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Part 1

Roper resonance and its analogous states
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Roper resonance

e InPDG —> N(1440)
e Discovered by L. D. Roper in 1963 (almost 60 years).

e A radial excitation of nucleon with J* = 1/2%.

e [ncompatible with the quark model.

e Interpretation: quark core + meson cloud?

N(1520) : 3/2~ >< 1/27
N(1440) : 1/27 39~
Inverse ordering
N:1/2% 1/27F
Spectrum Quark model
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Roper-like resonances (uds| cb]
— 05 N(1440) A(1600) 3(1660) A(2765) =.(2970) Ap(6072)
> TSR —
§ Roper
=
<
N N > Np
0 - —— ——
(udu) (uds) (uds) (udb)

N(1520) : 3/2~
N(1440) : 1/27

N:1/2%

—_— A2765): 1/2F

—— A (2625) : 3/2"
— A (2595) : 1/27

— A 1/2F

Similarities —> hints to their structures
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Status of Roper-like heavy baryons

A (2765)

=.(2970)

C

A, (6072)

PDG: 1 star.

| P is not determined. at

e Mostly decaysinto A zz %

PDG: 3 star.
jP =1/2% —> Belle 2021.

I Ar—— QP A

Newly observed

Three-body decays
—> by LHCb 2020 —> determine spin-parity.
['=72MeV

0.5 1

N(1440) A(1600)

2(1660) | A(2765) =.(2970) Ap(6072)

We expect =, resonance will
be reported soon by LHCb.

(uds) (udc) (usc) (udb)
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Three-body decay
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Sequential process going through ng) resonances.
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Spin-parity 1/27

- Ge\ll\

m2 T '

33.0 34.0 35.0 36.0

m25(A\n~) [GeV?]

0.1

@) ¥
A,(6072)
(1) (3)
270
m=6.052 GeV 1801
Y .VA S |
ampam (1) 90
m=6.072 GeV
}U YW\ | 01 .
2 575 5.80 585 590 595  6.00
ane @ m(NTT®) [GeV]
m=6.092 GeV
_ M A

= (2970)

e They most likely belong to Roper’s family.
—> Invariant mass distribution

—> Ratio of decay width
—> Angular correlation

PRD101, 111502 (R) (2020)
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Similarities among the Roper-like resonances.
—> Accidental ? Universal behavior?

Is the N(1440) rather special to the others?
—> Pion cloud? What about €2 ?

Radial excitation of heavy baryon
—> Why so broad?

3-body decay is dominated by sequential process.

The 0 meson (direct) process is insignificant.
—> hint to the internal structure?

Nonrelativistic quark model
—> Predict a narrow width (Problem!)
—> Relativistic effect? Exotics?

What about the other system?
—> We're looking into it.
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Part 2

Quark model & relativistic effect
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Heavy baryon decay in Quark model

Quark-meson interaction

LD,
-—— W

ga
anq == qy*ystq- a[,tﬁ

2fn

non-relativistic
expansion

Leading termsup to1/m

W

Hng[cf-q——ﬂff' (Pﬁpf)]

Baryon wave function I'm

PRD95, 014023 (2017) 11 OC!



Relativistic correction

e FWT transformation gives a correction order by order

H=H1/m’)+H1/m)+ Hl/m» +... H=8m+ O +E,
NR RC

Remove large-small component (odd operator).

e Quark-meson interaction

q
g — — —
»C7rqq — _2;1 qQYuYs74q - oHm

e Leadingtermupto 1/m

W

Hyr =g [0 'q — ﬁa ' (Pz- +Pp f)} The same as obtained by non-rel reduction.

e The correction up to 1/m?

g 2
Hrc = ) [mwa q—20-(p, + pf) x (g % Pz')] E. M. —> spin-orbit coupling

important term ~ p2
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Groundstate: 2. — A _x

Ground state NR NR + RC Exp.

Y (2455) : 1/2%  427-434 035-195 189 MeV

¥ (2520) : 3/2%  298-314 270-141 1478 MeV

2 X reduced

e Suppression of gZ coupling constant.

 The overlap of the wave functions is unity in wave-length limit.

(Af1]Z) 1 (M| pi|Ee) > g (M| p?|E) xa?

large small large

 The relativistic correction has opposite sign.

2m, 8m?

13 oQC
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Negative parity state: A — 2 7

Negative parity state NR NR + RC Exp.
AC(2595) - 1/2~ 1.35-3.16 1.36 - 3.20 2.6 MeV
AC(2625) : 3/2° 0.15-0.33 0.09 -0.26 <0.97 MeV

e In thiscase, the momentum is almost zero.
e Thedominant termis (o - p;) term.

I‘Ac>o<q <ZC pi‘Ac>o<a <ZC pl.z‘/\c)ocqaz

small dominant small

(Z,

e The dominance of the S-wave decay.
e The relativistic correction is rather small.
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Roper-like state: A* — X7

Roper-like state NR NR + RC Exp.

A(2765) : 1/2%, A4 2-5 11 - 49 73 MeV
A.(3136) : 1/2%,pp 11-123 314 - 1799

e Theoverlap is orthogonal in the long-wavelength limit.

(ZfT[A) xq®  (Z|p|A)xg (S ]p?|A) «d

negligible small large

e The leading order is somehow suppressed.
 The relativistic correction is essential.

PRD103, 094003 (2021) 15 oPC



Some remarks

The Roper-like heavy baryon
—> Quark model state?

A problem of narrow width
—> Cured by the relativistic correction.

Role of relativistic correction
—>not important for negative parity state
—> Essential especially for Roper-like state.

How about fully relativistic quark model?
—> Light-front quark model.

What about other baryons or mesons?
—> [t's interesting to study them as well.
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Part 3

Finding the missing Roper-like resonances
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Roper-like strange baryons

5(1950) 2n0n ———— E bal’yon .
N(1440) A(1600 =(1820) ——

500 | mmmmmt | NM1600) - 3(1660) L |, [ R ]

=(1690 _
. 100 _

250 - Light baryons
04 N A ; ; _ ot Capstick & Isgur, 1986 |
(ucIJIu) (uclwls) (ucIJIs) (ués) ’ 1 1 1 I !

e We expect the Roper-like strange baryons lie around AM ~ 500 MeV.

e However, they are not yet identified in experiment.
e Here, we study their decay properties in the quark model.
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Strange baryon decay in quark model

Wave function

Gaussian-type (harmonic oscillator)
The A and p modes are mixed.

We average the mass of strange and light quarks.
Parameter k & m -> the baryon core’s radius.

6R6R6=>565® 70y DT0n ® 204,

Quark-meson Interaction FWT

7T (K) H=H1/m% + H1/m) + H1/m?) + ...

NR RC
/ W
P P HNRIQ{U'q—Q—U'(Pi+pf)]
m
\ (
Bi} \Bf g
Hre = [mia-q— 20 - (p; + py) X (q X pi)]
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=(1530), 3/27 [, =9.1%05 MeV

=(1530), 3/2° e NR over predicts the data by a factor of two.
=(1690), ?° e With RC, the quark model can explain the data.
=(1820), 3/2~ o This decay is similar to 2* decay.
=(1950), ?°

[vr (MeV) o s ['nR +rC (MeV) 6.5

19.2 4.5

0.01 A 0.01

18.4 1.5

20 oPCLP
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R/‘?\J;_I%{O_ — 0.50

s < 0.09
70.48.1.1 1/2_> NR 39 3 0.0006 16.4 2.4 51.1 —
> S5ty NR+RC | 428 0.0004 17.3 2.4 62.5 e <0.06
2 - NR 0.3 1.0 0.2 ~0 1.8
68LL32) \ire | 02 1.1 0.2 -0 1.6
2 N NR 0.2 0.02 0.4 0.02 0.7
56,°8,2,0,1/2 > NR+RC 2.3 0.3 1.3 0.1 3.9
The most suitable state: 1/2-, Not possible to assign it as 1/2+
fuy — -+
=(1620) [exp =40 = 15 MeV
Erx  AK  Sum Only the 1/2- state that
NR | 24 6 30 have a sizable width.

) .
‘70’ 8.LLL27)  \RiRC 29 6 35

21 OPCLP




Exp status of =(1320)

p

LHCb, 2021
BES I, 2020
BES lll, 2015
Biagi, 1987
Biagi, 1981
Briefel, 1976
Gay, 1976

Apsel, 1970

[y, =24 £5MeV

['=36 £4 MeV
['=17 £ 15 MeV
['=544 +=15.7 MeV
['=24.6 5.3 MeV

['=72+20 MeV
['=99 + 57 MeV
I'=21x7 MeV

['=64 =23 MeV

Inconsistencies among the data

22

200N

Some experiments —> J£ = 3/2~.
Hypothesis:
other nearby resonance?

RO L — —— ﬁl

1/2% 3/2°

1500 K

30C!



=(1820) in the quark model

= =¥ AK YK Sum
70,28,1,1,1/2_> NR 2.5 0.7 18.3 75.3 96.7
NR+RC 3.9 0.5 21.5 83.1 109
1/2~ 70,48,1,1,1/2_> NR 39.3 0.2 18.3 18.8 76.6
NR+RC 62.4 0.1 21.5 20.8 105
70,210,1,1,1/2—> NR 2.5 0.7 4.6 4.7 12.4
NR+RC 3.9 0.5 5.4 5.2 14.9
70.28.1.1 3/2—> NR 1.2 6.2 2.6 3.8 13.8
S NR+RC | 0.8 7.2 2.4 35 13.9
— — NR ) _
3/2 70,48,1,1,3/2 > 1.9 4.8 0.3 0.1 7.1
NR+RC 1.3 6.5 0.2 0.1 8.1
70,210,1,1’3/2—> NR 1.2 6.2 0.7 0.2 8.2
NR+RC 0.8 7.2 0.6 0.2 8.8
NR+RC 4.5 8.8 3.9 64.1 81.2

RC —> Large (for 1/2+), but small (for 1/2-,3/2-)

3/27 —> small (I ~14) & dominant =*x
1/2% —>large ('~80) & dominant XK

23 a pC p



=(1950)

5(1950) I(JP) =1/2(?")

We list here everything reported between 1875 and 2000 MeV. The accumulated evidence for a = near 1950 MeV seems
strong enough to include a £(1950) in the main Baryon Table, but not much can be said about its properties. In fact, there
may be more than one = near this mass.

%7  Sfz AK XK I*K  Sum

NR 0.2 2.5 0.7 23 3.1 29
NR+RC 6.0 26 4.9 117 15 169

56,78,2,0,1/2")

[exp = 60 =20 MeV

=(1950) * The predicted width is quite large for 1/2% as
500 1440 A(1600)  5(1660) Z1820) compared to data.
| ——| o AM~ 636 MeV seems also larger than
250 - Light baryons expected.
e L _° | *Notsuitable with 1/2™.
(udu) (uds) (uds) (uss)
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Intermezzo: (2(2012)

e Discovered by Belle in 2018. K7
e Relatively narrow state. A A

. . Q¥ —p gpeg—p— =
e Likely to be 3/27 in the quark model. =(1530)

e Recently, Belle measure its 3-body decay.
[REF  Jexp < 11.9%.

0.48 A
. 0.46 -
State Channel ['ngr I'NR+RC Lexp E
0(2012) =K 2.63 2.41 = 0.44 -
.
=K 0.09 0.11 NE S
3.0 0.42 - @
sum 2.72 2.52 6.475 n
N
(1]
0.40 -
ET['I;’ —_ / =0 ! ) T T T
RZ%" lom = 4.5%, 215 220 225 230 235

mZ2(=m) [GeV]
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Some remarks

Opportunity to study strange baryon in J-PARC.

—> Roper-like = and €2 resonances.
—> Establishing negative parity states.

Signature of the Roper-like = resonance.
—> Large width & dominant XK channel.

Identifying overlapping resonances: 1/27 and 3/2".
—> How to distinguish them in J-PARC experiment?

€2(2012): quark model, molecular state, or what?

—>In QM,, it is an orbital excitation with 3/2".
—> Need to find its LS partner

260 a pC '\ 0p



Final part

Summary & outlook
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Summary & Outlook

e Werecently study Roper-like resonances.
—> Similarity: mass & decay property
—> Three-body decay —> spin-parity

Citations per year

e Roper-like resonances in the quark model. 15
—> Narrow width problem
—> Inclusion of relativistic correction 10

—> Relativistic quark model -> LFQM

¢ Finding the missing Roper-like resonances.
o 0
—> Strange baryons in the quark model 164 978 1992 2006 2020
—> Production in J-PARC Discovery of Roper resonance

e Studying other system.
—> Heavy-light meson (D meson, B meson, etc)
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Thank you for your attention

E mail: ahmad jafar.arifi@apctp.org
Web: https:/ajarifi.github.io
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Decay widths: Why are they so broad?

o /\(2880) Q‘EC(3080) \ Ap(6152) Quark model:
. RN \ i - narrow width
O P Ac12800) 30> I (Orthogonality of w.f.)
(6 / \\\ \\\\
5 ,J'/\c(2765) _-®=(2970) o N\,(6072) o
é Pt e R - Relativistic corr.
F/Mms) o(2815) ¥ As(5920) FWT transformation.
1 N
| \
b A(2595) " 2,(2790) b Ap(5912) - The importance of
0 5IO 1(I)O 0 1IO 2IO 3I0 4I0 0 5IO 1(I)O 1 / m2 term.
Width (MeV)
Roper-like state NR NR + RC Exp.
A(2765) : 1/27,24 2-5 11 - 49 73 MeV
31 oPC



Suppression of nonresonant contribution

N

200

llllll

150

Events /2.5 MeV /¢

Experimental constraints on the

100 spin and parity of A _(2880).
i Belle. PRL98 262001 (2007)
50
!
l—i-l IH |{h| Il m U“1 I
O -1 L I N 1 11 I'l ) WY O .'«‘» ' .
2.8 2.9 3 3.1 3.2

M A" "), GeV/e
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Comparison with the quark model

AM [GeV]

Blue ( Capstick & Isgur, 1986)
N A Y Nc Nb
(udu) (uds) (uds) (udc) (udb)
Quark content
Quark model

- The mass has decreasing behaviors.

- lowering behavior of A mode.
- heavy baryons have better agreements.

33
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Dalitz plot: A*(2765) decay

212 X1 5, X100 3
0227 Z++ I 0.22 - ‘ I 0.22 I
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T [ ]
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0.08 o 0.08 - Lo 008" R p— "
| o [(A¥ — X.7)
o 2] JP=1/2" 6.0 12- JP=5/2-
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® on0 6.25 6.I551¥6.I90 >0 °0 T ﬁS jLG.'% A 1 1 t.
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Angular correlation: X*(3/27) band

dr/ma3,

m2,(ntn~) [GeV?]

JP=1/2+
(j=0)
P

21
0.0 L— J\ JL
5.90 6.25 6.55 6.90

m3 (A~ ) [GeV?]

dlr/dcos 615 [A.u.]

dlr/dcos 615 [A.

10

JF=1/2" JP=3/2" JP=5/2"
(=1) (=1) (J=2)
JP=1/2"% JP=3/2"% JP=5/2+%
(j=0) (J=2) (J=2)
e ; I ; I ; 1
cos 61> cos 01> cos 61>

W(O)  |A;,|* (1 +3cos?0) + | Ay, |*3 sin*6
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Wave function of heavy baryon

Harmonic Oscillator potential

M =150 GeV
m=035GeV [ > ;=350 MeV
k =0.03 GeV"3

Orbital Spin
) . - j
Yc = l//lz( A )'7”[/)( P )a d > 3¢ y/]”lavar Weolor J=j+ 50

Symmetric Anti-Symmetric

Nagahiro, et. al. PRD95 014023 (2017)
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(2 spectrum

2400
—7 2
2300} 2321 + W 5/2
2200+ - 2232 T +’ - 2245--
2159 .
2100L 2141 172
2000} gk "" e
1957 112
1900
4800}~~~ - - oo mmooooooooooooooooooooooo
=K
1700} o
c— )" =3/2
1672
1600 | | | | | |
1*s 1P 2°'s 2°s 1°D 1D
Phys. Rev. D 101, 016002 (2020)

We will focus on these 3 states:
1 doublet of P-wave state
1 Roper-like state

Q(1957)
Q(2012)
Q(2159)
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