Spectra of mesons and baryons
in Regge phenomenology
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Motivation

* Spectroscopy —>interaction dynamics & structures
atomic spectrum - atomic quantum theory
nuclear spectrum = shell model, collective motion
hadron spectrum - ? Important discovery

 Many mesons and baryons discovered recently:

Bc(2S) ATLAS PRL 113, 212004
Z *(5955y LHCb PRL 14, 062004



Gell-Mann-Okubo formula
M. Gell-Mann, Phys. Rev. 125, 1067 (1964) S. Okubo, Prog. Theor. Phys. 27, 949 (1962)
M,+M,=2M .
AM, =3M +M, — 4M;=3M_+M,
(N+Z2)/2=(3A+X)/4.
() — === — A,

* Predicted the existence and mass of Q°
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After ¢ quark and b quark were found in 1970s, GMO formula
was generalized to

2Mp,=M, +M,,, 2M, =M, +M_,
My=M,,+M,, 2M, =M, +M_, 2M, =M, + M.

These Eqs. do not agree with experiments, e.g., for vector mesons,
2M . >M,+M_ , 2M_.>M,+M,.
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In fact:
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We can get a mass relation for mesons 1n a spin-parity multiplet:

— My, — Mg,) (4M7 — M7, — M)
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For the pseudoscalar 1'S; meson multiplet: 7, D, B, 1., np

B (11S,) Exp. Pre.
Mass (MeV) | 6275.6+1.1 | 6274.6=3.4




Charm-bottom mesons

The masses of the hottom-charm mesons (in units of MeV).

States  Pre. Exp.[?) 4@ @3 [§ [ (o] 11 [12]
B, (11Sy) 6274.6+34 6275.6£1.1 6264 6.270 6283£70 6.263 6.270 6.253  6.264 6.247
B (135;) 6355 £ 4 - 6.356  6.355 6356480 6.354 6.332 6.317  6.337 6.308
B, (1%P,) 6798 19, - 6.814 6.782 6780+52 6.781 6.762 6.743  6.747 6.773
By (1'P,) 6777 18 - — 6761 - — 6749 6720 6736 6757
By (13Py) 6702422 - — 6697 - — 6699 6683 6700 6689
B. (218)) 6836434 6842+4+5°  — 6863 - — 6835 6867 6856 6853
B: (238) 6912423 - — 6805 - 6804 6881 6902 6809 6886

“The ATLAS Collaboration report recently [1].



Doubly and triply charmed baryons

=} MASS

VALUE [MeV) EVTS
3518.9+0.9 OUR AVERAGE
3518 =<3 6 1 OCHERASHVI..05 SELX X nucleus = 600
- GeV

3519 =1 16 SMATTSON 02 SELX X nucleus == 600 GeV

1 OCHERASHVILI 05 claims “an excess of 5.62 events over ... 1.38 + 0.13 events” for a

significance of 4.8 o in pl " K events.
ZMATTSON 02 claims “an excess of 15.9 events over an expected background of 6.1 =0.5

events, a statistical significance of 6.3 " in the A K @ invariant mass spectrum.
- o

I he probability that the pezak is a fluctuation increases from 1.0 x 10 Bto1.1 x10—4

when the number of bins segarched 1= considered.

However, the J© number has not been determined
experimentally.

Moreover, 1t has not been confirmed by other experiments
(notably by LHCb, BABAR, BELLE, and FOCUS).



Doubly and triply charmed baryons

Many light baryons and singly charmed baryons have been
well established. (3 or 4 stars in Baryon Summary Table)

Therefore, we focus on searching mass relations which can
express the mass of a doubly charmed baryon as a function of
masses of the well established light baryons and singly
charmed baryons.
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Masees of #he doubly and triply daryons

D D

1+
JP == = R O
2 cc cc o

3519.1 3019.5 3602. 4

F_‘*
JP 3+ - *+ [ ++ ! !*+ Q++
2 cc cc ccC CcCC

36094. 6 3690. 9 3808.9  4834. 3

3809 — 3695 =114 MeV

0

Meyr — Moos

ccC —Cc

Mt — Mz

—Cc

3650 — 3520 =130 MeV

U

Mz++ — M=+ =0.420.3 MeV 1.5+2.7 MeV, PLB 698, 251
2.3+1.7 MeV, PRD 78, 073013




Table 1. The mnsses of the doubly charmed baryons lying on the (157 trajectory (in units of MeV).
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Doubly and triply bottom baryons

The masses of doubly and triply charmed baryons (in units of MeV).

=0 = =*0 =X
—bb —bb Qe —bb =bb be Qo

10164.4 10166.8 10286.8 10319.2 10322.4 10437.0 147974

‘Ung — J\[Eb_b = -2412() MeV
-6.3+1.7 MeV, PLB 698, 251
-5.3+1.1 MeV, PRD 78, 073013

Mzgr = Mz, = 0.420.3 MeV
1.5+2.7 MeV, PLB 698, 251

2.3+x1.7 MeV, PRD 78, 073013




Regge phenomenology

* Regge phenomenology was derived from the analysis of
the properties of the scattering amplitude in the complex
angular momentum plane.(T. Regge, Nuovo Cim. 1959)

* In 1962, it was introduced to study hadron spectra by
Chew and Frautschi. (PRL 8, 41)

Is concerned with almost all aspects of

strong interactions, including the particle spectrum, the
forces between particles, and the high energy behavior

of scattering amplitudes.

* One of the most distinctive features of Regge theory is
the by which the mass and the spin of a
hadron are related.



We plot Regge trajectories for some mesons and baryons in the
(J,M?) plane.
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The quasi-linear Regge trajectory is usually parameterized as Eq. (1)
J=a(0)+a'M> (1)

For meson, Regge slope and intercepts have the following relations:

a;:(0) + a,3(0) = 2a;(0) (2)

1 1 2
a'- T a' - - a'_ (3)
it 77 i

Equations (2) and (3) were derived in a model based on the
topological expansion and the qqg-string picture of hadrons
(QGSM) [Kaidalov 1982]. This model provides a microscopic
approach to describe Regge phenomenology in terms of

of freedom.



For baryons, the additivity of intercepts and the additivity of
iInverse

slopes are written as . (0) + a;,;,(0) = 2a,;,(0) (4)
L1 2
al, o, al ()

There are also relations about the factorization of slopes for
mesons and baryons:

a% . a"}.} _ (:12;2 , (6)
a:iq ' a.li.iq - ("]’-"J'q:2 (7)

which follow from the factorization of residues of the t-channel poles.



Using Egs. (1) and (2), we have Eq. (8)

1 12
al ol B a-";j : (3)

Combining the relations (3) and (8), we can get relations between the
slope ratio and meson masses.

!
¥ - )
a1 — J‘
1 37

X [(4ME = M2 = M%)+ \/(4M2 — M2 — M2)? —4M2M2] (9)

For baryons, one can have

) 1 2 2 2 Py 5
.-:;:j = gﬂfﬁq [[J;Uw — M, U”q \/(411'3 — 11’3 — Uﬁrq) — 411?3“} Uf}q]




b-baryons
Quadratic mass equalities

For mesons, from Eqgs. (2) and (3), we can redefined Regge slope and
Regge intercept as the following:

G_QOJ = Unn LOJ —Ai — ;J\‘..";T

L)

L1
ﬂ'j} Ynn
where \; = a,;(0) —a,:(0), v, = — — ——.
’ R “nn

For baryons, from Eqgs. (4) and (5), we can redefined Regge slope and
Regge intercept as the following:

aéqu{oj — ﬂnnn{oj - )‘\ - }‘j — }“Q'?

1 1
=7 tvt vt g
¥ iig X nn
\ - 0 (0). ~ = 1 1
where A:i = annnl ) — AnpilU), 1 = = =Y
L-t:-mz nnn




To evaluate the deviation of Relations (13) and (16), from the equalities
that would be obtained by changing the signs of inequalities to equal signs,
we introduce a parameter 6, which is denoted by 4} for mesons,

o7 = M2 + M2 — 2M?

ME

( nn-"*nn

| 1
2/\3)( 7

ni

+ 2A’1) ( 271:\-[7‘2-11 “/\ )(

1
o ( 7172:\[571 ’\i + ’\J)(/_ + Yi + A’J)

=2(Ai — Aj)(vi —75)-
and 9 for baryons,
8 =M2, + M2, —2M?

iy 479 £
Vi Mn 20 + Ag) (—— + 279 + 7g) + (0 M2 4 20 + Ay ) — + 275 + )
{']’n:rm nnnn
o1 \
—_ nnn Turjfnn —I— }Ilz'_ —I— "}"_]' —I— i}llqjl n-r ﬁ.r'z' n-r'q,l
nnn
=2(A; — )\j]'f".fi — ;). (31)

From Eq. (31), we can see that ¢ is independent of q.



(A.) For the %+ multiplet, considering the difference of u-quark and d-quark, Eqs. (54) ean be re written as follow:
(AD) When i =u, j =d, g =u,d, s,c,b,

2+ 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2
-5::; = *M.ﬂ_-l--l- +.M&D —E‘Mﬂ} = .M&.]. +‘Mﬁ_ —E.Mﬂ_{l = *MEil-l- +‘ME*— —E‘MEN = ‘ME;'I"I' +‘ME;EI —E‘ME;_L = ‘ME;'I' +.ME;_ —E‘ME;IJ.
(1a)
(Al) When i = u,d, j =5, g =wu,d, s,¢,b,
1
2 2 2 2 2 2 2 2 2 2 2 2 2 2 2
51%3 = ‘Mﬂ_-l'-l' +;.ME¢{I _Z‘ME"L = ;M&_l. +¢ME¢_ _EJ.MEH:I = ‘ME"I‘ +¢Mﬂ_ _E;MEp[I = ‘ME"I"I' +¢Mﬂ;ﬂ _EJ.M:“-L = ;MEi_I. +¢Mﬂ¢_ _E;MEEI};
a =g B B
(1b)
3+
2 2 2 2 2 2 2 2 2 2 2 2
53: = ..Mﬂ_l] +;ME¢.I} _E.MEH:I = .M&_ +..ME+_ _E.ill!"fzq._ = .ME*- +.Mﬂ_ _E‘ME*_ = ‘MEED+"M1_“U EM"*I] = qu._ + Mﬂq._ E..ME;_ .
(1c)
(A2) When i = u,d, j =¢, g=u,d, &,c,b,
3+ .
1534 = 4\-{&44_4-4'1{ ,_|__|_ —am? *-I--I- —J'l'f&_|_-|-4'l'f ._|_ Eall-'f _|_ =;'l'fE,_|_ -I-;'Lf __|_ Eall-'f ,._|_ - M? ,_|__|_ -I-J'l'fn_l__l_ _apm? el d = M2 ,_|_ -I-;'Lf ot —ZJHEH_; (1d)
=ee Ih:n: “he
5§+ = Mg+ MA s —aME =M M oM = M M - zm.,.u = Mawn + M2y — M2 = M2l + M2ey —2Moe. (le)
. a I L2 A= Eee e = (L La (LA Eo E Ebu “be

(A3) Wheni=s, j=c, g=u,d, 5¢b,

4
51 = M2+ M2 — 2MZus = Mzo- + Mz —2Mzp0 = M- + My ~2Mguo = Mg +Mpyy —2Mg.y = Mg *_+M o+ =2Mpu0.

= '—'m: c EEL‘ .bu
(1f)
(Ad) When i = u,d, j =b, g =u,d, s,c,b,
a1
6 = Mass+Mzo-2Myuy = Mis+ Mz, —2Myo = Miy +Mg, ~2Mzi0 = Miuos+Mpo —Mzei = My.s +Mp_ —2MZeo.
(1g)

34
82 = Mjo+M32.o—2My0 = My +MZ,_ - QME_ = Mgo_+M2._—2MZ._ = M3s0+Mg,o —2Mz.0 = M7, +M__ —2MZ,_.

i & = i &_
db bb b =k Ty b e bbe be b bbb “bb



=

(A5) Wheni=s,j=>bg=u,d s.cb,

EE-L = M-'¢|]-|-M—¢|] EMEH]I = M-w +ME;b- EMEW— = Mﬂ 'I'M bb gﬁffﬂi_ = Mﬂ*{l'l‘ilvfﬂpl} EMﬂH} = an._'I'M Mb Q.MIEE;JJ_.
(1i)

Ei = M-.t-l--l- +Mm-[l QM.E#-I- = M-.t-l- +M.:.1-— QMEFD = M :EI.-I-M QMWI] = Mﬂ-l--l-+M 1-{I QM S M . 'I'M Q.MEEEE.

See b =ae =bb s bcc ﬂ!n:n bbb :
(1)
We can have

{Mﬂt-l- M:;jq.] [M"H]_ E¢+)—[:Mﬂi|] Et-l--l-); [lk]

(Maes = Meus) + (Mg - M) = (Mg - Myr), (1l

(M; - Mag) + (M2 - M5 = {Mﬁi_—M;;J,); (Im)

2 2 2 2 2

(M- - M) + (M- - M) = (M- = My-). (n)

(M~ Maun) + (M - §*++)=[M§.+-M§;+); (10)

(Mg - Mero) + (Mg - M) = (Mo - M) (1p)

[Mntfl -

abb

ﬂ.) (Mpes - Mao) = (Mgzib—Mé;_). (1g



(B.) Similarly, for the %-l- multiplet, we can express Ei-f.r- as follow
(BO) Wheni =u, j =d, g=u,d, s,¢,b,
14

5?!

2 2 2 _ g2 2 2 _ g2 2 2

—_— B

(B1) When i = u,d, j =8, g =u,d, s,¢,b,

1+
83, =M2 pot Mgo — 2M 2 2, = = M2 m T J'Lf?ib - EMEEF
+ P ] 2 2
5|:I!¢l — ;'lr'fEu + J"fﬂﬂ. - Eﬂ-'f-:,.u —_— ﬂr‘f _ + ﬂ-‘f - Eﬂ-'f.:,._
b
(B6) Wheni=¢c, j=b g=u,d scb
N 2 2 2 2 2
ﬁfb —_ M _|__|_ + M:D - Eﬂ'f:"._l_ —_ ﬂ'fn_l_ '|' A"fﬂ EﬂfE”} —_ ﬂ"fﬂ_l_ '|' ﬂ:fﬂ Eﬂ"fn”} &
Eee hb ko =ar =k b
11 . EM% + Mo EM% + M,
] T . 2 2 ) 3 a
3 3 2 3 2 .
{Jﬂ"f bb - Jm'fEEb} + {ﬂ-‘fzu. - ﬂr‘fz_l_} p— Eamfﬂb_ - Jn"fEEII_ },
M2 M2 Y+ (M2 —M2_y=(M2_ —M2 ).
|: ﬂh.h. Ebb} { = b :] { ﬂh Eb :I
j + 1 + 2 E 2 2 2 2
b
1 -I- 1 -I—
83, +63 4= {Mﬂbb Mzggbj +(M2_ +M;_)— {amég +M§E_}.



Summary

The mass relations obtained from Regge
phenomenology are suitable to describe the existing
hadron spectra with high accurcy.

We numerically prove that the factorization of slopes
IS wrong for heavy mesons.

« We support that =_.(3520)" is the ground baryon with J° = 5",

The mass of a,(1450) is too high to be the 13P, state.

The mass relations and the predictions may be
useful for the discovery and the J” assignment of the
unobserved states.



Thank you for
your
attentions !



