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= QCD Lagrangian
v’ Color degrees of freedom. Confinement, asymptotic
freedom. Quark model and non gqgqq and qq
structures
v’ Local gauge group transformations
v' Symmetries and conserved currents

" Chiral symmetry
v' Wigner-Weyl & Nambu-Goldstone realizations of
chiral symmetry
v’ Linear and non-linear ¢ —models: renormalization
v' Weinberg-Tomozawa interaction



" Odd parity S-wave ¢B resonances
v’ Flavor SU(3) symmetry and chiral expansion
v’ Chiral Unitary Approach: unitarity in coupled
channels. Riemann sheets, bound, virtual and
resonant states.

v’ Strangeness S = —1 sector
o /A(1405): double pole structure and chiral
symmetry

o A(1670) and X(1620) bumps
v’ Strangeness S = —2 sector: £(1620) and £(1690)
v’ Strangeness S = —0 sector: N(1535) and N(1650)
» Odd parity D-wave ¢B resonances: N(1520),A(1520)
and Z(1820)



= Lowest lying odd parity resonances in the charm sector:
SU(6)1s¢ X HQSS model
v A.(2595) and A(2625)
v Q. (LHCb) and E, excited states

v’ Extension to the bottom sector
1

2

the bottom sectors

v’ Interplay between chiral meson-baryon and CQM degrees of
freedom and the role played by the renormalization scheme

v Molecular content, HQSS and thresholds: A, (5912)
/A-.(5920), A.(2595)/A.(2625) and A(1405)/A(1520)

v" Higher resonances: A, (6070) and A (2765); molecules
versus CQM 2S states

" Lowest lying ( ) and (%) A resonances: from the strange to



Exercises for Lectures on Hadron Spectroscopy

1. Derive the equations of motion of QCD

2. Obtain the SU(3) light-flavor vector and axial currents and their
commutation relations

3. Use the Jacobi identity to constrain the non-linear 0 —model for pions

4. Study the SU(3) limit of the odd parity S-wave ¢B resonance-spectrum
obtained from the chiral unitarity approach (CUA) with the Weinberg-
Tomozawa interaction

5. Discuss the extension of the CUA to finite volume: energy-levels

6. K™ p correlation function from high multiplicity collisions and chiral SU(3)
dynamics
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QCD Lagrangian Locp= —TF[F yF* ] +% q4y,D*q*

Deg = Sapd" — igTagBa (x) —~DFqAy,q" — m,gq”

,u (X) A =1, ..., Nz(flavor index)

aﬁ‘ a , A%=1 -NE=1 (Gell-Mann matrices)

a, f: color indices; [Ty, Ty = if T
g4 (x) quark field: flavor and color

F#(x) = ~[D*, D]
= 9“B" — 3”B* — [B*, B"]
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Confinement and
asymptotic freedom.
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Particle Physics (2024)
S. Navas et al. (Particle Data

Group),
Phys. Rev. D 110, 030001 (2024)

Classical equations of motion


https://pdg.lbl.gov/2024/html/authors_2024.html

Symmetries and conserved currents
) Conserved charges Q,

Symmetry U {7,}

0L

LIg] =LI¢'], ¢' = Ulri0ul¢ = ¢+ 8ap 00 = jo(x) = 55=-8ap

Noether Theorem: auja =0; Q, = [d3xjo(t,%); di“ =0

 Global Ug(1): q' = e %q (same phase for all flavors and colors)

JF=Ya.qav"qa, 0,J" =0,B= [d>x]J°(t,X)=baryon number
NF

o Global U(1) x U(1) x T~ xU(1): g4 = e '%1q (phase depend on flavor)
=Y, qiy* q4, M]A =0, Ny = fd?’x]g (t,x )= flavor number
(gluons do not change flavor)



* Global SU(2) rotation for two flavors m, = mp
e 1A
= [e—me/zl g5 (isospin symmetry for u and d quarks)
B

fmy =mV A — SU(Ng) (e.g. SU(3) symmetry for u,d and s)

* Letussupposem, = 0V A = SU.(Nr) X SUgR(Ng) rotation
q’ — e—iQATA
a

—i0 4TA .
qo = €047 V5q, (axial)

q, (vector)

currents:
VA=) T aah, 0,V =1 ) Y (my —mp)Th (T4)y2a%
a YZ a YZ

Aﬁ = 2 2 Qo YuVs (THyz44, auAﬂA = iE E(my +myz)qy (TYyzvs95

a YZ a YZ



QA1) =[x V(%) QA = [ d*x A3(t,%) & {0, qf W} , = 6;8*(x—)

0

[Q4(), QP ()] = ifapcQ€(t) 147y
R = "> @& 4=49LTAr
[Q4(0), Q5 (D] = ifapcQs (©)
/ _ -0 pyTA

[04(), Q8 (8)] = ifascé(e) | P T IER TE QL)

Vi — Al VA + Al
[0£(0),0F (0] = ifapcQf ()| 1L =H——F, Ri=H—F
[QA(8), QB ()] = ifapcQ () = (0110270} = = ©lalr, ql0) = =S (0laal0)

PP=qys~ q

[Qf(t)» Qg (t)] =0 Current Algebra ('60)



Symmetry realizations

Symmetry U{T a}

Wigner-Weyl

Q,/0>=0

* Exact symmetry
* Degenerate multiplets

* Linear representation

& Conserved charges Q,

Nambu-Goldstone

Q0,0 >= 0

e Spontaneously Broken Symmetry
* Massless Goldstone Bosons
* Non-Linear representation



Chiral symmetry (m, = 0) Chiral limit

1 _ _
Lgclf Z?TV[FWFW] + q.iy,D*q; + qriy,D"qx q' = (ud,s)

0

e Lycp invariant under G =SU(3). @ SU(3)Rg:
a.—&.a, Ap—gxir i (£.:8:) €G

e Only SU(3)y in the hadronic spectrum: (7. K.7), : (p.K*.w), ;-

Mo- < Mo+ ; M- < M+
e The 0 octet is nearly massless: m, ~0
¢ The vacuum is not invariant (SSB): Ol (q,a, +qrq,)]0) #0

8 Massless 0~ Goldstone Bosons



Q10>+ 0 Goldstone Theorem

Q= [d’xj°(x) ; 9" =0 ; JO: v(t)=(0[[Q(¢).O]]0) #0

}

3|n) . (0|O|n) (n[j°|0) A0 ;  E,0®(p,)=0 ; M,=0

Proof: jo(x) = e j°0) e~ P | Z In){(n| =1

-3 [ x LU0 (1000} ~ (0101 (<)o)}
=5 [ e @I AO) — < 00 O}

= @n)* Y50 (5n) {e B (0]j°(0)[m) (n]O]0) — <" (0]O]n)(nl°(0)[0)} # O

v(t) = 0 = Zo 2) En { e 51(0[°(0)|n)(n|O|0)
Courtesy A.Pich

L ;Er<0|@‘ > )|0>} EFT, IFIC 2015



Pions: SU(2) X SU(2) linear 0 —model

[Q4(®), @F ()] = teapcQ°(®)  |Q', /| =iy [Q), 0% + 7] =0

] _ . B . . -
Q4(1), Q€ (V)] = ieapcQS () :Q_'”_ =—16j,  |Qz, 07 + 7% =0
- Q,0|=0
050,08 O] = ieascQ°®) (0] 5] = i/

E

[0/, £] = [Q5,£]—0
= ~ 0, TOMTE + 006“0——(0 +7T2)——(a + 722)2 4

=7 X 0,7, *M=aaun—(aﬂa) 7, 8,VF = 9,A* =0

=IO

. Qi|0 > = Q§|O > = 0 (Wigner-Weyl realization)
 and o have the same mass
* fr = 0 (pion and sigma fields annihilate the vacuum.

<044 7 @) > = 0 = ~ifubup,



Pions: SU(2) x SU(2) linear ¢ —model

2(x) = 0(x) + i 7 (x) = (fi \;%ZT_O ;\/_EZ:O)

£ =2 Tr(9,zonst) - £ Tr(zzf) ~ 2 Tr(zzt)” 4
)

vector - n') =e@On) 7Y =) — Qi€ imm™ +0(0%) 2 = HVEHV,
\ 5 = eié. o—i06 — gy = e 9/2 € SU(2)y
n'l = e Ogle~0s0 = qj 4+ gl + 0(6?) gA g

axial -+

\ o' = ei0050-10s0 — 5 _ O + 0% 94~

0(4)~SU(2);, ® SU(2)g Symmetry: £ - grZgl; g.r € SUR)Lr

—l‘L’ 9/2 = SU(Z)A



Courtesy A.Pich

Sigma Model

EFT, IFIC 2015
Spontaneous
Ly,=210,0T0'd — 2 (6Td — v2)° Symmetry
Breaking
Global Symmetry:  0(4) ~ SU(2) ® SU(2)
‘0 >=0
o v2<O: me:—)\vz : el
<0‘ L, =] ‘0) = —i8;;,(0|]0) % 0
o v2>0: 0ls]0) =v ., (0|7|0) =0 /
QL|0 >+ 0
SSB: 0(4) — 0(3) [4;:3 — 3;‘2 — 3 broken generators]
L, =1{0,6016 +0,70r7 — M252} — M5 (52 + 72) — M2 (52 4 72)°
fr=v ob6=0—-v ;  M2=2)\ u=(00+fr)om—(90)m

9, Vk =0; 9,A* =0
3 Massless Goldstone Bosons H H



Pions: SU(2) X SU(2) non-linear & —model

[QA(1), Q5 (1)] = i€apcQE(t) ;Qi,ﬂj] = iEl-jkT[k
Q4(6), QB (0)] = i€anc S (©) O}, | = —if @) = —if;f (7?) + mjmg(7?))
| oy 1+ 2f(7%)f'(7?)
049,08 (©)] = i€asc@°(® 9(@) = t=n 27
usual choice
f@) = Vi -7 = g(7*) =0

redefinition of the pion field: 7 — q_5 and introduce

;
- 7d Ug! vector

; g;rlU g;rl axial



£ =210 00n0) - 0,500 2y (0,678 - (08)(3248) o 5)

T

Chiral Symmetry Determines the Interaction:

\ e
N ’ t
~ ’ 0 _ _ / 2
LY T(Tl'Tl' —>Tl'7'l')——2; t =Py —py)
Lo fn
’ h Y
' ~
g R Weinberg
Non-Linear Lagrangian: 21 — 27,47, .-+ related

fn m 0
—Tr(yUT + UyT :ZB( U )
5 T ) x=2B o0

Explicit Symmetry Breaking. Isospin limit m, = mg; > m2 = 2B,m

1
L=> Tr(d,U0*UT) + ——



Pions and nucleons: SU(2) X SU(2) non-linear ¢ —model

e~1%9/24)) vector

Y:isospin doublet Y ->yY'=<"
e~1rs19/2y axial

\
s+xt st T ysTP §+¢t £
: + Ve T — fn' ely5Tqb/fn — fnv2’ V = elV5T¢/2fn — » + Vs >

Y =

L =% Tr(0,U0*UT) + iy, 0*y — gy chiral invariant
Unitary transformation: ¢y, = Vi
My

My Invariant
L :§ Tr(d,U0*UT) + ¢, V7T (iyua“ — gf VZ) Vhpa/

=3 Tr(3uU0 U™ + v, [0 +3 (6045 +£7048)| v, — My,
+ lljw)/uys % (f@“fT _ gTaug) D, » invariant




L= %aucﬁaﬂc/i ~ 2 (20,6016 — ($9,8)(6946) ) + Vo [iv,0 — Myl

1 1
—PoVuT(6 X 0B Jihy + =2 VoV Vs T Py + O
Afit f f#
Weinberg-Tomozawa Goldberger-Treiman g~ 1. 26
T(N — N7) = —igonn 60 )57 u(p), Guvy = g““;‘rN 128
Generalization to SU(3); @ SU(3)gr
1 0 0 + X — %ﬂ-i—}__%n 1 T;+ i e i’((’_(:
ﬁz -+ \/—{\1 > P é = %rp — o _%ﬂ-_:_%” 2
B(x) = >~ —%EDwL %AD n : S K —/ 37
= =0 — =2 A"
. | o | N V B=d,B+i[u'o,u+ud, u’ B].
£,=Tr{B(iV —My)B}+ 3D Tr{By*ysiu, .B}} S
+%j:"fr{3_yﬂy5[”ﬂ___3]}_ U=u?=ei 2P/ uﬂ—izﬁrﬁ Uu
Lrg—mp= JBT Y[ [P.o,P]. B]}.

Weinberg-Tomozawa
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