q) 1" (Ei; k.q) (24)
7= Jo
with
5 1
SUNELK) =Y U (Ek),  u=[0 ], (25)
i=1 0
where the 3 x 3 matrix function Sl(';) withi =0, ...,5 represents the contribution of the “s;” diagram in Fig. 2 for the incoming

x channel at N"LO (n < 1). In Eq. (24), the matrix function Cfc") denotes the contribution of the diagram “c” in Fig. 2. The
“c” diagram represents the additional terms which only contribute in the pd — *He y process compare with the nd — 3Hy.

3k

2
e rZ—'N denotes the energy of the initial pd system in the c.m.

Also, the k indicates the incoming momentum and E; = E =
framework.

For the initial ZS% state, in the cluster-configuration space, we obtain

o e 1 o —(ko + k1) 0 0
sV Ei k)= —— 1t (k 0 k k 0 ,
O,zs%( ) 6m Ef iy 3He( ) 0 O?)‘ 1 ko — k)
2k ki O
2
m ooy €Lt 3.0 3
Sl,zs%(E“k)_ 48ﬂﬁl3He(l€)D (Ef,k) Zk mNE, Zk mNEf k] 0 0 s
; 0 0 O

2 1 A t 1 myE; —k* — g myE; — k> — g
SO (B = 2 / dq *1™ (YD(E ;.q)— NEi _ nEy
2_23%( ) %67 E, — E J, 99ty (@)D (Ey q)kq Qo kg Qo o

—5(ko — k1) ko — ki 2(ko + k1)

X ko — ki —(ko — k1) 2(ko + k1) |,
2(ko + k1) 2(ko + k1) 0

2 1 A t 1 myE;—k* — ¢? myE; —k* — g
S(") E; k) = €l / d Zt(n) — | p®™ E;, ! _DW(E , f
3,25%( ) 9672 E;—E Jy q49 3He(q)kq (Ei,9)Qo kq (Er,q)Qo kq

ko + ki —(ko + k1)  —2(ko + k1)
x | 3(ko + k1) ko + ki —2(ko + k1) |,
6(ko — k1)  —2(ko — k1) 0
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ey? A , —3ko+ k1) ko+ki  2(ko+ ki)
sg";S Enh) =55 g HED / dq ¢ t5 (@ID(E1,)=D(E;, )l | 3ko + k1) (ko +k1)  2ko+ k) |,
0 —6(ko — k1) 2(ko — ki) 4(ko — k1)
—4el, el
o) ™ ) e G
sY) (E,,k)_t3He(k)D (E;.k) mjm 0 0 :
0
c™ (E; )—e3yf2mN / d ’2/ d fd(cose)t(’”'( NYD(E;q)
5, E; k 192(H)4(Ef_E) q'q qq q 744
2k ki 0
5 O(E; k,q.q', cos 0) O(E.k,q.q', cos0) k" 0‘ 0 6)
myE; —k*—q*—kqcos myE;—k®—q?—kqcosb 01 0 0’
where
1 A+B x1
O(E.k,q,q',c0s0) = — | In(—= ) —In = 27
Eadrenst) =7 (325) - (5] 47

with the following parameters:
x1=BQ2C+D)— A(D+2G)+2VFVC+D+G, x2=BQC—D)—AD—-2G)+2VFJ/C—=D+G,
A=k 4+4¢?+22, B=-2kq', C=(myE—k*>—q*>—q?—2kqgcosb)* —(qq’sinb)?,
D =2myE —k* — q* — g — 2kq cos 0)(kq' + qq’ cos0), G = (kq' + qq’ cos0)* + (qq’sin6)?,
F = B*C + A’G — ABD. (28)

Also, for the quartet channel (45%) the amplitudes of the sy,..., s5s and ¢ diagrams in Fig. 2 are given by

o e 1 w kh+k 0 O
S (Ei k)= — e (k 0 0 0],
0’43%( ) 3v3my Ef — E; e ) 0 0 0

0 O

(n) €YtYs 1 (n)t n) 3 2 3 2

(E,,k) —— ty. (k)D (Ef,k) —k*—myE; — |-k —mNEf ki 0 0],
4831 Ef — E; M 4 4 0 0 0

S(”) E: k) = € YtYs 1 Ad 2. (n)f D(n) E
24S ( i )_ 48\/§j12 Ef—El 0 q49 tzHe(CI) ( qu)
1 E —k2—qg? Er—k2—o? ko—k 0 0
X_Qou —QOM k—k 0 0],
k k k
4q q 4q 2ko+k) 0 0
1 A | myE; —k2—q
SO (B gy = E / doa*t™ @)L | Dk,
3,45%( ) i B, — 99 3He(q)k (Ei,q)Qo
E —k2— 2 ko+k1 0 0 )
—D(")(Ef,CI)Q< A ") 0 of, ;25 (Ei.k) =
0 0
2€L2
S (Erdy = 1 (oD E | e 8 g
549, 0 = By, I 33mn /pspi ’
: 0 0 O
€Ly Bk = oy / dg'q” / o f d(cost) 1 @) DVE )
192374 E; — E; 0 -1 ¢
§ O(E; k.q.q', cos6) O(E ;.k,q.q' cos ) _’;0 8 8 9
myE; —k*>—q?> —kqcos myE;—k*—q? —kqcosf (1) 0o o]
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In the above equations E y represents the final state energy which is given by E s = — Bsy,, where Bsy denotes the *He binding
energy. The results in Eqgs. (26), (29) are obtained after applying the appropriate projection operators for the initial and final

states. We note that the S(”f must be zero since in the quartet (S = 2) channel all spins are aligned and there is no three-bod
4455 q 2 p g y

2
interaction in this channel because the Pauli principle forbids the three nucleons to be at the same point in space.
Finally, we stress that the M%) amplitude which is the M1 contribution of the pd — 3He y process is obtained by
considering

-1
0 1

Al e R : (30)
90 D, (q0.9) Q=75 .q=0

as the normalization factor of the incoming deuteron wave function at N"LO. We have used this normalization factor as

MD(E; k) = M™(E; k) 2. (1)

B. E1 transition

For the E 1 matrix element of pd —3 He y, the spin structure can be written as two orthogonal terms,
i(t'o,N)Ea X €)) s (N)Eag™y). (32)

The E1 transition mixes an initial P-wave state to the final S-wave helium-3. Using the E1 transition, the final *He ground
state can be made from both initial doublet (3 Py and 2 P3) and quartet ¢ P1 and 4 P3) pd systems. We calculate the contribution
of the diagrams in Fig. 2 as presented for the M1 transition. According to [20] the order of the ss diagram is higher than
NLO, so we will not consider it in our calculation up to NLO. The E1 quartet amplitude for these diagrams is zero. Thus, the
amplitude of the E1 pd — *He y transition can finally be written as the sum of both initial 2 P and 2 P: pd contributions by the
relation

n) _ | em) (n)
W = f'[&m Vep, + €5 YzP%]N, (33)
2 2
where
Yip, = Bae*, +iGEq X &%), Yap =2846%, —iGE4 X &%, (34)
2 2

The 5;”) withy = 2P4 2 Py for the doublet channels before multiplying the deuteron wave function normalization factor is given
by i

" LA
EM(E; k) = [S§)(Ei.k) + SS(E; k) + C(E; k) |u — 77 /0 dq q* [SV(Ei.q) + CW(Ei.q)| D™(Ei.q) 1" (Ei: k.q)

(35)
with
4
SUELK) = S"(E; k). (36)
i=1
where the 3 x 3 matrix function S withi =0, ... 4 represents the contribution of the “s;” diagram in Fig. 2 for the initial y

channel at N"LO (n < 1). "

For the initial 2 P state, in the cluster-configuration space, we obtain

ek 1 )t
t3He
3mN Ei — Ef

2 1 i A 1 myE; — k* — ¢* myE; — k> — g
SW (B = P L e peE, i / da a1k myE;i —k*—q*\ NvEf
(L (Eb) = o 00D E 0 [ dag? i k(00 = 00—

myE; —k* — g2 myEs —k* — g2 6 0 0
“o(o(m =) (=) 0 o)
q q 0 0 4
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TABLE I. The experimental data and our EFT(s) results for the cross section of the pd — *Hey process up to N"LO (n < 1) are shown
at energy 0.5 < E < 3 MeV with A = 600. The o) and o) denote the N"LO E1 and M1 cross sections, respectively. The results of the
cross section are presented in units of ub.

Ej(MeV) 0.5 0.7 1.0 1.4 1.8 25 3

o) 3.5137 4.4725 5.3700 6.3061 7.2014 8.4890 9.6570
ol 0.0873 0.1042 0.1283 0.1402 0.1635 0.2474 0.2511
o 3.6010 4.5767 5.4983 6.4463 7.3649 8.7364 9.9081
o) 2.6841 3.6494 4.5999 5.7900 6.5074 7.9707 9.0334
o)) 0.0898 0.1112 0.1514 0.1604 0.1803 0.2698 0.3098
ol 2.7739 3.7606 47513 5.9504 6.6877 8.2405 9.3432
Oexp 2.5 3.22 4.15 5.12 5.96 7.47 8.48

2 1 A t 1 myE; —k* — ¢* myE; — k> — g
S™ (E; k) = € _/ dq ¢*t™" (¢)D"™(E ;,q)— | k N R ) ONEyr—F 74
e Bk = 55— |, A9 @D Era k(0 ” Qo =

Ei_kZ_ 2 E _k2_ 2 0 0 3
—q( 0, myEi Kk —4q" — 0, myEr =K —49° 0 0 —1]|,
kq kq 3 -1 0

2 A
o) _ ey 1 2, (1
S3,2P% (Elsk) - ! = A dqq t3He(q)%

(8]

48712 Ei—Ef
myE; —k* — g myE; —k? — g* -3 3 6
x [D(n)(Ei,q)Ql<Nk—q)—D(n)(Ef,CI)Q1<%)i| 301 -2,
q 4q 0 0 0
Sy2p, (Eik) =0,
2
33)’,2”11\/

1 A A 1 n
" (Ei k) = / d”Z/ d 2/ d(cos0) 1. (¢"Y D™ (E f,q'
2,,%( ) 64 (E—E,) Jo q9'q ; q9 , (cos0) 134, () D (Efr.q)

O(E;,k,q.q', cos0) O(E;,k,q,q', cos6)
X | g cos6 — :
myE; —k* —q* —kqcos myEs—k>—q*> — kg cosf

A O(E; ,k,q,q',cos0) — O(Er,k,q,q', cosO
e+ 2y (Eik.q.9 ) (Ey.k.q.q )
B myE; —k? — g2 — kg cos@
L(E; k,q,q',cos®) — L(Ey,k,q,q’, cos0) 100
—q 0 0 0], (37)
mNEi—kz—qz—kqCOSQ 0 0 0
where
LE.koq.q. c0s0) = —— In 21 (38)
k,q,q’,cos0) = ——1n—
1 BJG 2
with the following parameters:
y1=Q2G+D)+2vGJC+D+G, y2=(-2G+D)+2J/GJ/C—-D+G. (39)

TABLE II. The cutoff variation of our EFT(#) results for the total cross section between A = 200 and A = 600 up to N"LO (n < 1) as a
function of laboratory system energy.

Ep 0.5 0.7 1.0 1.4 1.8 25 3.0
o (A=200) .

Abs[1 — m] n= 0.0229 0.0111 0.0085 0.0071 0.0030 0.0030 0.0026
- n=1 0.0040 0.0055 0.0045 0.0032 0.0033 0.0028 0.0024
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Also, for the initial 2 P; state the amplitudes of the sy, . . ., s4 and ¢ diagrams in Fig. 2 are given by
300
3ek 1 i
s (E,-,k)z“/_e —— @m0 1 0],
‘P% 3mN Ei—Ef' 0 0 0
V3ey? 1 i A 1 myE; —k* — g myE; —k* — g
S (Enk) =12t WNDY(E £k / daa®—|k myEi —K"—q"\ myEy—k”—q”
2y (Eik) = S St e S WDERK) [ dag? k(2 ” Q0 "
mvE —k?—qg? mvE: —k2—qg? 6 0 O
—o(o () e (1)) [ 1 o)
i q 0 0 4
«/§ey2 1 A + 1 mNEA_kZ_qZ myE _kZ_qZ
SV (Eik) = ’—/ dg 1" (YD(E;.q)— | k[ g TN T4 _ g (N ES T
w,%( )= —i5 E—E, J, ¢ he (@D (Ey q)kq Qo i Qo ”

22 22 0 0 3
“o(o (=) e (=)o o )
kq 3 -1 0

S")  (Eik) =

3,2P;
2

V3ey? 1 A N
L / dg q* 1) (q)+
48 Ei - Ef 0 k

E; — k> — ¢*
x |:D(")(E,~,q)Q1 (u
kq
Sy2p, (Ei.k) =0,
2

V3yimy
64(m)*

s (Ei k) =
2

O(E; ,k,q,q’, cos0)

1 A A 1 ;
d”2fd Z/dcosét(”) ND"(Ey.q’
(El_Ef)/()' q4 0 q4 . ( )3He(6I) ( fQ)

O(Ey.k,q,q’', cos0)

X cos 6 -
(q |:mNEi—k2—q2—chose mNEf—kz—qz—chosé]

k+—q

i ( A ,>|: O(E;,k,q.q',cos0) — O(Ef,k,q,q/,cose)]

B

3 q/[ L(E; k,q.q',cos0) — L(Ef,k,q,q', cos0)

myE; —k* — q* — kg cos 0

As with the M1 transition results, the results in
Egs. (37), (40) are obtained after applying the appropriate
projection operators for the initial and final states.

The Sf,") amplitude which is the E1 contribution of the

pd — *He y process is obtained by
EW(E; k) = ES(E; k) 2. (41)

V. NUMERICAL RESULTS

In order to evaluate the cross section for the pd — 3He y
process we need the normalized *He wave function and the
nucleon-dibaryon scattering amplitude. The *He wave func-
tion is obtained at LO and NLO by solving the homogenous
part of Eq. (19) with applying E = — Bsy,. For the *He wave
function we use the normalization condition which is presented

myE; —k? — g% — kg cos@

1 00
D 0 0 0}. (40)
0 0 0

(

in Appendix A of [5]. In this process a FORTRAN code for a
specific cutoff has been used. The pd scattering amplitudes at
LO and NLO are obtained by solving numerically the Faddeev
equations which are introduced in Sec. I'V for the initial doublet
and quartet channels. We solve them in a MATHEMATICA code
by the Hetherington-Schick method [23-25] with a specific
cutoff momentum. Using the results of the scattering amplitude
and the *He wave function we solve Egs. (24), (35) to obtain
the M1 and E1 amplitudes of pd — *Hey process. We
proceed with the numerical evaluation by using the Gaussian
quadrature weights and the same cutoff momentum as before.
Here, the UV divergences are handled using the three-body
force H(E,A) which is introduced in Eq. (3). For the leading-
order three-body force Hy(A) we use the equation introduced
in [26], but we obtain Hé‘ILO(A) for the cutoff A by matching
the *He binding energy to the experimental value B} =
7.68 MeV.
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10f — 1o eFT
-=- NLO EFT
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— NLO MI
---LO El
=== LO Ml

=)
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cross section[ub]

0.5 1.0 1.5 2.0 2.5 3.0
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FIG. 4. Comparison between our results for A = 600 and ex-
perimental data. The triangular points denote the experimental data.
Our results for total cross section, E1, and M1 cross section of the
pd — *He y process at LO and NLO, have been shown.

As introduced in [4,5], the total N"LO cross section of
pd — *He y reaction is evaluated using the relation

2
+

2
+2|&8"

2py
2

5(")

2
2p, ‘
2

™ 2+2 M
ZS% 48%

)

(42)

27

where “(” superscript denotes N"LO results and v is the
incident proton velocity in the c.m. frame.

The comparison of experimental data [27] with our EFT(f)
results for the cross section of the pd — *Hey process up
to N"LO (n < 1) at energy 0.5 < E < 3 MeV are shown in
Table I. In Fig. 4 we have plotted our EFT(s) results for total,
E1, and M1 cross sections up to LO and NLO. Also, we have
shown the experimental data in Fig. 4 to compare with our
EFT(s) results. We follow the power counting introduced in
Ref. [5]. The EFT(jf) expansion parameter is % ~ 1 where Q
is the small parameter and A is the large parameter, thus the
NLO diagrams enter ~33% corrections to the LO amplitude.
The cross section is proportional to the square of the amplitude,
so it is obvious that if for example EFT(s) systematic error in
the amplitude is “o””, the systematic error in the cross section
would be “2a”. So, we expect a maximum error of 22% at NLO
for the cross section. The NLO EFT(j) results in Fig. 4 have

PHYSICAL REVIEW C 94, 054004 (2016)

0.10

0.05

200) 1
600)

s

..

0.00

Tl (A
T (A

=-=--LO
— NLO

-0.10
0.5 1.0 15 2.0 2.5 3.0

Eyap[MeV]

FIG. 5. Curves of cutoff variation between A =200 and A =
600 MeV for the cross section up to N'LO (n < 1) are plotted as a
function of laboratory system energy. The dashed line and solid line
correspond to our result up to LO and NLO, respectively.

the maximum error ~16.8% compared with the experimental
data. This small error indicates that there is good agreement
between our results and the experimental data within the range
of systematic error.

In Table II we have shown the cutoff variation of our
EFT(#) results for the total cross section between A = 200
and A =600 up to N'"LO (n < 1) at energy 0.5 < E <
3 MeV. We have also plotted the cutoff variation of our
EFT(s) results between A = 200 and A = 600in Fig. 5. These
results indicate that the cross section of pd — *He y is cut-of
independent and properly normalized.

VI. CONCLUSION AND OUTLOOK

In this paper we have calculated the cross section for
pd — 3Hey up to NLO. We have presented our evaluation
for the incoming proton with the energy 0.5 < E < 3 MeV.
The lower and upper energy limits indicate that we treat
the Coulomb effect perturbatively (E > 0.5) MeV and the
EFT(jt) breakdown scale (E < 3) MeV has been taken into
consideration. We have considered that in the low-energy
regime the E'1 is the dominant transition and the M 1 transition
has a small but important contribution for the pd — *He y
process. The experimental cross section data in this range of
energy has been used in order to compare with our EFT(j)
results. The cross section results up to NLO are in good
agreement with the experimental data considering the EFT(#)
theoretical uncertainties. The calculation of pd — *Hey
can be further applied to the calculation of parity-violating
observables of the pd — *He y reaction.
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