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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
E. Oset, A. Ramos, Nucl. Phys. A 636, 99 (1998).

J. A. Oller, U. -G. Meissner, Phys. Lett. B 500, 263 (2001).

M. F. M. Lutz, E. Kolomeitsev, Nucl. Phys. A 700, 193 (2002).

B. Borasoy, E. Marco, S. Wetzel, Phys. Rev. C 66, 055208 (2002).

C. Garcia-Recio, J. Nieves, E. Ruiz Arriola and M. J. Vicente Vacas, Phys. Rev. D 67, 076009
(2003).

D. Jido, J. A. Oller, E. Oset, A. Ramos and U. G. Meissner, Nucl. Phys. A 725, 181 (2003).

B. Borasoy, R. Nissler, W. Wiese, Eur. Phys. J. A25, 79 (2005).

V.K. Magas, E. Oset, A. Ramos, Phys. Rev. Lett. 95, 052301 (2005).

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!!! 1s E——
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Y. lkeda, T. Hyodo, W. Wiese, Nucl. Phys. A 881, 98 (2012).

A. Cieply and J. Smejkal, Nucl. Phys. A 881, 115 (2012).

Zhi-Hui Guo, J. A. Oller, Phys. Rev. C 87, 035202 (2013).

T. Mizutani, C. Fayard, B. Saghai and K. Tsushima, Phys. Rev. C 87, 035201 (2013).

L. Roca and E. Oset: Phys. Rev. C 87, 055201 (2013), Phys. Rev. C 88, 055206 (2013).

M. Mai and U. G. Meissner, Eur. Phys. J. A51, 30 (2015).

Feijoo, V. Magas, A. Ramos, Phys. Rev. C 92, 015206 (2015); Nucl. Phys. A 954, 58 (2016); Phys. Rev. C 99 (2019) 035211.
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K~ p — MB (S = —1) total cross sections from different groups:  zhi-Hui Guo, J. A. Oller, Phys. Rev. C 87, 035202 (2013).
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Threshold observables obtained from recent studies:

Y Rn Rc CLp(K_p—) K_p) AElS Fls
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] 2.3870:9%  0.19170:072  0.66710008 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
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K~ p — K™ p scattering amplitudes generated by recent chirally motivated approaches:
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A. Cieply, J. Hrtankova, J. Mares, E. Friedman, A. Gal and A. Ramos, AIP Conf. Proc. 2249, no.1, 030014 (2020).
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Pole positions of the A(1405) for some state-of-the-art models:
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Motivation: KN interaction background
Many efforts have been made in order to extract information about subthreshold amplitudes...

do/dM._; (ub/GeV)

L. Roca and E. Oset, Phys. Rev. C 88, 055206 (2013).
Fit to photoproduction data from CLAS
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K. Moriya et al. (CLAS Collaboration), Phys. Rev. C 87, 035206 (2013).
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Motivation: KN interaction background

Exciting results reported by GlueX Collaboration in the w°X° invariant mass distribution from the yp — K*tn°X° process!!!

Cross section do/dM  (a.u.)

Nilanga Wickramaarachchi et al., oral presentation at HYP2022, Prague.
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The fitting procedure supports the composite
state nature of the 41(1405)

Very valuable information can be extracted
from further experimental and theoretical
analysis of these data.
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pX~ — K~ d reaction proceeds via these 2 mechanisms:
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Formalism I: Mechanisms + Amplitudes
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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 qCL « 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 Ir~ KN gA* 7% (Mass, 3) ga*.K—p = %QA*,KN

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).
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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)

1.0

0.8

0.0

Contribution of the high and low mass poles and the mechanisms (a) and (b) to K/p - a(K~d — pZ™).

Total

High pole

Low pole

4 VNIVERSITAT

® VALENCIA

CsIC

2400

2420

Vs (Mev)

2440

kip o(K™d - p £7) (mb)

0.5}

0.4}

Total

‘~\N  m==—- Diagram (a)

T
.
7’
.

----- - Diagram (b)

QNP2022 — The 9t International Conference on Quarks and Nuclear Physics

5 —9 September 2022

16



Formalism II: imcorporation of the explicitEN amplitudes and ) Bonn deuteron wave function

Deuteron wave function replacement:
g4 Mpy My O(Qma:v - |ﬁ —q— %l)
E(P-G—k)En(-P+ @) s—kO—EN(—P+q) — ExN(P—§—k) +ie
R. Machleidt, Phys. Rev. C 63, 024001 (2001)

 —(@m) (PG %)

Formal equivalence between Breit-Wigner amplitudes and theoretical amplitudes:

i (2) (2)
2 M/(x*) gA*,K‘pgA*,K‘p _
Z @) p @), 3 ré® = tK—p,K—p(Minv)
=1 BA(P = Q) s — En(—p+ D - BEQ(P - @)+
2 (4) (2) (2)
M, Irx K—pIpA* mt5—
Z A A® K~pIA* at> - tK—p,7r+2— (Mz,m,)

(@) (B o Dy = IS
i=1 BA:(P=Q) /s - Ex(5+ Q) — EQ(-P - @) +i'4"
M, =s+My —2VsEN(-P+Q)  MZ =s+Mi—2V/sEn(P+)

@ B Wion QNP2022 — The 9% International Conference on Quarks and Nuclear Physics

~CSsICc 5 —9 September 2022

17



Results II: using explicitEN amplitudes + 1 Bonn deuteron wave function

Energy dependence of the real and the imaginary parts of the K~d — pX~ and K~p — ©w*X~ amplitudes.
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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).

QNP2022 — The 9% International Conference on Quarks and Nuclear Physics

B CsIC 5 — 9 September 2022

20



Backup slides

_g@ g P=F [ dg Viij(q)F'(P°,P°. ¢ P,k)FX(A
Ztij = 9d 2f (271‘)3 ZJ(q) ( ) aQ7wK((T)7 ) ) ( amK)
L (b) _ D+F d’q 3 1 p0 PO = 5 1\ T2
o Ztij = —Jd 2f (27‘(‘)3 Wzg (q)G (P 7P 7qaw7r(CT)7P7 k)f (Aamﬂ')
1 My My 1

F'(P°, P° § wk,P,k) = - - 4 - ﬁ q
( o, P, k) 20(q) EN(P—G7—k) EN(=P 4+ ) \/s— k' — Ex(—=P+q) — ExN(P — §— k) + i€

(7) )2

X { 5 R 1

D, = . O] = S )
ST B (P—0) PO — (@) — EQ(P — @) + 154> P° —wi (@) — k0 — En(P — §— k) + e

1 1
+ = + = ; tK— % (Minv)
(PO—EA*(p_q)_wK(q)HLZ,m P’O—EN(—P+¢T)—wK(¢T)+ze) PR

. 1 M M 1
G'(P°, P°,§ wk, P, k) = N N

2w(Q) Ex(~P — G- k) EN(P+ Q) /s =k — EN(P+q) — EN(—P — §— k) + e
(%) (%)

(4)
7 { Z My Ir+ k-pIA* 7wt~ : 1

¢ 5] : ., (&) =, 7 ;
i=1,2E1(\2(_P_‘T)PO-w,,(cj')—EXB(—P—(T)+2’£§1P/O_“W(®_kO_EN(_P_q_k)"'“

1 1
e = T T =3 — | tk-pnts- (M)
P’O—EA*(—P—(I’)—w,r((j')—Fz% PO—EN(P-F(T)—UJW((T)—F%

@ VyErITaT QNP2022 — The 9t International Conference on Quarks and Nuclear Physics

~CSsICc 5 —9 September 2022

21



Backup slides

0.30 T ' ' ¥ £ T T T T T T T T T
[ ) A=1000 MeV
025 T T e 2 A=1125 MeV
B gonl T TTTmmmmeemee_ T | & [ Femeae . e - A=1250 MeV
0L e Eotof__ -l I
© [T ———— T 1 &  |TSEmssam. T eespa
3 i 1 3 |
8 0.15— — 3
T | =
o) L )
© L © F
£ 0B A=1000 MeV ] £ 005 |
5 el M A=1125 MeV ]
----- - A=1250 MeV _
0-00-| ' ' ! ' 1 ' ' | ' 1 ' ' | I 1 L 1 | 0.00 | 1 1 1 1 1 1 1 1 1 1 L 1 | 1 L 1 1 1
~1.0 05 0.0 0.5 1.0 -1.0 05 0.0 0.5 1.0
cosf cosf
A? —m?
(]
Form Facter  F(A,m;) = —5——
A“+q

% VNIVERSITAT
€Y D VALENCIA

[FIC

INSTITUT DE FiSICA
CORPUSCULAR

QNP2022 — The 9t International Conference on Quarks and Nuclear Physics
5 —9 September 2022

22



Backup slides

£ty VNIVERSITAT
Y  VALENCIA

S+D-wave contribution in the deuteron WF
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'g --- S+D-wave contr. in deuteron WF
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Effective Chiral Lagrangian:

cl1(B,U) = £\ (B, U) + £P(B,U)

- derive an interaction kernel V;;

 Leading order (LO)
L85 = (B(ir,D" — Mp)B)
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Effective Chiral Lagrangian:

Leff (B7 U) — £§\1I)B (B, U) N EE\Q/[)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)
N\

Ve
\ y: . N
N\ P 1. Dominant contribution.
N S / 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?/T - 4f23 Cij {(2\/5 — M; — Mj)x;ﬂ o+ (Eiﬁwi)(Ej+]€4j) X;rf @5 - @i +1i(q; ¥ §;) - O] XS}

@ BWon QNP2022 — The 9% International Conference on Quarks and Nuclear Physics
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Lagrangian:

Eeff (B, U) — £§\14)B (B, U) (2) (B 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 _‘/’LJ (D7F) \\\ 1 // \\\\ 2 ///
2. Cross diagram (u-channel Born term) N t \\,\/’
¢ _ /¢ ——>>— PP p—
V;jj - ‘/z'j (D7 F)

@ BWon QNP2022 — The 9% International Conference on Quarks and Nuclear Physics
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1. Direct diagram

VD
1) 12f2

(3 + \/E(Mz + Mj) + MiMj)(\/g_'_ Mk) ts’

(s-channel Born term)
(Born) (Born)

Z zzz_ jJ.k {(\/g_Mk>(3—|—MiMj—\/§(Mi+Mj))

2. Cross diagram

C
Vij

12f2

(Ei + M;)(E; + M;) ;" 1@ - @ i@ < @) -

(u-channel Born term)

(Born) C(Born)

2

— M (M; + My) (M + My) — M2M] x5 x¢ + [u(vs — M) +v/s(M

F M (M; + M) (M; + M;) + M2 My x

Fais VNIVERSITAT
€% D VALENCIA

B CSIC

ts' G - @i + (g5 X Gi) - UX$}
7 (Ei+ M;)(Ej + M;) ™

Ts' s

X; X

0] Xf}

3 S S o ) B0+ )+ M)

(M; + My) + M; My,)
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~N

~ ~ P
~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 92 D 1%
8M2 (B{uy, [u,,{D", D"}B]}) — SMZ (Bluy, [uy, {D", D"} B]])
terms taken into __B B DF DY1B B{D".D"}B
account at higher SMJQ\,< up){[ww, {D", D"} B]) — 8M2< { 1 B) ()
. ==
energies Mo w hy  — ) hs - )
—— By Buyun) — -~ (B A Juplu, B) — —~(BIy", 2" Jupduy, BY)
hi -
7 (B 7"y (u, B) + hec

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

1
2M%,

N:N.
NLO 1
Vij N : [D i = 2Lij 45" qiy +

. Ts/q_j]q_;_'_z(@x _;> o s _'_NZNJh o quQi2 + QiOsz
(E; + M 7 E;+M,; E;+ M,

q

2.2
45 i "

i)
4

95 (Pi"a;,0:" €, +pj“61jupj”qiy)] (

Zany VNIVERSITAT
€% D VALENCIA
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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\ ng = Vij T+ ‘/ilGlle — Tij — (1 - %lGl)_le

Pure algebraic equation

]\4l2 mZQ_Ml2+S m12 dcm |:(S‘|‘2\/EQCm)2_(M12_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

) VN ERIITAT QNP2022 — The 9t International Conference on Quarks and Nuclear Physics

“csic 5 —9 September 2022
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Fitting parameters:

Decay constant f either partially constrained 1.12f.? < f < 1.26 fo'?, fo*P=93 MeV

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,dq,dy, d3, dy (+ g1, 92, Ga, M1, ho, Rz, hy)

Parameters from the regularization method

—> vast majority employs dim. reg. with 6 subtracting constants (isospin symmetry):

Ag~-p — Ag%n = ARN

QrA

Apty- = Qp=—3t = Q050 = Qgpy
anA

Apy;

Ag+gz- — Agoz® = dks
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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 9
OK=p—moA 3 0K~ p—mOx0 3 K ~p scattering data at energies close to the production
OK-p—sr—%t 20 OK-p—sntx- 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
RC 1 —
CLAS Photoproduction processes provide
— +3— i i n
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
o 'K p—nty-,n-Xt)
fe = I'(K—p — inelastic channels) 0.189 % 0.015 dMT('E
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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

> 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
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Formalism I: Triangle singularity

I, | P13 Po—wl((f)—wg((f)+ie:O

_ 1
Gon+ — Gon + 1€, Qon = m\/)‘(M27m%7m%)

& Do QNP2022 — The 9" International Conference on Quarks and Nuclear Physics
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Formalism I: Triangle singularity

Po—wl(c])—wg(q_)—l—iez()

P13
, 1
Ors Qon+ = Qon T 1€, Qon, = m\/)‘(M2vm%7m%)

I my, g

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

E23—WQ(C])—\/m§+q2-|—]€2:|:2qk-|—i€:()

cos (0) 1
z=-1 z=1
* * - * * .
Got+ = Y(WE3 +p3) +ie  qpr = Y(—vEy + p3) + e
— * * ; _ > * .
Ga— = y(vE3 —p3) —i€ Q- = — 2) — 1€
IFIC & Do QNP2022 — The 9t International Conference on Quarks and Nuclear Physics
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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+

Imq Imq Imq
Gon+ s Gh+ Chn+ Gh+ Chn+ Gh+
L A ® x _® X - ®
0] "= B =% Re S~_” ®Re 0 ® ~=~<_” Re
o q b q o q

I(m,3) analytic in this
Kinematic region

threshold singularity

Triangle singularity (TS)

lim (C_Ion—|— — Qa—) =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 patrticle rest system

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

- For this study,
TS should appear at
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