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To count or not to count

@ The best way to look for missing states is to count them
1,2,3...

@ Thermodynamics is a way of counting

@ The partition function of QCD counts

Zqop =y e /T Hoeptn = Enthn
n

Spectrum of QCD — Thermodynamics
Colour singlet states (hadrons + ....777)
Do we see quark-gluon substructure BELOW the “phase transition” ?

Completeness relation in Hilbert space Hqcq

1= |[n)(Tn| ~ Y |qg;n)(qg;nl+ Y laga; n){qqg; nl + Y _ |dag; n)(qag;n|+. ..

mesons baryons hybrids

@ Given H, is there a sum rule involving ALL resonances 7.

@ Quark-Hadron duality implies conditions on the spectrum
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Approximation schemes in QCD

@ Heavy quarks (quarkonium physics) mq > Aqcp

@ Large N. (meson dominance physics)

@ Operator Product Expansion (condensates (G?), (gq)) Q@ > Aqcp

@ Chiral Perturbation Theory (real pions) mx > Aqcp
Quark-Hadron Duality: Physical observables can be computed in quark-gluon or hadronic
language

@ Two point functions (Spectrum)

@ Three point functions (Form factors, Decays)

@ Four point functions (Hadron-Hadron scattering, Structure functions, GPD's)
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Operator Product Expansion

@ Vector-Vector and Axial-Axial correlators
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Narrow Meson resonances

ud,s
p.pEpEE, .
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@ Saturating with narrow resonances
T 2 _ sn
HV(Q ) = Z m +ct.,
T 2 _
ey = L+ Z M2 +Q2 +et,

@ Spectral function

oS} F2
T 2 2 ) Vin
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The radial Regge spectrum for light quarks

@ Two scalar quarks in the CM frame

P2

M=2\/p24+m2+or —2m+—+or+...

m

@ Bohr-Sommerfeld quantization L =0 and m =0
M/o
2/ prdr = 2m(n + «)
0

@ Radial Regge spectrum for large n Anisovich, Anisovich, '02

M2 =p?n+MZ  p?=1.25(15)GeV?
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Regge phase-space

@ For large meson masses, the level density is given by

p(M?) = > §(M*—M2)— /dné(M2 — M2)
n
. 1 ) _dn 1 (5)
T dM2/dnlM2=M2  dM? 270
@ So, using the WKB approximation we get
dn 1 [%dr 1
- = 7/ a_ - (6)
aM T Jo pr 2mo

@ Finite quark mass corrections

dn 1 4m?
= — /1 - —0(M? —am? 7
aM? ~ 2mo \| T M2 ( m) (7)

@ Two body phase space factor = Absortive part of two point correlators for FREE
PARTICLES.
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Empirical Regge Spectrum and Widths

M? [Gev?]
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@ The half-width rule: AMr =Tg/2 or AM2 = MgTr

M? =1.38(4)n + 1.12(4)J — 1.25(4) .
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Large N. scaling rules

N¢ — oo with aN, fixed (t'Hoot, Witten)

@ Hadronic spectrum (baryons and mesons are stable)
M pwo~NS Topw~1/Ne mya~Ne Ta~1/Ne
@ Couplings
gvmnm ~1/V/Ne  gunenvns ~1/Ne g ~ v/ Ne
@ Scattering

T(xmw — nw) ~1/Ne, T(rN — 7N) ~ NO, T(NN — NN) ~ N,
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The hadron resonance spectrum

@ Most states listed by the PDG are resonances (unstable with strong interactions)
@ Many are classified according to the quark-model

@ Meson and baryon spectrum resemble large N. QCD properties
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Origin of resonances in QCD

@ Hadrons are bound states of quarks

@ Two point correlator at large distances: exponential fall-off (bound state in quenched
QCD)

(| {J“}“(O,t)J{}b(O)} 0y = Ze~Met

@ Unquenched result yields a mass-shift and deviations from the exponential fall-off

What value should one quote ?

@ If two methods give different values, how large could a discrepancy be admissible ?
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Uncertainties in resonance masses

@ A resonance is a pole of a scattering amplitude in the second Riemann sheet

2
™ IR o ME - iTRMpg
s — SR
Complex energies cannot be measured nor simulated on the lattice
This is not the usual definition of the PDG values
Other definitions: speed plot, time-delay, Breit-Wigner etc.

Lehman representation of the resonance two-point function

by [T ) 1
O R B ——
o wM2—s+i0t s—M?2—il'\/s

@ Probabilistic interpretation of the line shape

P(p) = Zp(p)
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Mass shift and width

@ Canonical Meson propagator and self-energy

1 1

D(s) = -
(®) s—M2—%(s)  s— MZ+iMglg

@ Dispersion relation
ImX(s
3(s) =ct.+ — /d (RS
s’ —s
@ Absortive part
ImX(s) = [(s) ~ stT1/2

@ We need three subtractions — (no predictive power). Natural cut-offs of 1-2 GeV predict
Am, ~T70~T,/2
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Finite width effects in the space like region

@ Watson's final state theorem

Fy(s+ iO+) . Ti1(s — iO+)

—_ 2i611(s) 4m2 < s < 4m2
e m. S m
Fy(s—i0t)  Tii(s+i0T) =T =TTk

@ Omnes solution (not unique)

Fy(s) = Q(s) = exp {i/“ M}

4m?2 SI(S - Sl)

™

@ Sharp Resonance — VMD

150

p—channel
P
§ ol
5 -
3 Qo
=4 =
w 50k
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Random generation of a resonance

@ Breit-Wigner distribution

1 Zu
———— > P =
2 —irp W = e e e

Dpw (u) = (8)

@ Random distribution

u? = M3 + MRTg tan (12/2) z € U0,1]

S500FT T T T il

Ncounts

m, (GeV)

The half-width rule: AMp =TRr/2 or AM% = MrT'g
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The physical spectrum and the half-width rule

@ The cummulative number
N(M)=>"g:0(M — M)
i

@ Trace anomaly and the resonance gas model from PDG

Bk (Ey —k-ViEy)
A= T4 T4Zgl (2m)3  eE/T 41

log,, N(M)

14

00 05 10 15 20 25 30 0 50 100 150 200
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Pion Form Factors

M2 M2
Fem(Q¥) = —5Y—  Gal@)=—52-
M + Q2 M3 +Q?

0" [GeV]
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Pion Transition Form Factor

1 cy M2
2y _ v _
Fryy(Q7) = 1n2f g M2 1 QP — E cy =1 (9)
v v

@ 1 state V = p (no pQCD constraint) Lattice: Gerardin et al. PRD94 (2016) 074507
@ 2 states V = p, p’ (with pQCD constraint)

@ |Fepr(-Q%0)

03
el t EY)
Y 5 %7% D02
< - E} { iE
i ‘3
S s Sotsp f58
i T
o)
: 01 / LMD~V (this work] BABAR —s—
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Nucleon Form Factors

i qy

(NG OING) = a6 |3 (0 +

o F =N (d) | ulp)
t3E(t) = 0

FI=0(4) Z JwNN fwy FI=0( Z JoNN fuy

mZ —t My —

FI=1(1) Z QZiVijv FI=Y( Z SoNN foy
P

mp —

SU(3) = gwnN = 3g,NN ~ 9 Violations of 30%
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Nucleon
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Axial Form Factor
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Deep inelastic scattering

e T wooow wa 7
I;N* A :i
N N
N N N N

@ Forward Compton scattering

Webo.ai9) = - [ d'aet€ (p,s| 172, 52 O] . s) (10)
» . . 1
= (—gw + q:g ) MyWi (v, QQ) + (Pu - %%) (Pu - %quq) FNW2(V, QQ)
= SUNIIRNRIL NS (o + a) — M) (1)
R

@ Bjorken limit:
Q% - with z=Q?*/2p-q fixed.

@ Scaling and Spin 1/2 (parton model)

MNWi(z, Q%) —, Fi(z) and %Wg(z, Q%) = Fa(z)  Fa(z) = 22F (z)
N
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Narrow resonance approximation

@ Invariant mass

W2=(p+q® =M +Q* G”)

@ Bjorken limit

Wo = 3 [Onon(a MBIV~ ME) o [ Y [On(-@ )] S
n i
R@) = Z{wa/u—m))f% (1

i

@ Scaling limit
ME =pPn+M?  Gnor(q) = F(¢?/ME)

@ Drell-Yang relation

GN*)R(—QQ) — Qi FQ(I) — (1 — :E)n_l

n
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The radial Regge spectrum for quark-diquark states

@ Quark-diquark in the CM frame

M= /p>+m% +p+or (14)

@ Bohr-Sommerfeld quantization L = 0

M/o dn 1 m?2
2 dr =2 - —=—01--2 15
/0 prdr=2m(n+a) = o5 = 55 0= 32) (15)
@ Radial Regge spectrum for large n
M2 = p?n+ M2 (16)

@ Quark-Hadron duality in DIS requires Quark-Diquark dynamics !

@ Problem of missing resonances —Quark model with qqq states predicts more states than
observed
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Regge Fits

Radial Regge trajectory parameterized as:

M7y =a+p’n+BJ (17)

M2 [GeV]?

ol

0 2 73 3
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Regge Fits

N,JF p[GeV]  x%2/DOF | A,JP u [GeV] x2/DOF
1/2+ 0.890(18) 0.02
3/2+ 0.808(24) 0.01 3/2+ 1.032(6) 0.00
5/2+ 0.760(13) 0.02
1/2— 0.807(93) 0.13 1/2—  0.978(57) 0.06
3/2— 0.841(48) 0.07
5/2— 0.873(16) 0.02

Weighted Av.  0.824(8) 1.031(6)

Combined fit  0.910(65) 0.13 1.004(181) 0.03
N,JP p[GeV]  x?/DOF | A,JP  u[GeV]  x*/DOF
1/2+ 0.854(57) 0.04
3/2+ 0.808(24) 0.01 3/2+ 1.032(6) 0.00
5/2+ 0.760(13) 0.02
1/2— 0.807(93) 0.13 1/2—  0.978(57) 0.06
3/2— 0.762(25) 0.01
5/2— 0.873(16) 0.02

Weighted Av.  0.801(9) 1.031(6)

Combined fit  0.887(46) 0.16 1.004(181) 0.03

B2[GeV]?
N 1.050(24)
A 1.087(41)
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@ Klempt and Forkel

M2 =4)2(n+ L +3/2) — A = 0.510(5)

@ Santopinto et al. (Quark-Diquark relativistic dynamics)

My, =

E. Ruiz Arriola (U. Granada)

a+bL +cn
a=1.53(12)GeV? b =1.16(34)GeV?
x2/DOF = 1.36
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x2/DOF = 0.26

c=1.11(13)GeV?
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Conclusions

Large N¢ behaviour is a unique fingerprint of QCD
Minimal number of resonances leads to parameter reduction
Errors based on the half-width rule provide a guess on the uncertainties (I'/M) = 0.12(8)

Quark-Hadron Duality requires infinitely resonance states

Radial Regge formulas for hadrons (mesons and baryons)
M,zZ ~an+bJ+c

@ Effective two-body dynamics (Quark-diquark for baryons)
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Chiral Perturbation Theory

@ The chiral Lagrangian u, ~ Ou¢p+ ...
pr_ f?

L3 :Z<uu“u+x+>»
LY = Lt ) + Lo(upu” Y (ubu ) + DoCuputusu”) + Lafupnt )(xe )
+ Ls(upux+ ) + Lo(x+)® + Lr(x—)" + Ls/2(x% +x2)
— iLg(fiuu,uuu > + L10/4 < f+uufiu - f,‘“,fﬁy >
+H1/2<f+;Wfﬁu +f—uufﬁu> + H2/4<X3- *X2_>7

@ L, low energy constants (encode unknown physics)

@ Incorporates spontaneous chiral breaking
@ Violates Unitarity
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Resonance Chiral Theory

@ Resonance Lagrangian in the Single Resonance Approximation (SRA)

Lrp=Ly+La+Ls+Lp,

Fy G
Ly = 2f<VIAVf ) 22\/‘%<Vuu[uuvuy}>:
_ Fy uv
La= —2\/§<Awf_ )

Ls = cg{Supu”) + cm(Sx+) ,

Lp=idm(Px_)

@ Decay rates R — 27

Iy = 3camyg ry = G%/m%/
16w f4 487 f4
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Low energy limit

Integrate out resonances as heavy fields

_ G _ G _ 3Gy g
L= 5 Ly = 5 Ly = 5 T 5
8M2 4M2 aMZ " 2M2
CqC
Li=0, L5:X4§’ Le =0,
2 d2 FvG
L7 =0, Lg = Cm2—7m27 Ly = VQV,
2MZ  2M32 2M2
F2 2 P2 F? c dz,
Lio = + : =——Y 4 H -+ :
1o 4M2 4M2 YT sMZ T 8M2 T Mz T M2
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Short distance constraints

High energy (QCD) conditions on low and intermediate energy models

@ Pion Form Factor

Fi(¢) =1+

FyG q? _
‘}QVWZO(Q %) = FyGy = f7
v

@ Axial Form Factor

2 2
Foy = A4 2Fy Gy — F2
Ty m2 — ¢2 m2
A 14

=0(q"?) = 2FyGy = F2

@ Weinberg sum rules (VV - AA correlators)

iE Y F3 4
I, ,(¢%) ==+ - =0(¢")
v-a q> m%/ — g2 m?4 —q?
FZ _F% = f2, m%LFZ —m%4F2 = 0.
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@ Scalar Form Factor

4cm
Fien(q®) =1+ Tz
T

cqg + (em —cq) 2

2
deqem = fr, cm —cq = 0.

@ SS-PP correlator

9 5 c2 d2 2 4
HS—P(q ) = 1630 2 L 2 P} Ut B) + =z = O(q7 )
m P

e—q> mp—q* 8¢
8(c2, —d%) = 2,  Emi—dim}~0.
Fy = 2Gy = V2F, = V2F, ma = V2my,
Cm:Cd:\/idm:f?ﬂ', mP:\/imS,
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@ 77 scattering

ASRA (5 ¢ ) = me — S+G2{(su)+u(3t)}

2 Al t-m  u—ms
2 [cq(s —2m2) +2m2 cm]2
2
3f4 s —mg,
4 [Ga(s —2m2) +2m2 &n]® | 842 md
I s—m%l 14 m%s —m2

@ Forward amplitudes in t-channel (Froissart bound + Regge)

2¢2 — f2 4 (32

T§RA(,0) = 4 InTTV ];f Y v+0w™) = f7=25+GY
G2

Cd’”5f7vmv+@( v=2) o 22m2 = GZm?,

TP (w,0) = 2

— mgs = my
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@ Pion Transition form factor

1 m2 6f7r
F. * q2 = 1% —_ —
e ( ) 47r2f7'r m%/ - q2 Ncq2
m = 24;2]2%
c
EVERYTHING IS DETERMINED FROM f, !l
o
@ The Low Energy Constants fulfilling all these constraints
1 1 4 f? N,
SRA SRA SRA SRA SRA
LA = L5RA = —_LERA = “LERA = CIERA =~ = 62
2 2 3 8my, 1927

@ Can we estimate the error in a simple manner ?
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