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Abstract We study for the first time the pX~ — K~°d
and K ~d — p X~ reactions close to threshold and show that
they are driven by a triangle mechanism, with the A(1405), a
proton and a neutron as intermediate states, which develops a
triangle singularity close to the Kd threshold. We find that a
mechanism involving virtual pion exchange and the K~ p —
7T X~ amplitude dominates over another one involving kaon
exchange andthe K~ p — K~ p amplitude. Moreover, of the
two A(1405) states, the one with higher mass around 1420
MeV, gives the largest contribution to the process. We show
that the cross section, well within measurable range, is very
sensitive to different models that, while reproducing K N
observables above threshold, provide different extrapolations
of the KN amplitudes below threshold. The observables of
this reaction will provide new constraints on the theoretical
models, leading to more reliable extrapolations of the K N
amplitudes below threshold and to more accurate predictions
of the A(1405) state of lower mass.

1 Introduction

Introduced early in the 50’s [1,2], the triangle singularities
(TS) are getting a growing attention nowadays since they are
helping to understand many phenomena observed in hadron
physics. The singularity stems from a mechanism that can be
depicted by a triangle Feynman diagram, see Fig. 1, where a
particle A decays into 1 and 2, 1 decays into B and 3, and 2
and 3 merge to form particle C. If this mechanism can occur
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at the classical level, a singularity appears in the amplitude
(Coleman—Norton theorem [3]), which requires that 1 and B
move in the same direction in the A rest frame, and 3 moves
in the direction of 2 and faster, such that it catches up with 2
and fuses with it to give C. The subject has been reformulated
recently with a more intuitive and practical formalism in Ref.
[4] and a thorough review has been done in Ref. [5].

Recent examples of TS are found in the study of the
n(1405) — f0(980)710 decay [6] performed in Refs. [7-10].
Another relevant case was the explanation of the “a; (1420)”
structure observed by the COMPASS collaboration [11],
which is explained in terms of a TS in Refs. [12-15]. Some
other recent examples can be seen in [16—18] and a rather
complete list of reactions studied along TS is given in Ref.
[5].

Another example of TS is given by the 77d — pp
reaction [19,20] which has been much studied in the past
[21-24]. Recently, this latter reaction got again attention in
[25] by looking at the time reversal reaction pp — w¥d,
because it was shown to be driven by a triangle mechanism
with ANN’ in the intermediate states and NN’ fusing to
give the deuteron. This mechanism was found responsible
for the relatively large cross section of the fusion reaction.
The works of [21-25] share basically the same model. Parti-
cle A in Fig. 1 is the pp system, particle 1 is the A(1232), B
is a pion and 2, 3 are nucleons that merge to give C, which
is the deuteron. The pp — N A transition is mediated by &
and p exchange. The results are similar. Ref [25] uses the
same model but a different formalism, in momentum space,
which allows one to trace the triangle singularity of the pro-
cess. At the same time, different spin transitions and angular
distributions were evaluated and shown to be consistent with
the results obtained in [24], where they were also studied.
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Fig. 1 Feynmandiagram from where a triangle singularity can emerge.
Particle A decays into 1 and 2, 1 decays into B and 3, and 2 and 3 merge
to form particle C

It was also shown in [25] that the dominant waves were in

agreement with the experimental findings in [26-28].

In the present case we shall study the related pX'~ —
K~d (K—d — pX7) reactions, showing that the mecha-
nism is similar to the one of the pp — 7 +d reaction, but
now the high energy pole of the A(1405) plays the role of
the A(1232) in the pp — m+d reaction. The TS places this
A(1405) and the nucleons of the triangle diagram on shell
and this leads to the interesting result that one can see the
effects of the A(1405), which lies below the K N threshold,
in a reaction with physical kaons, in other words, we observe
effects of the K~ p amplitudes below threshold in a reaction
with kaons above threshold. This is most welcome, since dif-
ferent theoretical models for the K N interaction reproducing
well the data above the K N threshold lead to quite different
results for the amplitudes below threshold.

The K N interaction has been the subject of intense theo-
retical scrutiny [29-32] which has been reinforced with the
advent of the chiral unitary approach [33-38]. One surprise
from the use of this approach is the existence of two A(1405)
states [36,39] which have found their way into the PDG [40]
only recently. A large amount of papers have come to cor-
roborate this finding [41-52]. Reviews on this issue can be
seen in [53-56]. Yet, in spite of reproducing the KN data
above threshold and some threshold observables, the differ-
ent models produce K N amplitudes below threshold which
differ much from each other (see Fig. 1 of [57]). We will show
that because the reaction relies upon K N amplitudes below
threshold, the results that we obtain with several models for
the KN interaction lead to results for the K~d — pX~
reaction that differ appreciably among themselves. In other
words, the measurement of this cross section would provide
an extra valuable observable to put more constraints on the
theoretical models and make them more predictive below the
K N threshold. This information would go in the same line
of the work presently done at DAFNE in the programs as
AMADEUS [58] and SIDDHARTA [59].

2 Formalism
We shall study the pX~ — K ~d reaction to be able to

exploit the analogies with the pp — 7 *d reaction. The
process proceeds via the diagrams of Fig. 2.

@ Springer

The process of pX~ — K™d, involving the fusion of
the two nucleons in the final state, can be visualized from the
time reversed point of view as amechanism of K ~ absorption
on two nucleons, with the mechanisms of K~ absorption
described in [60-62].

The diagrams of Fig. 2 develop a triangle singularity. This
occurs when the A(1405), the p and n intermediate states are
placed on shell in the loop (the K+ and 7~ are off shell and
do not matter for the discussion of the TS) and the A (1405)
and K~ are in the same direction. If the proton, which goes in
the same direction of the neutron in this case, goes faster than
the neutron, it can catch up with the neutron and fuse into
the deuteron, producing the TS according to the Coleman—
Norton theorem [3]. All these conditions are summarized in
Eq. (18) of Ref. [4] in the limit of zero width of the A (1405),
which states

don = 4q- (1

where gopn is the momentum of the neutron in the p X'~ rest
frame and ¢,- is one of the solutions of the momentum of
the neutron in the decay of the d into pn for the moving
d in the p X~ rest frame. Easy analytical formulae for gop,
q.- are given in Ref. [4]. This condition requires that the p,
n and A* in the loop are on shell. Technically, the deuteron
bound does not decay to pn, and to test Eq. (1) one can take a
deuteron slightly unbound. The singularity becomes a broad
peak upon the consideration of the A(1405) width and, by
continuity, it shows up even if the deuteron is bound by 2.2
MeV. The test of Ref. [4] is done here taking the deuteron
mass of 1878 MeV, which is 0.2 MeV above np threshold,
and the A(1405) mass equal to 1434 MeV, just 2 MeV above
the K~ p threshold. This mass is 8 MeV above the mass of the
upper A(1405) state found in Ref. [39] at 1426 MeV, which
has a width of 32 MeV. This guarantees a large overlap with
the TS condition. Under these assumptions, needed to pass
the test of Ref. [4], the TS is obtained at 2373.65 MeV where
gon = q,~ = 10 MeV/c. Technically one would perform
the K ~d — p X~ measurement, which can be done for low
K~ energies in DAFNE [63] and in other facilities, as JPARC
[64,65] or the planned kaon facility at Jefferson Lab [66,67].
To evaluate the amplitudes for the diagrams of Fig. 2 one
needs the coupling of the two A(1405)to K~ pandtont X~
and the couplingsof 7~ p — nand K™ X~ — n.Then ™ pn
coupling is given for an incoming 7~ of momentum q by

. JaNN
— It =

o-qv2, )

Mz
with f vy = 1.002. Alternatively, this coupling and in gen-
eral the pseudoscalar-meson baryon vertex (PBB), can be
obtained from chiral Lagrangians [68,69] and the general
result is given by [70],

[ D+F D-F ;
—ltKNY—[a 37 + B 27 i|0~q 3)
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(a)

(P +¢°, P +q)

Fig. 2 Feynman diagrams for the p X~ — K ~d reaction. The momenta of the lines are shown in brackets

for an incoming K, with f=93MeV, D = 0.795, F =
0.465 [71]. In particular,

D-F
2f

—itgry- .y =2 g-q 4

We note that in this formalism, f’;ﬂ = DZ—J}F. The isospin
I = 0 function for the deuteron can be written as

ld) = %(Ipn) — |np)). (&)

The coupling of the deuteron to NN is given by g4. In par-
ticular for the pn component

1
- itdpn = _lgdﬁe(Qmax = Iqle.m.) (6)

where qc.m, is the p momentum in the d rest frame. From the
study in Appendix A of [25], we find

ga = 2m)3/22.67 x 1073MeV~1/2,
Gmax = 240MeV. (7

With these ingredients we can evaluate the amplitudes
corresponding to the two diagrams of Fig. 2 and find

@ . , . D-F
— it @ = (~i)g gu g p(~D)g - p(~D)8d 5

2f
a* i M i
q q 1 A* 1
o) - -
@O g2 —mi tie Ear pO_ g0y —q)+iT4
L My i
Ey PY—¢0 — k0 — Exy(P —q—Kk) +ie
My i o( P K
Ejy POy q0— Ef(—P+q) +ie ™ =3
. JaNN .
7lt(h> = 7gA*,K—1,gA*Tﬂ+2—gd7n 1
my
d*q 1 M g 1
)4 27m%+i€ E px P’O—qO—EA*(—P—q)—i-iF/Z‘*
M 1
X1 q 0 _ ,0_ 10 ;
Eny PV —qg" —kY — EN(—P —q—Kk) + i€
My 1 Kk
— 0 —|-P—-q— =), 8
E}v P0+q0—E}\,(P+q)+ie (gmax — | q 2|) ( )

where E (P) = +/P? + m2. We write the pseudoscalar prop-
agator as

1 1 1 1
a>—m’+iec  20(Q (qo—w(q)+ie B q°+w(q)—ie>’
)

with w(q) = /m2 + q2, and then perform the ¢° inte-
gration analytically. However, it is practical to reduce the
number of denominators containing ¢° and for this purpose
it is useful to write

1
PO— g0 — k0 — Ey(P—q—Kk) +ie
1
PO +40 — E\(-P+q) +ie
B 1
5=k —Ey(-P+q) — Ey(P—q—k) +ie

1
X
(P0+q0—k0—EN(P—q—k)+ie

1
+— —). 10
P0+q0—E;V(—P+q)+ze) (10

Then we easily find using Cauchy’s theorem that

. (a) D—-F
U =8A K- p8A*K-p8d
12 s P s 14 2f

d3 /
/ﬁvij(‘I)F(Po,PO,‘]J"K(QLP, K)F (A, mg)

= —8A* K~ p8A*ntx-8d

—it.(l?) faNN
l.[ mn
d*q 0 50 5

/wWi,/(Q)F(P ,PY q, w0 (q), =P, K)F2(A, my),

(1)

where F(A, m;) and F(P°, P, q, w, P, k) are given by
A2 — ml2

F(A,my) = M—W,

12)

and

1 My
20(q) ENP —q—k)

F(P°, P° q, 0, P k) =

@ Springer
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My M g+
EN(=P+q) Ex«(P —q)
% 0(qmax — [P —q — %D
5=k —En(—P+q) — Ey(P—q—Kk) +ie
1
X Tor
PO—w(q) —Ep(P—q)+i4
1
PO —w(q) — kO — EN(P—q —K) + i€
1
+ e
PO—Ef(P—q) —w(q) +i4
1
V5 — Ep(P—q) — Ex(~P +q) +i 14"
1
+ 0 ;
PP — EN(=P+q) —w(q) +ie

1
Vs —Ep(P—q) — EN(=P+q)+i

el B

We have also introduced a form factor to account for the
pseudoscalar exchange with A = 1125 MeV as also used
in [25]. The functions V;;(q), W;;(g) are the matrix ele-
ments of 05 - q and o1 - q respectively for the spin transitions
i — jwithi =M, 1,11, )| for the pX~ spins and
j =M, %(TL + 11), || for the deuteron polarizations.
The explicit expressions of V;;, W;; are shown in Appendix
A.

The procedure we follow to do the fourfold integration is
rewarding. We first perform the ¢° integration analytically
where the poles of the propagators of the four internal par-
ticles of the loop are considered, including the pion poles
of Eq. (9). After this is done, we are left with the three-
fold integration of Eq. (11) which we perform numerically.
The factors F' of Eq. (11), (13) contain now the full ana-
lytical structure of the amplitude and we can see explicitly
which are the remaining poles by setting to zero the denom-
inators appearing in Eq. (13). Taking as example the ampli-
tude r® which contains the pion propagator and involves
F(P’O, PY, q, vz (q), —P, k), we have the following cuts:

a) /s —k? = Exy(P+q)+ Ey(P+q+k). This pole places
the two nucleons of the loop on shell.

b) PO =w, (qQ) + E 4+ (P+q). This pole corresponds to the
impossible case of a X'~ producing a 7 and a A(1405).
Hence, the denominator of this propagator will never be
Zero.

¢) P? = w,(q) + k° + Exy(P + q + k). Once again this
relationship will never be fulfilled and the inverse of the
propagator will never be zero.

d) /s = E;«(P+q) + En(P+ q). This places the A* and
the upper nucleon of diagram (b) in Fig. 2 on shell and
can occur.

@ Springer

e) P = Eny(P + q) + o, (q). This is again impossible
because a nucleon cannot go to a nucleon and a pion.

As we can see, only the propagators corresponding to
cases a) and d) can have zero denominators and give rise to
cuts in the amplitudes. However, in an ordinary case the d°g
integral gives the principal values and the imaginary parts
in the amplitude. The infinites of the denominator to the left
and right of the singular point have opposite sign and cancel
in the principal value of the dg’ integral with ' = P + q.
Yet, because of the E; (P + q + k) terms in the denomina-
tors, one has two integrations, one in dg’ and the other one
in dcos6, with 6 the angle between P 4 q and k. If we have
a singularity at cos@ = =1 then in the dcosf integration
we cannot benefit from the cancellations of the two infinite
branches, because we cannot integrate beyond cos6 = 1 or
below cos6 = —1 and then an infinite arises. Actually the cut
a) has two algebraic solutions for cos6 = —1, keeping the
ie of the denominators, g, — i€, qé’l+ + ie, easily obtained
as

4y =YWE; = p3); q, =yWE5+ p3)

where v is the velocity of the deuteron in the p X'~ rest frame,
and p3, E3 the momentum and energy of the upper nucleon

of the diagram in the d rest frame, with y = (1 — vz)’% . The
cut d) has as solutions ¢’ = ¢/, +i€c and ¢’ = —q,, — i€, but
the second is irrelevant since we integrate over |q’| positive.
On the other hand, when cos6 = 1 for the cut a), the algebraic
solutions are ¢, — i€, g, +ie with

/

qp = —vWES+p3); gy, = y(—vE5 + p3)

and, again the g; solution is irrelevant since we integrate

over positive |q’|. We can see that for cos® = 1 the singular
points are g, + i€ and ql’,+ + i€, both of them in the upper

side of the complex plane and can be sorted out in the fooo dq’
integral by deforming the integration contour. However for
cos® = —1if wetakeg, —ieandgq),+ie withg), =q)
we are forced to pass between the two poles in the fooo dq’
integration no matter how the integration contour is deformed
and this time one has an infinite in the amplitude in the case
that we neglect the with of the A* (illustrative figures of the
situation in the general case can be seen in Fig. 3 of Ref. [4]).
This is the triangle singularity situation [1,2] as explained
in detail in Ref. [4]. In the former discussion we have also
seen that the denominators involving the pion never become
zero, which is the technical way of expressing that the pion
is never on shell in that diagram.

The cross section for the K~d — pX~, which is what
would be measured, is given by

do 11
-M,Mx5-M t 14
dcos ) 47rs zo Ay ZZH (14
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where
=@ 4 4® (15)

and
- | i
DD = §Z|ti(j‘l) +1 12, (16)
i,J

with i, j referring to the initial and final spin states.

For the evaluation of the pX~ — K~d amplitudes
we take P = P(0,0,1), k = k(sinfg, 0, cosfg) and
q = g(sinfcos¢,sinfsing, cos). Note that cosf, in
K~d — pX~ is the same as cosfg in pX~ — K™ d.

The factor p/k of phase space in Eq. (14) makes the cross
section blow up as k — 0. For this reason we find appropriate

k do k . .
to plot > ( Teoshy ), or o, after integration over angles.

Since we have two A(1405) poles, we must sum over them
in the ti(j‘.’) or ti(/}?) amplitudes. We obtain these amplitudes
simply putting the couplings of the two resonances to the
K~ por ™ X~ in Egs. (11) and the mass and width of the
A(1405) in Eq. (13). As a reference we will use the model
of Ref. [35] with the properties of these resonances given in

Table 1. In particular we have

1
8A*K—p = EgA*,IZN
1
8A* gty— = —ﬁgA*,nE an

2.1 Relation to the explicit deuteron wave function

Following [72] and Appendix A of Ref. [25] (see also Eq. (34)
of [25]), one can identify the deuteron wave function in
momentum space in our formalism and replace it by the one
of the Bonn model [72] (the results with the Paris wave func-
tion [73] are practically the same). The equivalence in the
present case is!

My My
SEP—q—K Ey(—P+q)
0(gmax — IP —q — %))
Vs —kO—EN(-P+q) — EN(P—q—Kk) +ie
3/2 k
— =)y ®-q-3) (18)

with ¥ (¢) normalized as [ d3q |y (q)* = 1.

I See Eqgs. (114) and (118) of [74], and Eq. (19) of [25], which incor-
porates the M/E field theoretical factors. Note the erratum in Eq. (118)
of [74], which should be g; = /G ; g G = .

2.2 Amplitudes using the explicit KN — KN and
KN —- X%

Since formally we have the equivalences of

i @) @)
i M) 8% K- p8a* K- p
EQ®—q W) T
=1 =ax \/E—EN(—P'H])—EA*(P—Q)-H é\
= tK*p,K*p(Minv) (19)
and
i @) @)
22: M) 8 A% K= pS A nt 5-
220 : 0
i1 Ex® =@ s py@®tq - EQP-q+i4
=1g—p otz (M), (20)

with M2 = s + M3 — 2/sEN(-P + q), and M2 =

mnv mv
s + M12v — 2/SEN(P + q), respectively, we can write the

amplitudes ti(]fl), tl.(f) as

D—F
2f
d*q o )
/(2_n)3 Vii(@ F'(P”, P™,q,wk(q), P,K)F* (A, mg),
D+F
2f
d*q e ,
f (2_7_[)3 le(q)G (P°, P ,q, a)ﬂ(q)’P’ k)f (A, my),
(21)

o (a) _
— U =8

- (b)) _
_lt,'j = —8d

where F’' and G’ are given in Appendix B.

3 Results

In the first place, we study the contribution of the differ-
ent spin transitions. We use the model of Ref. [35] (called
Oset-Ramos later) taking the input of Table 1. In Fig. 11,
we shall present results for the cross sections using different
models. The cross sections are taken from Eq. (14) subse-
quently integrated over the angle 6. In Fig. 3 we plot %a
for several spin transitions. One finds that the most impor-
tant is 11—11, or | |— || which has the same strength.

Table 1 Pole positions and couplings from Ref. [39]

State 8A% RN SA* 7S (Mass, g)
A(1390) 1.24i1.7 —-25—il1.5 (1390, 66)
A(1426) —2.54+i0.94 042—i14 (1426, 16)

@ Springer
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Vs (Mev)

Fig. 3 Contribution from several spin transitions in %a

0.0008
Tt
3 0.0006+ T TN e Wotd |
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Q ,/ N
T 0.0004| / RN :
o / ~
! / \\\
5 I, \\\
° / SsQ
£ o0.0002- / 1
II
/!
1/
1
U
0.0000 : : : :
2380 2400 2420 2440
Vs (MeV)

Fig. 4 Contribution from several spin transitions in %a,

The transitions involving some spin flip are very small as
shown in Fig. 4. This spin dependence is different from the
one obtained in the pp — 7 "d reaction [25] and the reason
is that, unlike in [25], we have only a spin operator in one of
the baryonic lines.
Next, we look at the angular dependence. Figure 5 displays
the angular dependence of do'/dcos(8),) for two given values
of /s, namely about 10 MeV and 30 MeV above threshold.
We observe a smooth angular dependence, a little stronger
as the energy increases, favoring backward angles. Even if
the lines look parallel, there are small differences in the slope
for different values of A. Indeed, in Fig. 5 (left), the ratio of
backward to forward cross section is a factor 1.24 for A =
1250 MeV, while it is 1.32 for 1000 MeV. The differences
are bigger in Fig. 5 (right), at higher energies, where these
ratios are 1.42 and 1.58 respectively. A precise measurement
of the angular distributions can tell us about the value of A
to be used. We should also note that a difference of 125 MeV
in the value of A induces a change in the cross section of
16 — 18% around threshold. We shall see that the deviations
in the cross sections predicted by different models are of
the order of a factor of two. Hence, even having a small

@ Springer

0.15r A=1000 MeV

A=1125 MeV

o - A=1250 MeV
Eotwof T 1

k/p do/d cos@
o
o
o

0.00 '
-1.0 -0.5 0.0 0.5 1.0

cos6

Fig. 5 Angular dependence of %déloﬁ of the K~d — pX~ reaction

as a function of cosf (of the proton) for /s = /sy, + 10 MeV (left)
and /sy, + 30 MeV (right)

1.0F 7
——— Diagram (b)

! High pole (b) |
..... - Low pole (b)

0.6f 7

0.0

2380 2400 2420 2440
Vs (Mev)

Fig. 6 Contributions of the high and low mass poles to the diagrams a
and b in %O‘

uncertainty in the value of A, the measured cross sections
can serve to discriminate among models.

In Fig. 6 (left), we show the contribution of each of the
A(1405) poles for the mechanism of Fig. 2a. As one might
expect from Eq. (1), we observe that the contribution of the
higher mass pole is much larger than that of the lower mass
pole. However, the destructive interference between the two
contributions is relevant enough to reduce the cross section
in about 30%.

An analogous study is performed for the mechanism dia-
grammatically represented in Fig. 2b. Figure 6 (right) shows
qualitatively similar features to the former case, but with
approximately a factor ten difference in the strength of the
cross section between both mechanisms. The reason for this
lies in the magnifying effect of the pseudoscalar propagator
produced by the fact of having a pion exchange instead of
a kaon exchange. We also note that now the interference is
more apparent and reduces the cross section by about 50%.

As mentioned above, the high A* pole dominates the
amplitudes. Part of the reason for the dominance of the high
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05 Total
Diagram (a)

g 0.4+
E " Diagram (b)
W
2 0.3+ 8
1+
°
x
Y 0.2f 5
o
X

0.1F ]

0.0k L L L { 3

2380 2400 2420 2440
Vs (MeV)

Fig. 7 Contributions of the high and low mass poles (left) and diagrams
a and b (right), compared to the total %a

pole in Fig. 6 (left) is due to the fact that gi* _ has larger

strength for the high pole than the low pole’fnl\(])te that the
couplings are complex), but this factor is far from justifying
the large difference between the two contributions in Fig. 6
(left). More significant is the case of Fig. 6 (right), the dom-
inant term, where g 4« gy - §4* 7 » has a bigger strength for
the low pole, in spite of which the high pole dominates the
reaction.

In Fig. 7 (left), we show the results for each of the poles
once the contributions of the two mechanisms are included
in the cross section simultaneously. As before, we find the
dominance of the higher A(1405) pole, but the interference
reduces the cross section to one half its strength.

The role of each mechanism inthe K~d — p X'~ process
is reflected in Fig. 7 (right) including the contribution of both
poles. The results when independently taking the contribu-
tions of the two mechanisms confirm that the mechanism of
Fig. 2b is the dominant one. As an interesting fact here, it
should be mentioned that the addition of the mechanism of
Fig. 2a to the one of Fig. 2b increases the cross section by
just 10%.

So far all the results shown have been obtained employing
the 6-function as prescription for the deuteron wave func-
tion. Next, using Eq. (18), we swap the former prescription
for the explicit wave functions derived from the Bonn and
Paris potentials [73,75]. The results are collected in Fig. 8.
We observe that the cross sections obtained with either wave
function are very similar, but with respect to the 6 wave func-
tion they reduce the cross section by about 23%. An attempt
to reduce the previous difference was carried out by rescaling
the g4 coupling by a factor 0.88. This works fairly well with
small values of /s but does not maintain such an accuracy
as the energy increases. Because of this, all the results pre-
sented are obtained using the Bonn wave function from now
on.

05 6 1
Machleidt
9 g4k
3 04 Paris
N
Q 0.3+ 4
1
°
x L ]
g 0.2
o
=
01f 1
0.0k L L L L 3
2380 2400 2420 2440
Vs (MeV)

Fig. 8 Comparison of %a using the 6 function or the deuteron wave
functions

One can think of using other deuteron wave functions, like
those based on Effective Field Theory of [76]. If one looks at
Fig. 6 (left) of [76], one can see that the wave functions are
very similar to the one of the Bonn Model [72]. Concretely,
they are practically equivalent at distances bigger than 2 fm,
indicating that the wave functions are practically the same
for momentum of the deuteron smaller than 100 MeV/c, and
this is the region of momenta that gives more weight to the
process, since |¥ ( p)|? at 100 MeV/c is already about 2% of
|& (p)|? at the origin. One does not expect differences from
using the Effective Field Theory wave functions bigger than
the tiny ones in Fig. 8 between the Bonn and the Paris wave
functions.

In order to illustrate the effect of the triangle singularity
on the K~d — pX~ reaction, we find very instructive to
show the corresponding amplitude. For simplicity, we have
chosen the dominant spin transition 11— 11 and plot the
real and imaginary parts of its amplitude in the left panel of
Fig. 9. Both curves behave as one might expect for a typical
triangle singularity (see Fig. 5 of [17], Figs. 5, 6 of [77] and
Fig. 4 of [16]). On the one hand, we see that the imaginary
part (solid line) develops a smooth peak, with its highest
strength around /s = 2380 MeV, close to where Eq. (1)
predicts the peak of the TS. The shape of the imaginary part
translates information of the imaginary partofthe /g - , 7+ x-
amplitude below threshold to K~ energies above threshold
inthe K~d — pX~ reaction. On the other hand, the real
part of the amplitude contributes largely to the strength of the
cross section close to threshold. The dashed line in the same
panel of Fig. 9 clearly evidences the presence of a cusp in the
vicinity of the K ~d threshold. To aid the visualization of this
effect, we have explored a bit below threshold setting k = 0
in the formulas.” These findings are in good agreement with

2 The K ~d threshold is at 2369.3 MeV. We have extrapolated the ampli-
tude 10 MeV below threshold. To avoid having to use imaginary k
and mixing real momenta with k imaginary in the kinetic energies of
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Fig. 9 Energy dependence of the real (dashed line) and the imaginary
(solid line) parts of the K~d — p X~ for the 11— 11 spin transition
(leftpanel) and K~ p — 7™ X~ (right panel) amplitudes. The K~ p —
7+ X~ amplitude is taken from the model Oset-Ramos [35]

Ref. [16,17,77], where it was shown that the imaginary part
of the amplitude is tied to the triangle singularity, while the
real part is tied to a threshold effect.

In the right panel of Fig. 9, we show the real and imaginary
parts of the 7x-, »+x- amplitude, the one that dominates
the reaction in the mechanism of Fig. 2b. As one can see in
Egs. (21, B.5), the shape of the K ~d — p X~ amplitude is
not a mapping of the one from g - , 7+ »-. Actually, compar-
ing both panels, it can be appreciated that the TS has created
a structure of its own thereby making the amplitudes differ
significantly from each other. Nevertheless, by construction,
Egs. (21, B.5) constrain the shape and strength of g -4 ,, 5 - to
be strongly tied to that of KN — 7 ¥ amplitude. Moreover,
the terms in F’ and G’ of Eq. (B.5) (Appendix B) show-
ing explicitly the couplings of the A(1405) resonances to
the KN and 7 X channels (those which are not factorized
in terms of the tx-, g-, Or tx-, +x- amplitudes) give a
small contribution of the order of 5% inthe K ~d — pX~
amplitudes. Therefore, this last magnitude is basically pro-
portional to the K~ p — 7™ X~ amplitude. The fact that the
two amplitudes 7x -4, ,5- and fx -, -+ 5~ are so different, in
spite of the approximate factorization of the latter amplitude
infg-4 ,5-,1s due to the extra factors in the formula of G’
in Eq. (B.5) which carry the information of the TS structure.

Finally, we analyze the impact of the K™ p — K p,
7T X~ amplitudes from different models on the K~d —

Egs. (13), since k is small compared to the integration variable, we
simply take k = 0.

@ Springer

pX~ cross section. To this end, four models have been
considered whose nature could be representative of what
one can find in the literature: Oset-Ramos [35], Roca-Oset
[46], Cieply-Smejkal [48] and Feijoo-Magas-Ramos [78].
All of them are derived from a chiral SU (3) Lagrangian and
implementing a unitarization scheme in coupled channels, as
well as limited to s-wave projection. Despite this common
approach, there are some peculiarities worth mentioning that
can be useful for a future understanding of potential exper-
imental data. We discuss the different models one by one
below.

Oset-Ramos [35]: This first model uses a Weinberg—
Tomozawa (WT) contribution as driving term in the interac-
tion kernel. The authors took into account, for the first time,
the full S = —1 meson-baryon basis for the regularization
of loop integral in coupled channels.

Roca-Oset [46]: This model takes as building block the
previous one, yet reducing the basis to 7 A, 7 X, K N chan-
nels. It has special interest for the present study because,
apart from the ordinary K~ p — 7 A, 7w X, KN total cross
sections and threshold observables, the authors incorporated
the CLAS data for the A(1405) photoproduction [79] in the
fits to constrain the model parameters.

Cieply-Smejkal: The third one is the model called NLO30
in Ref. [48]. This is a model based on a chirally motivated
potential, written in a separable form, whose central piece
is derived from the Lagrangian up to next-to-leading order
(NLO). The authors took into account in the fitting procedure
the very precise measurements of the shift and width of the
1S state in kaonic hydrogen carried out by SIDDHARTA
Collaboration [80].

Feijoo-Magas-Ramos: This model corresponds to the fit
called WT+Born+NLO carried out in [ 78]. It was constructed
by adding the interaction kernels derived from the Lagrangian
up to NLO, and including additional experimental data at
higher energies in the fits. This model is the natural extension
of Oset-Ramos.

In Fig. 10, we show the Real and Imaginary parts of the
amplitudes from the models that we discuss. We see that
above threshold all the models basically coincide, but below
threshold the different models give very different amplitudes.
This means that any difference that we find for the present
reaction between these models, that we discuss next, have
to be attributed to the different amplitudes below threshold,
indicating that the K~d — pX ™~ reaction is indeed very
sensitive to this amplitude.

In Fig. 11 we plot the resulting K~d — p X~ cross sec-
tions for the models discussed above. The most revealing
feature in the figure is the significant difference in the cross
section strength among them at small values of 4/s. The Oset-
Ramos (dashed line) and Feijoo-Magas-Ramos (dotted line)
produce almost identical results. The discrepancies become
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Fig. 11 K~d — p X~ cross sections (%0) for the considered models.
More details in the text

more evident when comparing the former models with Oset-
Roca (dash-dotted) and Cieply-Smejkal (dash-dot-dot line)
being of the order of 40% and 100%, respectively. For low
values of /s inthe K ~d — p X~ reaction, the contributions
of the K N amplitudes in the loop integral come mostly from
K N invariant masses in the subthreshold region where the
K N models present the greatest disagreements. One expects
that, as the energy of the K~ increases, the A(1405) invariant
mass, still restricted by the nucleon dynamics in the deuteron,
has more access to values where all models have a better
agreement among themselves because they have been fit-
ted to the same experimental data. This effect is somewhat
seen in Fig. 11 by the convergent trend shown by the models
at higher energies. Roughly speaking, the process proposed
in the present study acts as an indirect window to the sub-
threshold K N amplitudes that cannot only be used as a tool

Fig. 12 Effects of the S- and D-wave contributions of the deuteron
wave function (WF) on the K~d — p X~ cross section, for the domi-
nant spin transition (11— 11) and taking into account the Oset-Ramos
Model for the S = —1 meson-baryon amplitudes

to discern which models are suitable to describe the physics
in such a region but also may shed some light on the location
of the lower mass pole of the A(1405) resonance.

The calculations so far have been done using only the S-
wave part of the deuteron wave function, normalized to unity,
and neglecting the D-wave part, which normally provides
small corrections to different observables. We have checked
that this is the case here and have redone the calculations
using both waves from the Bonn potential [72] for the dom-
inant spin transition 11 (of p X'~ system) — 11 ( JM of
the deuteron). The details on how to account for the D-wave
are given in Appendix C. In Fig. 12, we have evaluated the
role of the D-wave on the cross section for K~d — pX~
for the dominant 14— 11 transition and we find effects that

@ Springer
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Fig. 13 Several alternative mechanisms that can produce the K=d — pX~ (pX~ — K~ d) reaction: a impulse approximation, b impulse

approximation with rescattering, ¢ X'(1385) excitation

range from 9% at low energies to 3% at higher energies. This
effect falls well within uncertainties in our model and, most
important, it is very small compared to the differences found
for different models of a factor two or more.

4 Discussion

We have relied upon the mechanism for p¥~ — K~ d
reaction that develops a TS, which in principle dominates
over other possible mechanism where no singularity devel-
ops. The mechanism is analogous to the one of pp — 7+d
studied in [25] replacing pp by pX~ and the 77 by K. In
[25], it was shown that the mechanism analogous to Fig. 2
with the A(1405) replaced by the A(1232) also developed
a TS and reproduced very well the experimental data. Other
mechanisms, like the impulse approximation, were consid-
ered therein (Ref. [25]) and they were found negligible versus
the TS mechanism. This should be the case here too, but we
take the opportunity to discuss other possible mechanisms
which we plot in Fig. 13.

Figure 13a depicts the impulse approximation. The momen-
tum of the X'~ in this reaction for a K~ at threshold is about
513 MeV/c. We have to pick up this momentum from the
deuteron wave function, and taking into account the Bonn
wave function [72] it has fallen by about four orders of
magnitude with respect to its maximum at zero momentum.
On the other hand, the K N X' Yukawa vertex is of the type
0 - px- which also vanishes when the K~ goes to thresh-
old. The mechanism is completely negligible. The diagram
of Fig. 13brelies upon the same mechanism but involves final
state interaction. The off shellness can be split now between
the deuteron and the intermediate A, X' states, softening
somewhat the drastic reduction found for the mechanism of
Fig. 13a. Yet, the Yukawa coupling for the near threshold
K™ does not give room to any relevant contribution. Finally,
we show another potential mechanism depicted in Fig. 13c.
This mechanism involves the K~ N X' (1385) vertex, which
has also p-wave coupling of the type STpx- (ST being the
spin transition operator from spin 1/2 to spin 3/2). Once
again, this mechanism has no chance to provide any appre-
ciable contribution for the near threshold kaons that we have.

@ Springer

In order to further stress the role of the TS mechanism
for the reaction, we consider the diagram equivalent to
Fig. 2b (the one providing the largest contribution) but with
a A(1115) instead of the A(1405). We can take advantage
of the results obtained so far and start from the amplitude
of Eq. (11). We obtain the contribution of the A(1115) with
minor changes:

a) Replace
2 D 1 —D—-3F
gA*,K*p'gA*,nJrZ‘* — ﬁﬁﬂ'k‘l—ﬁTO’q
(22)
b) Replace
o
EA*—iTA—>EA (23)

The replacement in point a) naturally brings to re-express
Wij — Wl.j = (jloVqoePko@qli). Again we evaluate
that for the most important transition, namely 11— 11 where

Wi(@) = q.[k - q + itkegy — kygo)]- (24)

The results for the cross sections are shown in Fig. 14. We
observe that in the region close to threshold where the TS
shows up the contribution is about four orders of magnitude
smaller. One of the reasons is that the A — K~ p coupling
involves a p-wave which rapidly decreases close to threshold.
In fact, in the plot, we observe that the new contribution is
only about one fourth of the one coming from TS at larger
energies. One can completely ignore this mechanism in the
TS region and so can we say of other intermediate states like
the X' (1197), X*(1385) or A(1520) (d-wave).

One can also ask about the possible role of initial or final
state interaction of the K~d — pX~ reaction. The ini-
tial state interaction with K~ interacting with the nucleons
of the deuteron is dominated by the high A* resonance at
1426 MeV and has already been taken into account. The
final state interaction of the p X'~ deserves some comment.
This interaction is relevant when the kinetic energy of the
system is small compared with the p X~ potential. Here the
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Fig. 15 Mechanisms considered in Refs. [45,46,84]

kinetic energy is large, mx +mg —m, —myx = 236.5 MeV,
much larger than the average p X'~ potential. One can get a
feeling of the situation by taking the p X'~ scattering length
most suited to our problem with / = 1/2 and spin triplet,
a = 2.61 —i2.89 fm [81]. This is small compared to the
np I = 0 spin triplet of the deuteron, a = 5.38 fm which
barely binds the deuteron by 2.2 MeV. Another indication
is given by the binding of X'~ in nuclei. The strong interac-
tion from fits to pionic atoms results in an attractive potential
X~ -nucleus of about 30 MeV coming from the interaction of
the X'~ with all nucleons of the nucleus within the range of
the interaction [82,83]. Assuming a few nucleons contribut-
ing to this potential, the magnitude obtained for the p X'~
potential is very small compared to the 236.5 MeV of kinetic
energy of the p X'~ system here, which allows us to ignore
the contribution of the final state interaction.

It is also interesting to put the new reaction in perspective
to see what can we gain from its observation. The point in
the conclusions is that one can learn about the K N interac-
tion below threshold where the theoretical models still differ
significantly.

Ideally, it would be good to parametrize the amplitudes
in terms of subthreshold parameters such as pole positions
in the complex plane and residues at the poles, and use the
data to obtain those parameters. This is actually one of the
options that we have used in the present study (see solid line

in Fig. 11). Yet, this is not sufficient, as this parametrization
is valid only in the proximity of the poles, and the use of
the full amplitudes produces the differences that we observe
in Fig. 11, comparing the solid and the dashed line. On the
other hand, the information on these subthreshold parame-
ters requires, using only the K N and 7 ¥ channels, 2 com-
plex poles, 2 complex couplings for each resonance to each
of these channels, in total 12 parameters, as one can see in
Table 1. Conversely, one can see the amount of free parame-
ters in the different recent theories, which is around 15 (16 in
the model of Ref. [78]). It is clear from the shape of the pre-
dictions for the cross section in Fig. 11 that the data does not
contain enough information to determine all these parame-
ters, since it is easy to parametrize it in terms of about 3
parameters for a parabola shape, for example. In any case,
one is very far away from the 12 to 16 parameters that we
would need to determine the amplitudes below threshold. It
is thus clear that the information obtained from the present
reaction is partial and has to be added to other information
obtained from different reactions. Yet, we have proved that
the reaction is very sensitive to the subthreshold amplitudes
by comparing different models and, hence, should play a rel-
evant role in determining these amplitudes, when added to
the information from other reactions. In this sense, we dis-
cuss below the complementary reactions that globally could
help us to determine these amplitudes.

One source of information comes from the study of pho-
tonuclear yp — K7 X reactions [79], which were stud-
ied theoretically in Refs. [45,46,84] and allowed to obtain
important information concerning the two A(1405) states.
The mechanisms considered in this latter papers are depicted
in Fig. 15. As can be seen from this figure, one can test the
¥ — nX and the KN — nX amplitudes below the
K N threshold in the region of the two A(1405) states. If we
compare, these mechanisms with those of Fig. 2, we see that
in addition we have here the mechanism of Fig. 2a which
involves the K~ p — K~ p amplitude, which, depending
on the model, can give different contributions, although we
found here that the contribution of this diagram is relatively
small. On the other hand, in the photonuclear reaction (see
Fig. 15) one has three particles in the final state, and the
mass distribution of the 7 ¥ system spreads around in a long
range since it depends on the K™ momentum. By contrary,
the mechanisms of Fig. 2, due to the TS, are more selective to
the configuration that places the A on shell. It was also found
in [45,46] that both A* resonances contributed to the reac-
tion, with different weight depending on the photon energy,
while here our process is dominated by the high A* pole.
In summary, one collects complementary information from
both reactions.

Related to this reaction we can also mention the K ~p —
7979 29 reaction measured in [85] and studied theoretically
in [41] by means of the mechanism depicted in Fig. 16, where
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Fig. 16 Mechanism for the K~ p — 7970950 reaction

Fig. 17 Feynman diagram for the process v;p — [T ¢ B

the A(1405) is excited in spite of using kaon beams with
K™ p (initial) above threshold.

Similarly, the v induced A (1405) production, studied the-
oretically in [86] and schematically represented in Fig. 17,
will also bring information on the A(1405), and hence on
KN subthreshold amplitude below threshold. This latter
reaction is one of the possible output of the MicroBooNE
collaboration, where A, X' and related hyperons production
is presently under analysis.? In addition, it is expected that
SBND will be able to measure such processes with huge
statistics.

A different source of information comes fromthe K ~d —
X N reaction [87,88] studied theoretically in Refs. [89-92].
The basic mechanism for this reaction is depicted in Fig. 18.
The reaction starts from a fast K~ (around 1 GeV/c) which
loses its energy upon collision with a neutron of the deuteron,
and the resulting K~ interacts with a proton to give 7 X.*
We only have the K~ p — 7YX amplitude at low energies
and not the K~ p — K™ p and, similarly to what happens
in the photoproduction case, we have three particles in the
final state and the same 7 X' invariant mass can be obtained
from different configurations of the n. Once again we see
that the reaction studied here and the K~d — mw XN one
provide complementary information to our knowledge of the
KN — 7% and KN — K N amplitudes below threshold.

3 Luis Alvarez-Ruso, private communication.

4 The study for low energy kaons was done in [93] and proved not to
be as good as with energetic kaons.
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Fig. 18 Mechanism for the K ~d — 7 X'N reaction

5 Conclusions

We have investigated the p ¥~ — K~ d and its time rever-
sal K~d — pX~ reactions, which are driven by a triangle
mechanism with the A(1405), a proton and a neutron in the
intermediate states. We show that the triangle mechanism
develops a triangle singularity which magnifies the cross
section and produces a particular shape in the cross section.
We show analytically that in the case of a narrow A(1405)
width, a TS appears afew MeV above threshold, and this peak
becomes broader upon consideration of the A(1405) width.
We could show that of the mechanisms involving a = or K
exchange, the one involving the 7 exchange is the dominant
one, and of the two A(1405) resonances, the one of higher
mass gives also the largest contribution. We showed, from the
analytical expression of the transition amplitude, that it was
weighting the K~ p — 7+ X~ amplitude below threshold
with a particular configuration tied to the TS which produced
a shape quite distinct from the one of the K~ p — 7+ X~
amplitude. This dependence on the K N and 7 X amplitude
below threshold makes this reaction quite sensitive to differ-
ent models that, giving similar cross sections for K N reac-
tions above threshold, produce rather different extrapolations
of the K N amplitudes below threshold. This information is
relevant in the issue of K bound states in nuclei [94-96].
Thus, the measurement of this reaction will provide new and
valuable information concerning this problem. On the other
hand, with regard to the two poles of the A (1405), one around
1420 MeV and the other one around 1385 MeV, while prac-
tically all theoretical models coincide on the features of the
A(1420), they differ substantially in the position and width
of the lower mass one. The new information provided by
this reaction will help to narrow the predictions around the
second state.

Concerning the feasibility of the experiment, two lines
emerge as good candidates. The Kaon beam of JPARC can be
used, and even counting the low rates of low energy kaons, the
experiment can be carried out.> Another possibility is to pho-
toproduce the X~ at Jefferson Labanddothe ¥~ p — K~°d
reaction. The Ap — Ap reaction with this technique has

3> We appreciate fruitful discussions with M. Iwasaki and collaborators.
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been successfully tested [97], but higher statistic samples
than the present one would be needed.®
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Appendix A: Spin matrix elements V;; and W;;.

The o - q product is expressed as:

0-q=0r9- +0_-q+ +0;q; (A.1)
with

g+ = qx +1qy

q- =qx —1iqy

o4 = %(Ux +ioy)

o_ = E(GX —1ioy). (A.2)

Then, the elements of the spin-transition matrix for a cou-
ple of incoming %-baryons (p and X7, in this case) going
to the constituent pair of nucleons merged in the deuteron
(S=1) can be written in the following form.

© We thank K. Hicks for fruitful discussions and useful information.

Accounting for mechanism (a) in Eq. (11)), V;;:

M=t Vii=g¢;
1 1
M= E(Ti +iM: V= Wk
M= Viz=0
N—=>11 Var=g-
1 1
N—> E(TiﬂLiT)- V22=—ﬁqz
MN—=>I: Va3 =0

=t V=0
1
iT%ﬁ(NJrH)Z Vi =
It=>4d: Vi3 =g¢q4
W= Vg =0
1
= —2(N +IiM:

Vi = —q_
7 42 ﬁq
W=l Vi3 =—¢q;

(A3)
Accounting for mechanism (b) in Eq. (11)), W;;:
M= Wn=q¢
1 1
M- E(Ti +itH: Wi= Wk
M=l Wiz=0
N—=>t Wa =
1 1
tN— E(N +IiM: Wn= ﬁ‘h
N—=>4 W =gy
Mot Wa =g
1 1
— o W= ——¢;
e ﬁ(N +I1) 32 ﬁq
=1l Wi =0
W= Wi =0
1 1
W= E(N—FH)I Wi = ﬁqf
W=l Wiz =—¢;
(A4)

Appendix B: F’ and G’ functions.

As shown below, in order to factorize the #; ,, amplitudes, the
mass and width of the heavier resonance at 1426 MeV are
taken in the terms (P° — E 4+ (P — q) — wx (¢) —i—i%*)’l of
F’and (P — E p+(~P — q) — w5 (q) +i74%)~" of G'. This
can be done because these terms are very small compared to
the other terms in the same bracket and this resonance is the
one giving the largest contribution.

@ Springer
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The F’ and G’ functions in Eq. (21) are defined as:

1
20k (q)
My My
Ey®P—-q-k) EN(-P+q)
1
Vs —k0O—EN(-P+q) — Ey(P—q—k) + i€
i @) 2
Ay M) (8 px - p)
(@)

i=12 E«P—q) po _

F'(P°, P, q, 0k, P, k) =

. @)
0K (@ — EYL(P — ) +i 4"

1
PO —wi(q) — kY — Ey(P — q—Kk) + i€

1
i T ox
PO~ Ep«(P—q) — ok (@) +i—4
1
+ tp— _ (M: ,
P/O_EN(—P+q)—wK(q)+ie) K~ p,K p( mv)}
My
207(q) EN(-P—q—K)
My 1
ENP1 Q) s — 0 —EnP1q) —En(—P—q—K) +ic
i () (i)
Z Mxl gA*yK_pgA*,n‘FE—
i=1,2 EXL(—P—q) PO _

G'(P°, PP, q, wr, P, k) =

(i)
. r,
wr (@) — ESL(-P—q) +i4

1
PO —wr(q) — kO — EN(—P —q — k) + i€

1
+ 0 T g%
PO —Eps (P~ @) — o (q) +i 5~

1
+ tp— _(M! }
PO—EN(P+Q)—wﬂ(q)+ie> K= patz= (Min)

(B.5)

with M2, = 5 + M} — 2/SEx(~P + q) and M7, =
s+ My, = 2J/5En(P + ).

Appendix C: D-wave contribution.

We show here how to evaluate the contribution of the
deuteron D-wave function. Following Appendix C of Ref.
[72], we have for the deuteron wave function

el ®) = (Vo (B) + 2PV ()] (€6)
where y[ g’l (p) are the angular-spin wave functions of the

two nucleons with orbital angular momentum L, spin S, and
total angular momentum J with projection M.

VISP =Y CULST;m, M —m)YLu(P)IS, M — m)

m

(C.7)

@ Springer

we evaluate the matrix element for the transition 11— 11
(J M) which is the dominant one. We have

3 3
(P (D) = ¥a(p) {fsm(ﬁ)u, —1) - ,/Bm(mu,m

1Y p)|1, 1
+ ‘/ﬁ 20(p)IL, 1)

= \/gY D 3 Yo1(p

=v2(p) 3 2(p) 44 T 21(P)

\/T 1Y R
5<N+m+,/E 20(P) M.

where in the first part of the equation the | S, M) spin states
are written and in the second part they are expressed in terms
of |s1, s2) of the nucleon spin projections. The transition from
the initial state 11 to the final 11 (JM) in D-wave for the
mechanism (a) is readily evaluated using Egs. (A3), and the
V;; magnitude is replaced by

~ 1 3 1
V =./—=Y0(p)q. —/ —=Y2(p \/j
0 20(P)q; 0 21(P) 79+

(C.8)

(C.9
where
k
p=P—q—§ (C.10)
with the momenta P, q, k defined after Eq. (16).
We find
Yar(5) 15 sin @ cos § ( +k) Y +k)
= — —eee — l p—
21(P 8 Ip| q 7 )x q 7y
. 5 (3 L5~ 1
Y. N S i 11
20(P) \/4ﬂ (2 cos” 6 2) (C.11)
where
. P —qcosh — Kcosh
cosf = — 4 2 €08k (C.12)

[p|

Hence, to include the 11— 11 D-wave contribution, we
must do the replacement

- @0y gz » —@n)’?

1 ) 3 1
{wsw(p)qz + ¥2(p) |:\/;Y20(P)QZ - \/%YZI(P) 2‘”} } ,

(C.13)

where ¥ (p) is the wave function of Eq. (18), which
already includes the Yoo spherical harmonic, and where wf
stands for the S-wave probability with wy, = 0.9752. The
same holds for the 11— 11 transition of the mechanism (b),
since for the 11 initial state the three W;; matrix elements

are the same as V;;, butnow p = —P —q — %
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We take advantage to mention that in Ref. [72] the
deuteron wave functions in coordinate space and momen-
tum space given by Egs. (C19) and (C21) respectively for
s-wave are correct, the one of the d-wave of Eq. (20) corre-
sponds indeed to the results of Table XIX, but the formula of
Eq. (22) for d-wave in momentum space, should be changed
of sign.” We have followed this latter prescription.

References

1. R. Karplus, C.M. Sommerfield, E.H. Wichmann, Phys. Rev. 111,
1187 (1958). https://doi.org/10.1103/PhysRev.111.1187
2. L.D. Landau, Nucl. Phys. 13(1), 181 (1959). https://doi.org/10.
1016/B978-0-08-010586-4.50103-6
3. S. Coleman, R.E. Norton, Nuovo Cim. 38, 438 (1965). https://doi.
org/10.1007/BF02750472
4. M. Bayar, F. Aceti, FK. Guo, E. Oset, Phys. Rev. D 94(7), 074039
(2016). https://doi.org/10.1103/PhysRevD.94.074039
5. EK. Guo, X.H. Liu, S. Sakai, Prog. Part. Nucl. Phys. 112, 103757
(2020). https://doi.org/10.1016/j.ppnp.2020.103757
6. M. Ablikim et al., Phys. Rev. Lett. 108, 182001 (2012). https://doi.
org/10.1103/PhysRevLett.108.182001
7. 1.J. Wu, X.H. Liu, Q. Zhao, B.S. Zou, Phys. Rev. Lett. 108, 081803
(2012). https://doi.org/10.1103/PhysRevLett.108.081803
8. F. Aceti, W.H. Liang, E. Oset, J.J. Wu, B.S. Zou, Phys. Rev. D 86,
114007 (2012). https://doi.org/10.1103/PhysRevD.86.114007
9. X.G. Wu, J.J. Wu, Q. Zhao, B.S. Zou, Phys. Rev. D 87(1), 014023
(2013). https://doi.org/10.1103/PhysRevD.87.014023
10. N.N. Achasov, A.A. Kozhevnikov, G.N. Shestakov, Phys. Rev.
D 92(3), 036003 (2015). https://doi.org/10.1103/PhysRevD.92.
036003
11. C. Adolph et al., Phys. Rev. Lett. 115(8), 082001 (2015). https://
doi.org/10.1103/PhysRevLett.115.082001
12. X.H. Liu, M. Oka, Q. Zhao, Phys. Lett. B 753, 297 (2016). https://
doi.org/10.1016/j.physletb.2015.12.027
13. M. Mikhasenko, B. Ketzer, A. Sarantsev, Phys. Rev. D 91(9),
094015 (2015). https://doi.org/10.1103/PhysRevD.91.094015
14. F. Aceti, L.R. Dai, E. Oset, Phys. Rev. D 94(9), 096015 (2016).
https://doi.org/10.1103/PhysRevD.94.096015
15. G.D. Alexeev etal., Phys. Rev. Lett. 127(8), 082501 (2021). https://
doi.org/10.1103/PhysRevLett.127.082501
16. W.H. Liang, H.X. Chen, E. Oset, E. Wang, Eur. Phys. J. C 79(5),
411 (2019). https://doi.org/10.1140/epjc/s10052-019-6928-8
17. L.R.Dai, R. Pavao, S. Sakai, E. Oset, Phys. Rev. D 97(11), 116004
(2018). https://doi.org/10.1103/PhysRevD.97.116004
18. R. Molina, E. Oset, Eur. Phys. J. C 80(5), 451 (2020). https://doi.
org/10.1140/epjc/s10052-020-8014-7
19. C. Richard-Serre, W. Hirt, D.F. Measday, E.G. Michaelis, M.J.M.
Saltmarsh, P. Skarek, Nucl. Phys. B 20,413 (1970). https://doi.org/
10.1016/0550-3213(70)90329-9
20. Said data base website. https://gwdac.phys.gwu.edu/
21. D.O.Riska, M. Brack, W. Weise, Phys. Lett. 61B,41 (1976). https://
doi.org/10.1016/0370-2693(76)90556-6
22. AM. Green, J.A. Niskanen, Nucl. Phys. A 271, 503 (1976). https://
doi.org/10.1016/0375-9474(76)90258-X
23. M. Brack, D.O. Riska, W. Weise, Nucl. Phys. A 287, 425 (1977).
https://doi.org/10.1016/0375-9474(77)90055-0
24. D. Schiff, J. Van Tran Thanh, Nucl. Phys. B 5, 529 (1968). https://
doi.org/10.1016/0550-3213(68)90236-8

7 Alberto Martinez and Kanchan Khemchandani, private communica-
tion.

25.

26.

217.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

N. Ikeno, R. Molina, E. Oset, Phys. Rev. C 104(1), 014614 (2021).
https://doi.org/10.1103/PhysRevC.104.014614

M.G. Albrow, S. Andersson-Almehed, B. Bosnjakovic, F.C. Erne,
Y. Kimura, J.P. Lagnaux, J.C. Sens, F. Udo, Phys. Lett. B 34, 337
(1971). https://doi.org/10.1016/0370-2693(71)90619-8

R.A. Arndt, LI. Strakovsky, R.L. Workman, D.V. Bugg, Phys. Rev.
C 48, 1926 (1993). https://doi.org/10.1103/PhysRevC.49.1229
C.H. Oh, R.A. Arndt, LI. Strakovsky, R.L. Workman, Phys. Rev.
C 56, 635 (1997). https://doi.org/10.1103/PhysRevC.56.635

R.H. Dalitz, S.F. Tuan, Ann. Phys. 10, 307 (1960). https://doi.org/
10.1016/0003-4916(60)90001-4

E.A. Veit, B.K. Jennings, R.C. Barrett, A.W. Thomas, Phys. Lett. B
137, 415 (1984). https://doi.org/10.1016/0370-2693(84)91746-5
PJ. Fink Jr., G. He, R.H. Landau, J.W. Schnick, Phys. Rev. C 41,
2720 (1990). https://doi.org/10.1103/PhysRevC.41.2720

Gl. He, R.H. Landau, Phys. Rev. C 48, 3047 (1993). https://doi.
org/10.1103/PhysRevC.48.3047

N. Kaiser, P.B. Siegel, W. Weise, Nucl. Phys. A 594, 325 (1995).
https://doi.org/10.1016/0375-9474(95)00362-5

N. Kaiser, T. Waas, W. Weise, Nucl. Phys. A 612, 297 (1997).
https://doi.org/10.1016/S0375-9474(96)00321-1

E. Oset, A. Ramos, Nucl. Phys. A 635, 99 (1998). https://doi.org/
10.1016/S0375-9474(98)00170-5

J.A. Oller, U.G. Meissner, Phys. Lett. B 500, 263 (2001). https://
doi.org/10.1016/S0370-2693(01)00078-8

M.EM. Lutz, E.E. Kolomeitsev, Nucl. Phys. A 700, 193 (2002).
https://doi.org/10.1016/S0375-9474(01)01312-4

C. Garcia-Recio, J. Nieves, E. Ruiz Arriola, M.J. Vicente
Vacas, Phys. Rev. D67, 076009 (2003). https://doi.org/10.1103/
PhysRevD.67.076009

D. Jido, J.A. Oller, E. Oset, A. Ramos, U.G. Meiss-
ner, Nucl. Phys. A 725, 181 (2003). https://doi.org/10.1016/
S0375-9474(03)01598-7

P.A.Zyla, et al., PTEP 2020(8), 083C01 (2020). https://doi.org/10.
1093/ptep/ptaal 04

V.K.Magas, E. Oset, A. Ramos, Phys. Rev. Lett. 95, 052301 (2005).
https://doi.org/10.1103/PhysRevLett.95.052301

Y. Ikeda, T. Hyodo, W. Weise, Nucl. Phys. A 881,98 (2012). https://
doi.org/10.1016/j.nuclphysa.2012.01.029

Z.H. Guo, J.A. Oller, Phys. Rev. C 87(3), 035202 (2013). https://
doi.org/10.1103/PhysRevC.87.035202

M. Mai, U.G. Meissner, Eur. Phys. J. A 51(3), 30 (2015). https:/
doi.org/10.1140/epja/i2015-15030-3

L. Roca, E. Oset, Phys. Rev. C 87(5), 055201 (2013). https://doi.
org/10.1103/PhysRevC.87.055201

L. Roca, E. Oset, Phys. Rev. C 88(5), 055206 (2013). https://doi.
org/10.1103/PhysRevC.88.055206

A. Cieply, M. Mai, U.G. Meissner, J. Smejkal, Nucl. Phys. A 954,
17 (2016). https://doi.org/10.1016/j.nuclphysa.2016.04.031

A. Cieply, J. Smejkal, Nucl. Phys. A 881, 115 (2012). https://doi.
org/10.1016/j.nuclphysa.2012.01.028

Y. Kamiya, K. Miyahara, S. Ohnishi, Y. Ikeda, T. Hyodo, E. Oset,
W. Weise, Nucl. Phys. A 954, 41 (2016). https://doi.org/10.1016/
j-nuclphysa.2016.04.013

T. Hyodo, W. Weise, Phys. Rev. C 77, 035204 (2008). https://doi.
org/10.1103/PhysRevC.77.035204

P.C. Bruns, A. Cieply, Nucl. Phys. A 996, 121702 (2020). https://
doi.org/10.1016/j.nuclphysa.2020.121702

K. Miyahara, T. Hyodo, Phys. Rev. C 98(2), 025202 (2018). https://
doi.org/10.1103/PhysRevC.98.025202

PA. Zyla, et al., PTEP 2020(8), 083COl (2020). https:/
doi.org/10.1093/ptep/ptaal04. https://pdg.lbl.gov/2020/reviews/
rpp2020-rev-lam- 1405-pole-struct.pdf

J.A. Oller, E. Oset, A. Ramos, Prog. Part. Nucl. Phys. 45, 157
(2000). https://doi.org/10.1016/S0146-6410(00)00104-6

@ Springer


https://doi.org/10.1103/PhysRev.111.1187
https://doi.org/10.1016/B978-0-08-010586-4.50103-6
https://doi.org/10.1016/B978-0-08-010586-4.50103-6
https://doi.org/10.1007/BF02750472
https://doi.org/10.1007/BF02750472
https://doi.org/10.1103/PhysRevD.94.074039
https://doi.org/10.1016/j.ppnp.2020.103757
https://doi.org/10.1103/PhysRevLett.108.182001
https://doi.org/10.1103/PhysRevLett.108.182001
https://doi.org/10.1103/PhysRevLett.108.081803
https://doi.org/10.1103/PhysRevD.86.114007
https://doi.org/10.1103/PhysRevD.87.014023
https://doi.org/10.1103/PhysRevD.92.036003
https://doi.org/10.1103/PhysRevD.92.036003
https://doi.org/10.1103/PhysRevLett.115.082001
https://doi.org/10.1103/PhysRevLett.115.082001
https://doi.org/10.1016/j.physletb.2015.12.027
https://doi.org/10.1016/j.physletb.2015.12.027
https://doi.org/10.1103/PhysRevD.91.094015
https://doi.org/10.1103/PhysRevD.94.096015
https://doi.org/10.1103/PhysRevLett.127.082501
https://doi.org/10.1103/PhysRevLett.127.082501
https://doi.org/10.1140/epjc/s10052-019-6928-8
https://doi.org/10.1103/PhysRevD.97.116004
https://doi.org/10.1140/epjc/s10052-020-8014-7
https://doi.org/10.1140/epjc/s10052-020-8014-7
https://doi.org/10.1016/0550-3213(70)90329-9
https://doi.org/10.1016/0550-3213(70)90329-9
https://gwdac.phys.gwu.edu/
https://doi.org/10.1016/0370-2693(76)90556-6
https://doi.org/10.1016/0370-2693(76)90556-6
https://doi.org/10.1016/0375-9474(76)90258-X
https://doi.org/10.1016/0375-9474(76)90258-X
https://doi.org/10.1016/0375-9474(77)90055-0
https://doi.org/10.1016/0550-3213(68)90236-8
https://doi.org/10.1016/0550-3213(68)90236-8
https://doi.org/10.1103/PhysRevC.104.014614
https://doi.org/10.1016/0370-2693(71)90619-8
https://doi.org/10.1103/PhysRevC.49.1229
https://doi.org/10.1103/PhysRevC.56.635
https://doi.org/10.1016/0003-4916(60)90001-4
https://doi.org/10.1016/0003-4916(60)90001-4
https://doi.org/10.1016/0370-2693(84)91746-5
https://doi.org/10.1103/PhysRevC.41.2720
https://doi.org/10.1103/PhysRevC.48.3047
https://doi.org/10.1103/PhysRevC.48.3047
https://doi.org/10.1016/0375-9474(95)00362-5
https://doi.org/10.1016/S0375-9474(96)00321-1
https://doi.org/10.1016/S0375-9474(98)00170-5
https://doi.org/10.1016/S0375-9474(98)00170-5
https://doi.org/10.1016/S0370-2693(01)00078-8
https://doi.org/10.1016/S0370-2693(01)00078-8
https://doi.org/10.1016/S0375-9474(01)01312-4
https://doi.org/10.1103/PhysRevD.67.076009
https://doi.org/10.1103/PhysRevD.67.076009
https://doi.org/10.1016/S0375-9474(03)01598-7
https://doi.org/10.1016/S0375-9474(03)01598-7
https://doi.org/10.1093/ptep/ptaa104
https://doi.org/10.1093/ptep/ptaa104
https://doi.org/10.1103/PhysRevLett.95.052301
https://doi.org/10.1016/j.nuclphysa.2012.01.029
https://doi.org/10.1016/j.nuclphysa.2012.01.029
https://doi.org/10.1103/PhysRevC.87.035202
https://doi.org/10.1103/PhysRevC.87.035202
https://doi.org/10.1140/epja/i2015-15030-3
https://doi.org/10.1140/epja/i2015-15030-3
https://doi.org/10.1103/PhysRevC.87.055201
https://doi.org/10.1103/PhysRevC.87.055201
https://doi.org/10.1103/PhysRevC.88.055206
https://doi.org/10.1103/PhysRevC.88.055206
https://doi.org/10.1016/j.nuclphysa.2016.04.031
https://doi.org/10.1016/j.nuclphysa.2012.01.028
https://doi.org/10.1016/j.nuclphysa.2012.01.028
https://doi.org/10.1016/j.nuclphysa.2016.04.013
https://doi.org/10.1016/j.nuclphysa.2016.04.013
https://doi.org/10.1103/PhysRevC.77.035204
https://doi.org/10.1103/PhysRevC.77.035204
https://doi.org/10.1016/j.nuclphysa.2020.121702
https://doi.org/10.1016/j.nuclphysa.2020.121702
https://doi.org/10.1103/PhysRevC.98.025202
https://doi.org/10.1103/PhysRevC.98.025202
https://doi.org/10.1093/ptep/ptaa104
https://doi.org/10.1093/ptep/ptaa104
https://pdg.lbl.gov/2020/reviews/rpp2020-rev-lam-1405-pole-struct.pdf
https://pdg.lbl.gov/2020/reviews/rpp2020-rev-lam-1405-pole-struct.pdf
https://doi.org/10.1016/S0146-6410(00)00104-6

1028 Page 16 of 16

Eur. Phys. J. C (2022) 82:1028

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

T. Hyodo, D. Jido, Prog. Part. Nucl. Phys. 67, 55 (2012). https://
doi.org/10.1016/j.ppnp.2011.07.002

U.G. Meissner, Symmetry 12(6), 981 (2020). https://doi.org/10.
3390/sym12060981

A. Cieply, J. Hrtankov4, J. Mares, E. Friedman, A. Gal, A. Ramos,
A.LP. Conf. Proc. 2249(1), 030014 (2020). https://doi.org/10.
1063/5.0008968

R. Del Grande et al., Few Body Syst. 62(1), 7 (2021). https://doi.
org/10.1007/s00601-020-01589-7

C. Curceanu et al., Symmetry 12(4), 547 (2020). https://doi.org/
10.3390/sym 12040547

A.Ramos, E. Oset, Nucl. Phys. A 671, 481 (2000). https://doi.org/
10.1016/S0375-9474(99)00846-5

T. Sekihara, J. Yamagata-Sekihara, D. Jido, Y. Kanada-En’yo, J.
Yamagata-Sekihara, D. Jido, Y. Kanada-En’yo, Phys. Rev. C 86,
065205 (2012). https://doi.org/10.1103/PhysRevC.86.065205

J. Hrtankova, A. Ramos, Phys. Rev. C 101(3), 035204 (2020).
https://doi.org/10.1103/PhysRevC.101.035204

C. Curceanu-Petrascu et al., Eur. Phys. J. A 31, 537 (2007). https://
doi.org/10.1140/epja/i2006-10197-2

T. Sato, T. Takahashi, K. Yoshimura (eds.), Particle and nuclear
physics at J-PARC, vol. 781 (2009). https://doi.org/10.1007/
978-3-642-00961-7

S. Kumano, Int. J. Mod. Phys. Conf. Ser. 40, 1660009 (2016).
https://doi.org/10.1142/S2010194516600090

W.J. Briscoe, M. Doring, H. Haberzettl, D.M. Manley, M. Naruki,
LI Strakovsky, E.S. Swanson, Eur. Phys. J. A 51(10), 129 (2015).
https://doi.org/10.1140/epja/i2015-15129-5

M. Amaryan, M. Bashkanov, S. Dobbs, J. Ritman, J. Stevens,
I. Strakovsky, S. Adhikari, A. Asaturyan, A. Austregesilo, M.
Baalouch, et al., (2020) arXiv preprint arXiv:2008.08215

G. Ecker, Prog. Part. Nucl. Phys. 35, 1 (1995). https://doi.org/10.
1016/0146-6410(95)00041-G

V. Bernard, N. Kaiser, U.G. Meissner, Int. J. Mod. Phys. E 4, 193
(1995). https://doi.org/10.1142/S0218301395000092

E. Oset, A. Ramos, Nucl. Phys. A 679, 616 (2001). https://doi.org/
10.1016/S0375-9474(00)00363-8

B. Borasoy, Phys. Rev. D 59, 054021 (1999). https://doi.org/10.
1103/PhysRevD.59.054021

R. Machleidt, Phys. Rev. C 63, 024001 (2001). https://doi.org/10.
1103/PhysRevC.63.024001

M. Lacombe, B. Loiseau, R. Vinh Mau, J. Cote, P. Pires, R. de
Tourreil, Phys. Lett. B 101, 139 (1981). https://doi.org/10.1016/
0370-2693(81)90659-6

D. Gamermann, J. Nieves, E. Oset, E. Ruiz Arriola, Phys. Rev. D
81, 014029 (2010). https://doi.org/10.1103/PhysRevD.81.014029
R.V. Reid Jr., Ann. Phys. 50, 411 (1968). https://doi.org/10.1016/
0003-4916(68)90126-7

E. Epelbaum, H. Krebs, U.G. Meiner, Eur. Phys. J. A 51(5), 53
(2015). https://doi.org/10.1140/epja/i2015-15053-8

@ Springer

71

78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

88.

89.

90.

91.

92.

93.

94.

95.

96.

97.

. S. Sakai, E. Oset, A. Ramos, Eur. Phys. J. A 54(1), 10 (2018).
https://doi.org/10.1140/epja/i2018-12450-5

A. Feijoo, V. Magas, A. Ramos, Phys. Rev. C 99(3),035211 (2019).
https://doi.org/10.1103/PhysRevC.99.035211

K. Moriya et al., Phys. Rev. C 87(3), 035206 (2013). https://doi.
org/10.1103/PhysRevC.87.035206

M. Bazzi et al., Phys. Lett. B 704, 113 (2011). https://doi.org/10.
1016/j.physletb.2011.09.011

J. Haidenbauer, U.G. Meifiner, A. Nogga, Eur. Phys. J. A 56(3), 91
(2020). https://doi.org/10.1140/epja/s10050-020-00100-4

CJ. Batty, S.F. Biagi, M. Blecher, S.D. Hoath, R.A.J. Rid-
dle, B.L. Roberts, J.D. Davies, G.J. Pyle, G.T.A. Squier, D.M.
Asbury, Phys. Lett. B 74, 27 (1978). https://doi.org/10.1016/
0370-2693(78)90050-3

E. Oset, P. Fernandez de Cordoba, L.L. Salcedo, R. Brock-
mann, Phys. Rep. 188, 79 (1990). https://doi.org/10.1016/
0370-1573(90)90091-F

M. Mai, U.G. Meifiner, Eur. Phys. J. A 51(3), 30 (2015). https://
doi.org/10.1140/epja/i2015-15030-3

S. Prakhov et al., Phys. Rev. C 70, 034605 (2004). https://doi.org/
10.1103/PhysRevC.70.034605

X.L. Ren, E. Oset, L. Alvarez-Ruso, M.J. Vicente Vacas, Phys.
Rev. C 91(4), 045201 (2015). https://doi.org/10.1103/PhysRevC.
91.045201

O. Braun et al., Nucl. Phys. B 129, 1 (1977). https://doi.org/10.
1016/0550-3213(77)90015-3

H. Asano et al., AIP Conf. Proc. 2130(1), 040018 (2019). https://
doi.org/10.1063/1.5118415

D.Jido, E. Oset, T. Sekihara, Eur. Phys. J. A 42,257 (2009). https://
doi.org/10.1140/epja/i2009-10875-5

K. Miyagawa, J. Haidenbauer, Phys. Rev. C 85, 065201 (2012).
https://doi.org/10.1103/PhysRevC.85.065201

D.Jido, E. Oset, T. Sekihara, Eur. Phys. J. A 49, 95 (2013). https://
doi.org/10.1140/epja/i2013-13095-6

S. Ohnishi, Y. Ikeda, T. Hyodo, W. Weise, Phys. Rev. C 93(2),
025207 (2016). https://doi.org/10.1103/PhysRevC.93.025207
D.Jido, E. Oset, T. Sekihara, Eur. Phys. J. A 47,42 (2011). https://
doi.org/10.1140/epja/i2011-11042-3

J.Mares, E. Friedman, A. Gal, Nucl. Phys. A 770, 84 (2006). https://
doi.org/10.1016/j.nuclphysa.2006.02.010

S. Hirenzaki, Y. Okumura, H. Toki, E. Oset, A. Ramos, Phys. Rev. C
61, 055205 (2000). https://doi.org/10.1103/PhysRevC.61.055205
A.Baca, C. Garcia-Recio, J. Nieves, Nucl. Phys. A 673, 335 (2000).
https://doi.org/10.1016/S0375-9474(00)00152-4

J.Rowley, N. Compton, C. Djalali, K. Hicks, J. Price, N. Zachariou,
K. Adhikari, W. Armstrong, H. Atac, L. Baashen, et al., (2021)
arXiv preprint arXiv:2108.03134


https://doi.org/10.1016/j.ppnp.2011.07.002
https://doi.org/10.1016/j.ppnp.2011.07.002
https://doi.org/10.3390/sym12060981
https://doi.org/10.3390/sym12060981
https://doi.org/10.1063/5.0008968
https://doi.org/10.1063/5.0008968
https://doi.org/10.1007/s00601-020-01589-7
https://doi.org/10.1007/s00601-020-01589-7
https://doi.org/10.3390/sym12040547
https://doi.org/10.3390/sym12040547
https://doi.org/10.1016/S0375-9474(99)00846-5
https://doi.org/10.1016/S0375-9474(99)00846-5
https://doi.org/10.1103/PhysRevC.86.065205
https://doi.org/10.1103/PhysRevC.101.035204
https://doi.org/10.1140/epja/i2006-10197-2
https://doi.org/10.1140/epja/i2006-10197-2
https://doi.org/10.1007/978-3-642-00961-7
https://doi.org/10.1007/978-3-642-00961-7
https://doi.org/10.1142/S2010194516600090
https://doi.org/10.1140/epja/i2015-15129-5
http://arxiv.org/abs/2008.08215
https://doi.org/10.1016/0146-6410(95)00041-G
https://doi.org/10.1016/0146-6410(95)00041-G
https://doi.org/10.1142/S0218301395000092
https://doi.org/10.1016/S0375-9474(00)00363-8
https://doi.org/10.1016/S0375-9474(00)00363-8
https://doi.org/10.1103/PhysRevD.59.054021
https://doi.org/10.1103/PhysRevD.59.054021
https://doi.org/10.1103/PhysRevC.63.024001
https://doi.org/10.1103/PhysRevC.63.024001
https://doi.org/10.1016/0370-2693(81)90659-6
https://doi.org/10.1016/0370-2693(81)90659-6
https://doi.org/10.1103/PhysRevD.81.014029
https://doi.org/10.1016/0003-4916(68)90126-7
https://doi.org/10.1016/0003-4916(68)90126-7
https://doi.org/10.1140/epja/i2015-15053-8
https://doi.org/10.1140/epja/i2018-12450-5
https://doi.org/10.1103/PhysRevC.99.035211
https://doi.org/10.1103/PhysRevC.87.035206
https://doi.org/10.1103/PhysRevC.87.035206
https://doi.org/10.1016/j.physletb.2011.09.011
https://doi.org/10.1016/j.physletb.2011.09.011
https://doi.org/10.1140/epja/s10050-020-00100-4
https://doi.org/10.1016/0370-2693(78)90050-3
https://doi.org/10.1016/0370-2693(78)90050-3
https://doi.org/10.1016/0370-1573(90)90091-F
https://doi.org/10.1016/0370-1573(90)90091-F
https://doi.org/10.1140/epja/i2015-15030-3
https://doi.org/10.1140/epja/i2015-15030-3
https://doi.org/10.1103/PhysRevC.70.034605
https://doi.org/10.1103/PhysRevC.70.034605
https://doi.org/10.1103/PhysRevC.91.045201
https://doi.org/10.1103/PhysRevC.91.045201
https://doi.org/10.1016/0550-3213(77)90015-3
https://doi.org/10.1016/0550-3213(77)90015-3
https://doi.org/10.1063/1.5118415
https://doi.org/10.1063/1.5118415
https://doi.org/10.1140/epja/i2009-10875-5
https://doi.org/10.1140/epja/i2009-10875-5
https://doi.org/10.1103/PhysRevC.85.065201
https://doi.org/10.1140/epja/i2013-13095-6
https://doi.org/10.1140/epja/i2013-13095-6
https://doi.org/10.1103/PhysRevC.93.025207
https://doi.org/10.1140/epja/i2011-11042-3
https://doi.org/10.1140/epja/i2011-11042-3
https://doi.org/10.1016/j.nuclphysa.2006.02.010
https://doi.org/10.1016/j.nuclphysa.2006.02.010
https://doi.org/10.1103/PhysRevC.61.055205
https://doi.org/10.1016/S0375-9474(00)00152-4
http://arxiv.org/abs/2108.03134

	Λ(1405) mediated triangle singularity in the K-dtopΣ- reaction
	Abstract 
	1 Introduction
	2 Formalism
	2.1 Relation to the explicit deuteron wave function
	2.2 Amplitudes using the explicit barKNtobarKN and barKNtoπΣ

	3 Results
	4 Discussion
	5 Conclusions
	Acknowledgements
	Appendix A: Spin matrix elements Vij and Wij.
	Appendix B: F' and G' functions.
	Appendix C: D-wave contribution.
	References




