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Outline of the talk

Pre-history (from 1968 to 2003: hints for tetra- & penta-quarks)
e Motivation & Background

o Duality (Rosner, 1968) )
e MM — MM, MB — MB, BB — BB

o Large N-expansions
@ 1/N. @ g°N. = const ('t Hooft, 1973)
@ 1/N; @ g*°N. = const and N;/N; = const (Veneziano, 1975)

o Experiments (1975 -1980 & around 2003)
@ LEAR- S [M ~ 1936,T ~ 4 — 8 MeV] & other candidates

@ A theoretical picture emerged from QCD predicting

e “hidden baryon” states — Baryonium
(Rossi, Veneziano, 1977)

History (2003 - today)
e More “stable” experimental data (after 2011)
@ A better understanding of Baryonium (Rossi, Veneziano, 2015)

e Phenomenology of tetra-quarks, penta-quarks, ...
(Yaffe, 1977 - Guerrieri, Maiani, Polosa, Riquer, ... 2004 - 2015)
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The multi-quark saga

AAL

1980 \/ 2003 \/ 2015
NO NO

4q’s & 5q’s discovery history
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The evidence of states - Experiments
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The evidence of

G.T. Bodwin, E.

states - Experiments

Braaten, E. Eichten, S.L. Olsen, T.K. Pedlar, J. Russ
arXiv:1307.7425v3 [hep-ph]

State M (MeV) T (MeV)

JPC Process (decay mode) — Experiment (#0) 1% observation

X(3823) 38231419 <24
X (3872) 3871.68+0.17 < 1.2

X (3915) 39175+£1.9 2045

Xe2(2P) 39272426 2446
X(3940)  3942%% 37437

G(3900) 3943+21  52+11
Y(4008)  4008T'%# 226497
Y (4140) 41445426 1571
X(4160) 415673 139748

—65

7" B = K+ (xa?) Belle [4] (3.8) Belle 2013
1" B K+ (J/¢mta~)  Belle [5, 6] (12.8), BABAR [7] (8.6) Belle 2003
pp— (J/Ymtn)+... CDF [8-10] (np), DO [11] (5.2)
B — K + (J/¢atn 7 Belle [12]* (4.3), BABAR [13]* (4.0)
B — K + (D°D°7%) Belle [14, 15]* (6.4), BABAR [16]* (4.9)
B— K+ (J/¢) Belle [17]% (4.0), BABAR [18, 19]* (3.6)
B — K+ ((25)7) BABAR [19]° (3.5), Belle [17]® (0.4)
pp— (J/mt7")+ ... LHCb [20] (np)
0T+ B = K+ (J/dw) Belle [21] (8.1), BABAR [22] (19) Belle 2004
ete” = ete + (J/Yw) Belle [23] (7.7), BABAR (13, 24](7.6 )
), BAB;
)
0)

| (7
2+ etem w5 etem 4+ (DD)  Belle [25] (5.3 AR [26] (5.8) Belle 2005
7% ete” — J/Y+(D*D)  Belle [27] (6.0 Belle 2007
etem 5 T/ + () Belle [28] (5.
1=~ ete” 5y +(DD) BABAR [29] (np), Belle [30] (np) BABAR 2007
17~ etem =+ (J/pmta) Belle 31] (7.4) Belle 2007
" B K+ (J/1¢) CDF (32, 33] (5.0), CMS [34] (>5)  CDF 2009
7 etem — J/Y+ (D*D*)  Belle [27] (5.5) Belle 2007

Narrow states are below the BB threshold
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The evidence of

G.T.

states - Experiments

arXiv:1307.7425v3 [hep-ph]

Bodwin, E. Braaten, E. Eichten, S.L. Olsen, T.K. Pedlar, J. Russ

State M (MeV) T (MeV) JPC Process (decay mode) Experiment (#0) 1 observation
Y (4260)  4263%5  95+14 1 efe o+ (/U BABAR (35, 36] (8.0), CLEO [37] (5.4) BABAR 2005
Belle [31] (15)
etem = (J/U CLEO [38] (11)
ete™ = (J/4 70n0) CLEO [38] (5.1)
Y(4274) 42744751 32882 0t B K+ (J/yo) CDF [33] (3.1) CDF 2010
X(4350)  4350.67%% 13.37150 0/2FF etem — etem (J/v9) Belle [39] (3.2) Belle 2009
Y(4360) 4361 +13 T4£18 17 efem =+ ($(2S) 7 aT) BABAR [40] (np), Belle [41] (8.0) BABAR 2007
X (4630) 46344, 9273 177 etem =y (AFAL) Belle [42] (8.2) Belle 2007
Y (4660) 466412 4815 17 efem =+ (Y(2S) 7t a7) Belle [41] (5.8) Belle 2007
ZF(3900) 3808+5 5119 177 Y(4260) = 7 + (J/ont) BESIII [43] (up). Belle [44] (5.2) BESIII 2013
ete” >+ (J/Ynt) Xiao et al. [45]° (6.1)
Zi(4050)  40517% 7 B— K+ (xa(lP)nt) Belle [46] (5.0), BABAR [47] (1.1) Belle 2008
ZF(4250) 4248712 1772} 7 B K+ (xa(1P)7") Belle [46] (5.0), BABAR [47] (2.0) Belle 2008
Z+(4430) 4443720 10778 7 B K+ (9(28) 1) Belle [48, 49] (6.4), BABAR [50] (2.4) Belle 2007
Y,(10888) 10888.4+3.0 30.7759 1 ete” = (Y(nS)mtr™) Belle [51, 52] (2.0) Belle 2010
Z;(10610) 10607.24£2.0 18.442.4 1+~ T(()S)aﬂ +(T(nS)7t), n=1,23 : Belle 2011
T(55) = 7 + (hy(nP)at), n=1,2
Z,(10650) 10652.2+1.5 11.542.2 17~ T(55) — n~ + (T(nS)7*), n=1,2,3 Belle 53, 54] (16) Belle 2011
T(55) = 7~ + (hp(nP) %), n=1,2 Belle 53, 54] (16)

Narrow states are below the BB threshold
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The emergence of interpretation - Theory

e The physically interesting limit of QCD is g% & A=g?N, small
e We have a (more or less) good control of the theory
@ in perturbation theory: g° — 0 @ N, fixed
@ inthe 't Hooft limit: 1/N; — oo @ X\ = g°N; fixed
@ in the strong coupling limit: 1/g*> — 0 @ N, fixed (possibly large)
@ inthe AdS/CFT limit: 1/N; — 0 @ X fixed and large
e The overall situation is pictorially illustrated in the next figure
e As we shall see, “naturally”
@ mesons appear in the 't Hooft and strong coupling limit
@ baryons & baryonia in the strong coupling limit
e The key question is: can we walk clockwise to real physics?

e With some optimism we shall argue that this is, indeed, the case
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The interesting limits of

A QCD @ strong
log g2 coupling

Naturally born
Baryons &
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Duality in MM — MM amplitudes

From my 1977 CERN seminar
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From my 1977 CERN seminar
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Duality in MB — MB amplitudes
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Duality in BB — BB amplitudes
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QCD string breaking & fusion
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QCD string breaking & fusion
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Pre-historical phenomenology

@ Birth
@ Rise
@ Evaporation

of Baryonium states
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G.C. Rossi (Tor Vergata)
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Kp->mR*

R*> SKK/AKK/ZK

T. Amirzadeh et al.
CERN/EP 79-101
September 18, 1979

Nombre d'événements / 20 MeV

W R A narrow pentaquark?
M =3.17 GeV

Nombre d'événements / 5 MeV

1
. — 1
Masse R™ (GeV) :
Figure 4 — a) Spectre de masse du systéme hypéronique R* pour + 1
des événements dans lesquels le — provenant de la réaction K~p — - 1
nR* se situe dans I'hémisphére arriére du systéme du centre de B —_
masse. La courbe en trait plein représente I'ajustement du fond avec
une probabilité maximale. L'impulsion du K incident était de e ————————— p
8,25 GeV/e.

b) Spectre de masse du R* pour les mémes événements que dans la
figure 4a, par intervalles de 5 MeV.
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The systematics
of hadronic states and amplitudes
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Table 1Ta

Simplest mesons and baryons : colour structure and string picture

HADRON GAUGE INVARIANT OPERATOR ' STRING PICTURE
R ) X h X, X,
M, =qq meson (x,) [1’ exp(ig A dx ) q; (x)) e
2 2 W AL 3 a
* 37
M = quarkless Tr [v exp(ig f A ax“)]
meson "
kil x
e [r ex]\(ig I A dx“) q(x )] gk
W 1
ol q q
B, =qqq baryon !
5 =499 eY'x
o [P " [ I N
[p exp(lg L A, dx ) q(xz)]_ P exp(lg L A, dx ) q(xJ)]. ab
2 Iz 3 Jyf
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The three (N_=3) baryonium families : colour structure and string picture

Table 11Ib

The symbol exp ]i is a shorthand for the path ordered exponential used in Table Ila.

HADRON

GAUGE INVARTANT OPERATOR

STRING PICTURE

"}: = baryo:\ium
with qqqq
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vy
S 1
aly,) exp

y
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y i3 x - x
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x kl X, k2 X, k.

] I [10)) exe Iy
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Contributions to BB scattering (N =3)

Table 111a

BB > BB b)

P 4~ CHANNEL o a) t-CHANNEL N
JUNCTTON DUALTTY mé;.wms FORUATION MULTTPLICITY! IS SLOPE
2 J

a -1
—_— M =
[ 4 ) i V)
pls )="E+;(S % Regge pole %R
J b
M) a2
. & B s =0 1
= ' L
(e z“e.e-(s /9| 3-Reggeon cut 7 %R
M&J) Y3 a2
o P s -8 1
‘e ' 1
n(s') =3n | _(s'19) 3-Reggeon cut 3 %
ee
ap~! o
Non-resonant - - 5 s 2 1 1,
two jet aGs) =2, ("4 | poneron 2 "R
ee
background

a) s'

b) to estimate the s-behavior we have taken “R‘O

is the invariant mass of the final state excluding the leading baryons




Table 111b

Contributions to BB annihilation o =3)

BB -~ BB . - a)
s=CHANNEL t=CIli"NNEL'
JUNCTION DUALITY DIAGRAMS FORMATLON MULTIPLICITY EXCHANGE SLOPE
ANNTHILATION
L] Jy-
lqa-i A =n, _(s) SO0 a' ) <
qq - jet n(s)=n _ _ = L)~ oy
L Regge pole
L J
- - - S I
2qq - jets n(s) =2n + _(5/4) s - a'(Mz) ~3 (‘;(
Regge pole
L = — ;i
a(M )1 A |-
- - - -1/2 ) -3
= — Jqq-jets | a)=3m, (/9| s O s G =5 0
0 I e'e”
! r Regge pole
= prs
° T "
| i 0 R _ w2,
] | it E n(s)=2n , (s/4) | s =05
] 4 g 2 - Reggeon cut
e Coomuyom)

a) To estimate the s-behaviour we have taken nB=0




Hegge trajectories
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BARYONIUM
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Approaching today’s phenomenology

@ Birth
@ Rise
@ Evaporation

of pentaquarks
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Back to theory!

@ The limits of QC
o from large g° & fixed N . ..

e Meson propagator and amplitudes
e Baryon propagator and amplitudes

@ ...tosmall g? & N, continuum QC
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Recall ... the interesting limits of

A QCD @ strong
log g2 coupling

O3
Naturally born //Vc)
Baryons &
Baryonia .
\ \\"\% ~
qwore o | Wolt)

continuum

Qo 4 o, A=10
9 b. =

O(I/N) e,
—>

v Naturally born
Mesons
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Strong coupling

<Pexp(sy § Aude*)y -
e

5 dy A
.SQ.A"_P,Q%LA" : 2—5
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=W (e)

594,, zs
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Meson propagator and amplitudes

gq mesons are intermediate states in the gauge invariant correlator

Gm(Cr,Cr) = (M(Cr)MT(CY))

where

M(C) = A OUCaE) . U] = Pexp [ig [ avA(R.o)]

C; is a line joining the point (7, t) with (S, t)

Contracting the quark fields, one finds

1 J1I;dU; Tr(UT [Ci|SF(F, t; F, ') U[Cv]SF (S, t'; 8, t)) e~ SV
GM(CMCI): ﬁ —5 0
C f HI dLj]e g2 LYM
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In the static limit we replace the quark propagator with

Sr(8,1;5.t) = US.t' —t]= [] UI5.7]

TE[tt]

1 JIL;au; Tr(UT [CUTIF, t — t)U[CH]U[S, t — t]) e # SV

Gm(Cy,Ct) =—
M (Cr,Ct) N ijdU/e—gisz(U)
5t Uls.t — 1 5t
viel 173 vic
7ot Utle ' — 1 7ot

Gum(Cy,Cy) = { Wilson loop with sides |§ — 7| x |t/ — t])
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MM — MM amplitude

Mum—mm(A) oc A~Ami
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Baryon propagator and amplitudes

In SU(N;) QCD the (normalized) wave-function of the baryon reads

1 . . , . - .
B(Ci,Cz,...,CN,)= T uleilj a(a)" UlC2lzqlxe)? - . ULCK,]j a(, e
N
Ik
dy”A/L(y)} . k=1,2,...,Ns

Jk

UlCkl} = Pexp [ig /C (

XJ5Xk)

with C(xy, xx) a curve joining the point x; to x.

i Ty

T3

We want to compute in the strong coupling limit the correlator
Ge({fk.k =1,2,... N}, 7t — t)=(B(C1,Ca, . ..,Cn,)B(C]. Ch, ... ,.CR,))
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The computational strategy outlined for the meson propagator leads
to a kind of book with pages sewed by a symbol

Ul ¢ —t]

Y
4
-
J

Figure : The N, = 3 baryon propagator.
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Tiling the pages of the book with plaquettes from the action

[ Uy

X X

i i
l'zluu L a

Uik | X Y Usipy, Ueya, A X U(iﬂrg Ueya, A X Uk,

Uy, Ubye,

JEITIRA

Figure : Tiling each of the the N, = 3 pages with two plaquettes.

The group integral on the links along the dotted lines gives

> / dUUj ¢, Upe, - - - Uy o0, / dUU;¢, Upe, - - - Uj o, =
L

1 1
= N |26/‘1/2~~/Nc€/1/2~~I'NCNc265152...8%62162...2% = N1 €itip...ing Efifo---ng
c A c:
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BB — BB amplitude

Figure : Baryon-antibaryon scattering amplitude with My intermediate states
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A hierarchical classification

A =g?N

Pomeron One-sheet Two-sheets N-sheets
H-2NA A [2(N-1)A+B] )\ [2(N-2)A+28B] )-NB
g N N2 o NV
glueball MY 1) M2 MY,
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From strong coupling to

o W(g? Ne) — W(X No)
@ Large A & N, expansion O’ Brien Zuber
WX No) = Wo(A) |1+ O(1/Ne)]

Wo(A) = Y- AAFA = x-Aw[1 4 0(1/x)]
A:Amin
@ Large g? & N, expansion

W, Ng) = Wo(r, No) [1 n A] . A=0(1/g%) = O(Ns/)\)
Wo(X. No) = Wo(N)[1 + O(1/N)]
@ If we cansay A = O(1/\) O Brien Zuber, then
W, Ny) = Wo()) [1 +O(1/N,) + O(1 /A)]

@ Thus in the large A & N; limit — /VI\/O(A) oc A~ Amin
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Conclusions and Summary
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Thanks for your attention

December 10, 2015 60 /69



Back-up slides
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