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The A(1405)

e The KN interaction in the isospin 1=0 channel is able develop a quasi-bound
state, the A(1405), located only 27 MeV below the KN threshold

J\

T T ]_(IN
A(1405)

It may be considered the first "pentaquark” ever observed

in conventional quark models: exotic baryons:
pentaquarks (5q states)

baryons are qqq states

baryon-meson bound state

compact
@r molecule) )
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Late fifties/sixties (first stellar period)

* Intense activity in bubble-chamber experiments (BNL, CERN, Rutherford)
established the presence of a resonance with strangeness -1 around 1405 MeV.

(The A(1405) becomes a PDG baryon in 1963)

 The idea of the A(1405) being a meson-baryon molecule was originally proposed
by Dalitz and Tuan in the late 1950’s (a quasibound state was found from solving a
coupled-channel Schrédinger equation involving KN and ntX)

R. H. Dalitz and S. F. Tuan, Annals of Phys. 10 (1960) 307

seventies/eighties

e Continuous experimental activity in bubble-chambers and in emulsions (cross
section measurements, threshold branching ratios, ...)

 The A(1405) cannot be accommodated in quark models, which systematically
predicted for it a too high mass.
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1990 - 2005 (around the turn of the century)

Conflicting measurements of the kaonic hydrogen shift and width of the 1s
state: KEK-PS E228 (1998) and DEAR (2005)

The Dalitz/Tuan idea of a quasi-bound meson-baryon interpretation of the
A(1405) is reformulated in terms of an effective chiral unitary theory in

coupled channels (in s-wave) N. Kaiser, P. B. Siegel, and W. Weise, Nucl. Phys. A594 (1995) 325
E. Oset and A. Ramos, Nucl. Phys. A635 (1998) 99

For the next ten years, intense theoretical work (NLO Lagrangian, s-channel and
u-channel Born terms...) finding similar features:

v KN scattering data reproduced very satisfactorily
v" Two-pole structure of A(1405)

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. A 25, 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)
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T The A(1405) in the Web of Science
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After 2005

* The energy shift and width of the 1s

state in kaonic hydrogen measured by
SIDDHARTA@DAONE fixes the K™ p

scattering length with a 20% precision.

€,,=-283 £ 36(stat) £ 6(syst) eV
I, = 541 £ 89(stat) = 22(syst) eV

< 800
_q_)‘ }
C }
e .
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= |
400 e e—
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f E228 DEAR
Boo 400 300 200 100 0

Shift £45 [eV]

M. Bazzi et al., Phys. Lett. B 704, 113 (2011)

‘ UNIVERSITATos
i+ BARCELONA

STRANU, May 24-28, 2021, ECT* (virtual)

* Various important experiments to
understand the A(1405) line
shape and its two pole structure:

- photo- & electro-production
reactions at LEPS (Niiyama et al. 2008)
and CLAS (Moriya et al., 2013, 2014, Lu et

al., 2013)
2 [ orseweras Gev) 7 —ET
% il “l}m o P06 Breit-Wigner |
éo.s - {1‘{“ *\!” l] l ! H—T
5 0 **m i* - h tm ld H
1.3 1 4

¥ 7t Invariant Mass (GeV/c? )
K. Moriya et al., Phys. Rev. C87, 035206(2013).

- pp reactions at COSY (Zychor et al., 2008)
and HADES (Agakishiev et al., 2013)




After 2005

 The new and improved data helped to constrain the theoretical models better!
(explaining the proliferation of works, and
maintaining the interest on this problem alive)

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. MeiRner, Eur. Phys. J. A 51, 30 (2015).

A. Feijoo, V. Magas, A. Ramos, Phys. Rev. C 92, 015206 (2015).

A. Ramos, A. Feijoo, V. Magas, Nucl. Phys. A 954, 58 (2016).

A. Cieply, M. Mai, U-G. MeiBner, J. Smejkal, Nucl.Phys.A 954, 17 (2016).

A. Feijoo, V. Magas, A. Ramos, Phys. Rev. C 99, 035211 (2019)
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Toat Publcations The A(1405) in the Web of Science
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Our chiral model (evolution over the years)

The Barcelona group has contributed to this process of model improvement
(with the focus on constraining the NLO pieces of the Lagrangian better)

1. studying reactions that are especially sensitive to NLO (as the LO contributions
vanish), e€.g8 K'p 9 KOEO, Kt=- A. Feijoo, V. Magas, A. Ramos, Phys. Rev. C 92, 015206 (2015)

2. analyzing the interplay between the Born terms and NLO contributions
A. Ramos, A. Feijoo, V. Magas, Nucl. Phys. A 954, 58 (2016)

3. studying isospin filtering reactions especially sensitive to NLO
A. Feijoo, V. Magas, A. Ramos, Phys. Rev. C 99, 035211 (2019)
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Predictions (reproduction of Isospin filtering observables)

0.25
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KPp — K*E° reaction (pure I = 1 process)

Could be measured at J-Lab
(proposal for a secondary K; beam
by the KLF collaboration)
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K. Piscicchia et al.., Phys.Lett. B782 (2018) 339-345
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New step forward: terms beyond s-wave

All our previously developed KN interaction models are in s-wave!
However, the different terms of the chiral lagrangian contain higher partial waves

| will report on new fits that take these terms into consideration (up to p-wave)

Why p- and higher partial waves?

= to extend the description of the theory to higher energies above the
meson-baryon thresholds

=> to investigate if dynamical resonances may appear
-> to extend the KN interaction to higher momentum, as that acquired by

antikaons penetrating in a nuclear medium.
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Previous works including the p-waves of the chiral lagrangian:

=> strangeness S=0 sector
J. Caro Ramon, N. Kaiser, S. Wetzel and W. Weise, Nucl. Phys. A 672, 249 (2000).

=> strangeness S=+1 sector
K. Aoki, D. Jido, PTEP 2019, no.1, 013D01 (2019)

=> strangeness S=-1 sector

D. Jido, E. Oset, A. Ramos, Phys. Rev. C 66, 055203 (2002).

(LO Lagrangian, not too much effect of p-wave (only low energy data is considered),
but very useful for the theoretical developments)
D. Sadasivan, M.Mai, M.Doring, Phys. Lett. B 789, 329 (2019)

(LO+NLO Lagrangians. A dynamical p-wave pole is found! (J°=1/2*) mimicking
their lack of °(1385) in JP=3/2* . Neglects certain NLO terms.
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A few strokes of the formalism:
We derive an interaction kernel (that consists of 4 diagrams):

- N 7
b ’
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~
\\ /’ \\ P 5
~ ’ ~ ’ N0 -
< 7 " 7’ ,~(\ '
(iii) (iv)

(1) (ii)

from the Chiral Lagrangian up to NLO:
cel (B, U) =\ (B, U) + £P,(B,U)

The leading order (LO) generates:

= 1 _ 1 _
Lis =|(B(i7, D" — Mo)B)|4| 5 D(By,ys{u*, BY) + 5 F(By,vsut, B])

v \V

Direct and Crossed Born terms

Weinberg-Tomozawa (WT)
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e
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The next lo leading order (NLO), just considering the contact term, is:

L5y =| bo(B{x+, B}) + br(Blxy, B]) + bo(BB){x+) + d1{B{u, [u", B]})
+d2<B[um [, B]]) + ds(Buy) (u"B) y d4<BB><u“uu>
I 8M2 (B{uy, [uw, {D*, D*}BI}) - 8M2 (Bluys, [, {D*, D"} B])
rerms || oz MJQV (Buy)([uy, {D", D"} B]) — 8M%V (B{D", D"} B)(u,uy)
O e ||~ B B — T2 (B e, Bl) — S (Bl* A (s, B
B 2 ) (s, BY +
;\-/F
* Contributions with g5 get cancelled NLO term

* by, bp,br,dy,dy, ds, da, 91,92, 9a, hq, hy, hs, hy are treated as parameters of the model
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Interaction kernels: (indices i and j denote any of the S=-1 coupled MB channels)

VIt = - T Cw{ 2v/8 — M; — M)x}s X0

2v/s+M;+M; "
+(E4\{]—VI)(E +M)Xf [qa @i + (7 X G) - U]Xo} -> s, p wave

(Born) (Born)

D m k JJ k s
% 12f2 Z R (Vs = M) (s + MMy = V3(M; + M)
(8+\/§(Mi+Mj)+MiMj)(\/§+Mk) ts' (2 = i o = s}
+ AR A AR DY
(Es + M)(E; + M) X; @@ +i(g; X G) o)X
=> s, p waves
(Born) ,~(Born)
N;N; <« Cir: G
ZJ - 12f2j Z Jku Msz { [u(\/§+Mk)+\/§(Mj(Mi+Mk)+Mz’Mk)
—Mj(Mz~+Mk)(Mi+Mj)—M3M]xJ Xi + [@(Vs — My) + V/s(M;(M; + My) + M; My)
; . . : 2 s’ q.? gi +Z(QJ X Qz) s
+M;(M; + My)(M; + M;) + M7 M| x) (i + M) (E, + M) G } -> s, p, d, waves
IISJXE/(EZESE(T)AI\?A STRANU, May 24-28, 2021 , ECT* (virtual) FICCUB =




1
ngj (

i) o NiN; Qjodi” Giod)”
s hii |—
MJ)XZ i ’ Ei+Mi+Ej‘|—Mj

pi"q;,pi" diy +pj“€1jupj”%y)] (X}L Xi

N;N;

NLO 1

Vij — 72 : [Dij —2Lijq;"qi,, +
N -q?-+i(q}- X q

q;°a; 4 )XTS v
(Bi + M;)(Ej + M;) — (Ei + M) (E; + M;) ) ™0 ™

dio o I 2 s io %o
+<E+M+E+M>Xj JQZXZJr(EZ- T o

_|_

QJ i - ts' o o\ =

-> s, p, d waves
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Unitarization (l):
The former tree-level amplitudes
qj % gi

Ti; = X" [f(V5,0) — (6 - 2)g(V/5,0)]x; Z
are partial-wave decomposed:

F(/5.0) = 3 fu(/5) Pi(cost)
[=0

75 < Gl

050 = S (vs) sind dﬂﬁjj;f)
=1

and then recoupled into well defined total angular momentumj (conserved)

1 .
ftree(\f) m(fz(\/g)+lgz(\/g)), JZZJF%
1 .
7 (Vs) = 11 (i(Vs)—(U+D)q(Vs), j=1—3
gggg%sﬁgﬁx STRANU, May 24-28, 2021, ECT* (virtual) ICCUB 18




Unitarization (ll):
Finally, the unitarized amplitudes are obtained from the Bethe-Salpeter equation

—1 tree
(on-shell factorization has been employed)

fir = 1= fii°G]  fif

where G is the diagonal matrix of MB loops (dimensional regularization)

(3‘|'2\/EQCm)2_(Ml _ml2

M S m?
G = _(i%lz a,l(,u)—l—ln —|- oF L MZQ—I—q\C};lln (=2 /sdom) = (M7 —m? )2

Cross sections:
M, M; q;
- [|fo|2+2|f1+|2+|f1—|2+3|f2+|2+2|f?—|2]

045 —
1 i
Tedi } } }
P=1/2% JP=5/2" JP=3/2"

P=1/27| | JP=3/27
L [] ! T J
s-wave o-wave d-wave 19
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Fitting procedure:

Parameters:
* Decay constant f (partially constrained: f.© < f < 1.3f.F, f-"7=93 MeV)
* Axial vector couplings D, F (we impose g4 =D + F =1.26 )
e 14 coefficients of
NLO: by, bp , bp, dq,d3, d3, Ay, 91,92, Ga, M, ha, hs, Ry
* 6 subtracting constants (isospin symmetry employed):

Ag—-p = A0, = ARN

QrA

A ty— = Ap—yt = A 050 = Agy
anA

Apy

Ag*gz- — Agoz® — Ak

Fitted to cross-section data, threshold branching-ratios, kaonic hidrogen...
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Conservative approach: we fit to the same data employed in our last s-wave work!

Observable Points Observable Points

OK-psK—p 245 Ok~ psKOm 317 - I'(K™p—ntX7)

OK—p—snOA 225 OK—p—r0x0 125 F(K_p — 7T_2+>

OK-p—on—%+ 198 OK-p—ontE— 213 R B F(K_p — WOA)

OK—p—nx" ) T K—p—nA 106 " T'(K~-p — neutral states)

OK-p—K+=- 54 OK-p—KO0E0 30 (K p— rty- 7r_2+)
R. = ’

! ! AEL, ! ['(K~p — inelastic channels)

R, 1 I'i, 1

R, 1

3 different models:

s-wave (old): our WT+Born+NLO s-wave fit in Phys. Rev. C 99, 035211 (2019).

ow_7

Same data, but NLO lagrangian does not contain the “h” and “g” terms.

o

s-wave: a new WT+Born+NLO s-wave fit which incorporates the “h” and “g” terms.

s+p waves: same as the previous fit but incorporatind the s- and p-wave contributions of
the WT+Born+NLO kernels
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Results: threshold observables

Y Ry R ap(K_p R K_p) AEq; '
s+p-waves 2.36 0.188 0.662 —0.70 +i0.81 297 532
s-wave 2.40 0.179 0.665 —0.64 +i0.83 280 560
s-wave (old) 2361002 018870010  0.659709% —0.65" 05 +10.8870.02 28812 58812,
Exp. 2.36+0.04 0.189+£0.015 0.664+0.011 (—0.66+0.07)+i(0.81+£0.15) 283+36 541+92

The three models do comparatively well at threshold
= nothing is gained by incorporating the p-waves
(obvious result)
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Results: cross sections (classical processes)

w [MeV] w [MeV]
200 [ T T T 50 T T
= , ——— s-wave (old) E 40 b l ——— s-wave (old) 1
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Results: cross sections (higher mass channels)

o)
E e ,
=
 —y
A i
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| 1 T‘—.
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T s+p-waves m g5k s+p-waves
o Y
N Noollk
o o
- w 005}
I} <1
0
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Separating the individual partial waves from the s+p-waves fit
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Having fixed all the parameters in the s+p waves fit, we can see the influence of the d-waves:

w [MeV] w [MeV]
") T T T T T T 2 T T T T T
15k — Total (S+P wave contribution) i 15k —— Total (S+P wave contribution)
g ——— =310 : =" =D~
- J=5/2-

o(K'p —>1A) [mb]

o
w
o(Kp ~->1E") [mb]

o
W
T
1

g m @ B

Lot
3 a8

0 0 Lamtns a o Smf b = = o= = = 1 St
1700 1800 1900 2000 2100 2200
0.15 T T T T 0.35 T T T T
03 .
= o
P E 0251 1
ci: - 0 02t [ &
°¥ +¥ -~
A T ot :
(% N-¥
‘E‘, 005 %‘ o1l 1
b ~
005 .
0 - 0 e L L
1800 2200 2400 2600 1800 2000 2200 2400 2600
w [MeV] w [MeV]

A fit incorporating also the d-waves seems necessary. Work in progres...
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s-wave poles (J°=1/2")

s+p-wave model

s-wave (old)

0~ @ 1" interaction in (I,S) = (0, —1) sector

0~ @ 1" interaction in (I,S) = (0, —1) sector

Pole |g7rZ| IgRNl |gr]A| |gKE|
A (1405)
1399.72 — i 59.26 2.66 2.46 0.51 0.56
1423.05 — i 29.01 3.49 242 0.80 0.49
A(1670)
1674.05 — i 15.54 0.39 0.36 1.29 3.56

0~ @ 1" interaction in (I,S) = (1, —1) sector

Pole 18=al  I8==l ISkn| Ignzl  I8k=

Zt
1590.47 —i240.70 1.95 1.48 1.35 0.41 0.63

Pole 8zl I8kl 18yal I8k=l
A(1405)
1419136 —i 71124 340 298 110 065
1420112 —i 27418 231 351 126 036
A(1670)
1675119 —i 3112 047 059 174 371
0~ @ 1" interaction in (I,S) = (1, —1) sector
Pole |g7rA| |g:'rZ | |gkN| lg;,zl |gKE|
Zt

1701t —i170*2 196 047 121 036 098

Our model does not generate poles in p-wave (JP=1/2" or 3/2%) |
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Conclusions

The p-waves of the chiral lagrangian influence substantially the cross sections
of the K'p =2 K*E-, KO=°, nA, nZ° reactions.

The strength of the different partial waves might be considerably different

than what is found, for instance, in more phenomenological approches like
the BnGa fits.

It is clear that the interrelated d-waves (that do not depend on additional
parameters) need to be incorporated in the fits. This requires to consider many
more data points (higher energies, differential cross sections, ect..).

We are now in the process of tackling this ingent task, which can be done after
the present work has shown that the incorporation of p-waves does not spoil
(rather, it improves) the description of data with s-wave contributions only.
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Thank you for your attention
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