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Motivation: KN interaction background
Aim:
Study of the K~d — pX~ (pZ~ — K~d) reactions close to threshold for the first time.

* Process driven by a triangle singularity (TS).

- This reaction have access to KN subthreshold amplitudes

KN Interaction:

Perturbative QCD is inappropriate to treat low energy hadron interactions.

Chiral Perturbation Theory (ChPT) is an effective theory with hadrons as degrees of freedom which
respects the symmetries of QCD.
* |imited to a moderate range of energies above threshold

* not applicable close to a resonance (singularity in the amplitude)

But it is not so straight forward ...
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Motivation: KN interaction background

KN interaction is dominated by the presence of the A(1405) resonance, located only 27 MeV below
the KN threshold.

* In 1995 Kaiser, Siegel and Weise reformulated the problem in terms of a Unitary extension of ChPT
(UChPT) in coupled channels.

The pioneering work -- Kaiser, Siegel, Weise, NP A594 (1995) 325
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(2003).

D. Jido, J. A. Oller, E. Oset, A. Ramos and U. G. Meissner, Nucl. Phys. A 725, 181 (2003).
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B. Borasoy, U. -G. Meissner and R. Nissler, Phys. Rev. C 74, 055201 (2006).

All of them obtaining in general similar features:
» KN scattering data reproduced very satisfactorily
« Two-pole structure of A(1405)
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Motivation: KN interaction background

This topic has experienced a renewed interest after recent experimental advances:

The energy shift and width of the 1s state in kaonic hydrogen Photoproduction yp — K*mX data by the CLAS@Jlab
measured by SIDDHARTA@DAONE fixes the K™ p scattering provided detailed line shape results of the A(1405)
length with a 20% precision!!! 15 e —
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A. Cieply and J. Smejkal, Nucl. Phys. A 881, 115 (2012).
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T. Mizutani, C. Fayard, B. Saghai and K. Tsushima, Phys. Rev. C 87, 035201 (2013).
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K~p — MB (S = —1) total cross sections from different groups:

(K p — K~ p) [mb]
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Threshold observables obtained from recent studies:

Y R, R. CLp(K_p—) K_p) AElS I'is
Ikeda-Hyodo-Weise (NLO) [23] 2.37 0.19 0.66 —0.70 +10.89 306 591
Guo-Oller (fit I + II) [25] 2.367023  0.1887902%  0.66170017 (—0.69 £ 0.16) +i(0.94 4 0.11) 308 & 56 619 & 73
Mizutani et al (Model s) [26] 2.40 0.189 0.645 —0.69 +10.89 304 591
Mai-Meissner (fit 4) [29] 2.3870:90  0.19170072  0.66770008 288133 572739
Cieply-Smejkal (NLO) [76] 2.37 0.191 0.660 ~0.734+10.85 310 607
Shevchenko (two-pole Model) [77] 2.36 —0.744+10.90 308 602
WT+Born+NLO 2.367505  0.1887001%  0.65915 505 —0.6570 0% +10.8870 02 28812% 58871,
WT+NLO+Born+RES 2.36 0.189 0.661 —0.64 +10.87 283 587
Exp. 2.36 4 0.04 0.189 4 0.015 0.664 & 0.011 (—0.66 £ 0.07) + i (0.81 + 0.15) 283 4 36 541 + 92

A.F.,, V. Magas, A. Ramos, Phys. Rev. C 99 (2019) 035211. N = DEK™p > 7"%7) a6t 604

INK—p— nX71)

I'(K—p— 7°A)
R = = 0.664 = 0.011
" I'(K —p — neutral states)

NK p—->natX,n=X")
R. = - - = 0.189 = 0.015
I'(K —p — inelastic channels)
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K~ p — K™ p scattering amplitudes generated by recent chirally motivated approaches:
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Pole positions of the A(1405) for some state-of-the-art models:
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pX~ — K~ d reaction proceeds via these 2 mechanisms:
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Formalism I: Mechanisms + Amplitudes

~itly) = gnek-p 9n k- 92557 [ 3es Vi (@F (P°, P, G wic(9), P, K)F2(A, muc)

-—r -
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Formalism I: Triangle singularity
TS can be developed when the 3 intermediate particles A(1405) (1), n (2), p (3):

B
1 -
A . .
+ 1, 2, 3 particles are simultaneously placed on Shell and
> 73 they are colinear fulfilling Norton-Coleman theorem
S. Coleman and R. E. Norton, Nuovo Cim. 38, 438 (1965).
2 -
C
These conditions are encoded in the following equation:
Solution for the n momentum
Momentum of the n R e s in the decay of the d for the
in the pX~ rest frame g qu Qa « moving d in the pL~ rest
frame

M. Bayar, F. Aceti, F.-K. Guo, and E. Oset, Phys. Rev. D 94, 074039 (2016)

> For this study, TS should appear at \/E ~ 2380M eV
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Differential cross section for the K~d — pX~ reaction.

d 11 = _
dco(sTH 47 gM Mz- Mdpzz |t|2 ZZ t]? = Z |t(a) +t(b)

d (S = 1) polarizations pZ~spin configuratlons
_ 1 :
=t =M+, > =TI H
V2
Pole couplings and coordinates needed to compute the cross section:
1
State I+ RN gA* % (Mass, g) gax.K—p = EQA*,I—{N

A(1390) 1.2+121.7 —2.5—-11.5 (1390, 66) 1
A(1426) | —2.5+:0.94 042—-:1.4 (1426,16) IA* mtx— = —%gm,wz

E. Oset, A. Ramos, Nucl. Phys. A636, 99 (1998).

LU
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Results I: spin transitions

Contribution of several spin transitions to the K~ d — pX~ cross section.
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Results I: role of the mechanisms and poles in the total cross section

kip o(K~d = p £7) (mb)
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Contribution of the high and low mass poles and the mechanisms (a) and (b) to K/p - a(K~d — pZ™).
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Deuteron wave function replacement:
MN MN H(qmam |ﬁ q_’_ kl)
E(P k) EN( P—I—(f)\/——ko EN( P—I—(j) EN(P k)+2€
R. Machleidt, Phys. Rev. C 63, 024001 (2001)

Ny
> —(2m)¥29(P-G-5)

Formal equivalence between Breit-Wigner amplitudes and theoretical amplitudes:

2 i () (4)
Z MI(\*) gA* K= pgA* K-p

| = ¢ (Mino)
D, = (?) K—p,K—p 1Nv
i=1 Ez(\z(P_q_)\/g—EN(—ﬁ—l-(f)—E ( (1’)+2PA*
i MA/(\Z*) g1(\z’2 K~ pg1(\z2 L

(2) (3)
ot Ex'(P—@) /5 - Ex(p+§) — EQ(—P — g+

= tK—p,ﬂ""E (M'va)
MZ, =s+ My —2V/sEn(—P+q§) M2, =s+ M3 — 2v/sEn(P +q)
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Results Il: using explicit KN amplitudes + 1 Bonn deuteron wave function

K~—d — pX~ cross sections for different considered models.
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CONCLUSIONS

We have studied the K~d — pX~ (pZ~ — K~ d) reaction via a triangular topology (with two possible
mechanisms) that embeds a TS.

» The peak associated to the TS shows up few MeV above K~ d threshold, being clearly visible
in the case of the narrow (high mass) A(1405) state.

 The mechanism involving the pion exchange has shown to be the dominant one.

« We have seen that the particular dependence of the K~d — pX~ transition on the KN
amplitudes below threshold weighted by the structures tied to TS makes this process very
sensitive to the different models.

The measurement of this reaction will provide valuable information for K bound states in
nuclei as well as it will help to narrow the uncertainty around the location of the lower mass
pole of the A(1405).

18
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Effective Chiral Lagrangian:
cl1(B,U) = £\ (B, U) + £P(B,U)

- derive an interaction kernel V;;

 Leading order (LO) 1 1
1 (- > >
Lis = (B(i,D* — Mo)B) + 5 D(By,vs{u”, BY) + S F(By,ys[u”, B)




Effective Chiral Lagrangian:

Eeff (B7 U) — £§\1I)B (B, U) N EE\Z/[)B (B7 U) > derive an interaction kernel V;

 Leading order (LO)

— 1 _ 1 _
Liis =|(B(iv, D — Mo)B)|+ 5 D(By,s{u’, BY) + o F(By,yslu”, B))

Tomozawa-Weinberg term (WT)
\

Ve
\ y: . N
N\ P 1. Dominant contribution.
N N / 2. Interaction mediated, basically, by the constant f of the leptonic decay of
b the pseudoscalar meson

N; N, s’ 2+/s+M;+M; s’ s o N o
Vi ' =—4p"Ciy {(2\/5— M; = My)X° X6 + iy X7 G- @ + (3 x @) - 8] XS}
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Lagrangian:

£eff (B, U) — ‘C’g\}[)B (37 U) s 55\24)3 (B7 U) - derive an interaction kernel V;

 Leading order (LO)

_ 1 1
Lis = (B(i7,D" — Mo)B) +{ 5 D(Bys{u”, BY) + S F(Br,vs[u”, B))

N/

1. Direct diagram (s-channel Born term) Born terms
D __ Y/D
‘/Zj _ ‘/'L] (D7F) \\\ 1 7 RN 2 -7
2. Cross diagram (u-channel Born term) N t \\,\/”
¢ _ y/¢ ——Pp b P o b
V;jj - ‘/z'j (D7 F)
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1. Direct diagram (s-channel Born term)

D
Vij

(Born) (Born)
:E: Zzz__ Ik {(\/5-—JWQJ(S'%1WQA17——\/§(A4£+'A43)Xxygxf

12f2

(34-\/§@mﬁ-+Jwg)4—A4¢A£ﬂ(\/§4-ﬂ4') S tm = ifm = s
(Ei + M;)(E; + M;) RURRUORY X"'}

2. Cross diagram (u-channel Born term)

C
Vij

(Born) C(Born)
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12f2
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~N
* Next to leading order (NLO), just considering the contact term — ' [
L5 = bo(B{xs, BY) +br(Blxy, Bl) + bo(BB){x1) + di(B{u,, [u", B]})

(Bl ", BI) + do(Bu) B + dy(BB) )

— v g2 I v
sa7z (Bluws [u, (D" D} BI}) - i (Bl [y, {D*, D"} B])
ferms aken o | —garz (Bl (D", D}B)) = (o (B{D". D"} B) {uyu)
. g — N
energies hi - b ho | - . hs - y
—— By Buyun) — -~ (B A Juplu, B) — —~(BIy", 2" Jupduy, BY)
ha -
= B ) (s, B) + e

* Contributions with g5 get cancelled

* by, bp,bg,dqi,dy,ds, ds, 91,92, 9a, by, hy, hs, hy are not well established, so they should
be treated as parameters of the model!

LU




Next to leading order (NLO), just considering the contact term

1

NZN v v
Ve = TJ [Dij —2L:595"qi,, + ngj(piMQjﬂpi R A qw)] (
_XTS,@- @+ i@ X G- 6)@) NN [_ ( jodi” N Giod;°
7 (B + M;)( J+MJ) ' f? N i+ M;  Ej+ M

2.2
45 i "

Q’iO QJO TS/—»'.—». s q'LO qJO
+(E+M+E+M)XJ J%X”L( M, B, 1M,

+

+

qj q’L . 1'8, pod pod —_ 8
(E; + M;)(Ej + Mj) 1) " (G X%)'%]

X5 X
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Motivation: KN interaction background

Unitarization via the Bethe-Salpeter equation which it is solved by factorizing V and T matrices on-shell out
the internal integrals

/o\ P /‘\/’\ KKK Ty = Vig A+ VaGiVig + VaGiVigGi Vi +
/o\ /\/O\ sz = Vij T+ ‘/ilGlle — Tij — (1 - %lGl)_le

Pure algebraic equation

Ml2 mZQ—Ml2—|—S ml2 Jom |:(s—|—2\/§qcm)2—(Ml2—ml2)2}
G = Ty | @ (sl In 7 2 0z T I e gem T (M —m))?

subtraction constants for the dimensional regularization scale u in all the k channels.

Vi =V T+ VI VS + V0 = T=(1-VG) V=T

27
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Fitting parameters:

+ Decay constant f either partially constrained 1.12f5F < f < 1.26 f&P, f2*P=93 MeV

(4 m 'Jm T

or taking fixed values depending on the process f., fx, fy

Axial vector couplings D, F varying around the experimental values yet imposing ga=D+F =1.26
—> Most of the models fix them at the exp. values D = 0.80, F' = 0.46

« 7 (14) coefficients of the NLO lagrangian terms
by, bp , bp,dy,dy,d3, dy (+ 91,92, Ga, ha, ha, hs, hy)
e Parameters from the regularization method
—> vast majority employs dim. reg. with 6 subtracting constants (isospin symmetry):

Qg—p = A0, = ARN

QrA

Apty- = Qp=—3t = Q050 = Qgpy
anA

Apy;

Ag+g- = Agoz® = gz
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Available experimental data used (or not) to constrain the parameters present in the chirally motivated models:

Observable Points Observable Points

OK-p—K-p 23 OK-p—KOn )
OK-p=mA 3 0K~ p—mOx0 3 K ~p scattering data at energies close to the production
OK-p—n—%t 20 OK-p—mty- 28 threshold (obviously above KN threshold)
OK—-p—snxo 9 OK—-p—nA 49
OK-p—>K+tE~— 46 OK—-p—KO0Z0 29 —
Y 1 AElS 1 B
R, 1 IER 1 =— Observables at KN threshold
R. 1 )
CLAS Photoproduction processes provide
— 3 i i m
L F(Kip — 712 ) _ 5364 0.04 subthreshold information (barely used!!!)
I'K—p—n—Xt) d Z _|_
B 'K p— 7°A) B O'( — T R )
fin = I'(K—p — neutral states) 0.664 = 0.011 /yp
- +3— -3+
R, = LW mITTTET) 4594 0.015

I'(K —p — inelastic channels)

Cy




Motivation: KN interaction background

Many efforts have been made in order to extract information about subthreshold amplitudes...

3.5

25 1 sf 2.05<W<2.15 ! 1 2[ 215<w<22s 1T e N B e e e e e

2 — 2; C : u B Mai-Meissner 4

l.j : 1'5: ' | 1 Mai-Meissner 2

i 1

0(5,03.. ® ® Guo-Oller 2
- 1350 -14.00- _ -14.50- '_ 1.2350' _ -14.00- _ -14.50- | 11350' _ -14.00- _ -14.50- | o 6 Guo.Oller 1
QD 15 — 2.25<W<2.35 l . 1 L 2.35<W<2.45 1 03 . 2.45<W<2.5 ] ! * . % Cieply-Smejkal
= 0.6
\-;é : ] 04 x Ikeda-Hyodo-Weise
S o0s 0.5 ' —vi
= 0.2 v Ramos-Magas-Feijoo
T I - —a—

1350 1400 1450 1350 1400 1450 1350 1400 1450 A AMADEUS (exp)

06 [ 255w 0S| agsew2s ] oafarsawerss e

05 1 04 03 i 1 L [ [ Lo M [ Ly [ Loy v

0.4 1 oal ’ 0 0.1 02 03 0.4 0.5 0.6 0.7 0.8 09

03 1 ool 02 T . | [fm]

0.2

01 0.1 0.1

0 L I I IR 0 L I IR R 0 P ST ST SR AN SN SO S I Pl

1350 1400 1450 1350 1400 1450 1350 1400 1450 - - ; —

Mo (MeV) K~n — m~ A amplitude (pure I = 1 process)

L. Roca and E. Oset, Phys. Rev. C 88, 055206 (2013). K. Piscicchia et al.., Phys.Lett. B782 (2018) 339-345.
Fit to photoproduction data from CLAS AMADEUS collaboration, KLOE detector at DAFNE

K. Moriya et al. (CLAS Collaboration), Phys. Rev. C 87, 035206 (2013).
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Explicit iintegral of the intermediate loop containing the 3 propagators:

m |
> L | > [ / d*q 1
P23 : (2m)* (¢* —m3 +ie)[(P — q)> — m{ + i€][(P — q — p13)* — m3 + i]
I my,q
Integrating over q° ... and taking only the part of the integral containing the singularity structure
d3
I(my3) = / - - ] I ~ . ]
(PO — w1 (G) — wa(§) +i€) (523 —wn(§) —ws(K+G)+ie)

2 1 1

> q
= 27r/ d —f(q), f(q :/ dz
o P (g -l rie O O @ -V R 2aketic

wi2(q) = \/m3 5+ ¢, wa(d+ k) = \/m§ (G4 k)2, Eg3 = P —k°

g=q, k=|kl = \/)\(M2,m%3,m§3), M =V P?% mi323 = /P393

LU
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Formalism I: Triangle singularity

I, | P13 Po—wl(ﬂ—w2(®+i620

_ 1
Gon+ — Gon + 1€, Qon = m\/)‘(M27m%7m%)
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Formalism I: Triangle singularity

Po—wl(c])—wg(j)+ie:0
2

, 1
Qon+ = Gon T 1€, on = m\/)‘(M2am%7ml)

P13
P23

I my, g

f(q) contains end-point singularities (logarithmic branch points) for z = +1

Ezg—wg(q)—\/m§+q2+k2i2qk+ie:0

cos (0) i

z=-1 z=1
Qor = YWES +p3) +ie  qy = Y(—vE;
Qa— = Y(VE5 —p3) —i€ Q- = —

'@Zg HADRON 2021 30t of July 2021
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Formalism I: Triangle singularity

q,+ and q,. are mutually exclusive as solutions that are simultaneously in the q (positive) integration range.
The interesting casuistry for TS is given by Qa.., Qa+s Qon+

Kinematic region

threshold singularity

Imq Imq Imq
Con+ ~ Ch+ Con+ Ch+ Chn+ Gh+
X 7 > ® X ® X — ®
0 ~~_” ® ~~_-"Re 0 ~~_- ©Re 0 ® T ~<_~" Re
b q o q . q
I(m,3) analytic in this

Triangle singularity (TS)

lim (gons — Ga—) =0

e—0

This is only fulfilled when all three intermediate particles are placed on shell and when:

z = —1 Momentum of part. 2 is anti-parallel to that of (2,3) system from the decaying particle rest system

W1 (QOn) — p(l)?) - \/mg + (QOn - k)Q =0 \/g ~ 2380MeV

LU

- For this study,
TS should appear at
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