Novel Features of Quarkonium and Tetraquark Physics
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Light-Front Wavefunctions: rigorous representation of

composite systems in quantum field theory
tigerustate of LF Hamilfonian

Fixed T=t+4 z/c

p,J. >= an(fﬁi,EM,M)W;%,EM,M >
n=3

Inwawriant under boosts! Independent of P

Causal, Frame-independent. Creation Operators on Simple Vacuum,
Current Matrix Elements are Overlaps of LFWFS



Bound States in Relativistic Quantum Field Theory:

Light-Front Wawvefunctions

Dirac’s Front Form: Fixed t=1+z/c

w(ZE%EJ_iv)\i) xi:;ﬂ

Invariant under boosts. Independent of o
QC D ‘

1
v

VY >= M|y >

Direct connection to QCD Lagrangian

Remawvkable new insights from AdS/CFT,the duality
between conformal field theory and Anti-de Sitter Space
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o Light Front Wawefunctions:

Momentum space ki < Z| Position space

W (24, ki Aj)

—

AJ_<—>5J_

z, ki, b1 Transverse density in position
Transverse density in space
momentum space
Z, k 1
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Wavefunction at fixed LF time: Arbitrarily Off-Shell in Invariant Mass
tigerytate of LF Hamilfonioww : all Fock states contiribute

‘pa JZ > = an(QjZ)EJ_Za)\ZHnaxZ?EJ_’M)\Z >
n=3

Yvy
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Higher Fock States of the Proton '
Fixed LF time
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Do beavy quarks exist in the proton at high x?
Conventional wisdom:
Heavy quarks generated only at low x

via DGLAP evolution
from gluon splitting

s(z, pf) = c(x, p3) = bz, ) =0
at starting scale Qf = %

Conwentional wisdow iy wrong evesw inv QED!
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Fired LF time
Protow Self Energy 5
Intrinsic Heavy Quowks

Probability (QED) M% - Probability (QCD) o Mlé
v
Rigorous OPE Analysis ~ “o/n [0 ouion, e "



Fixed LF time

Protow 5 -quawk Fock State :

Intrinsic Heovy Quauks
3 QCD predicty
- Intrinsic Heavy

Quawrks at highv /!
— Minimal off-shellness
v
TO X (mé 4 k’i)l/Q Equal rapidity
Probability (QED) o Probability (QCD) Mlé
14
Rigorous OPE Collins, Ellis, Gunion, Mueller, sjb

Analysis Polyakoyv, et al.
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J.J. Aubert et al. [European Muon Collaboration], “Pro-
duction Of Charmed Particles In 250-Gev Mu+ - Iron In-

1 teractions,” Nucl. Phys. B 213, 31 (1983).

Evidence for Intrinsic Charm
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New Analysis:

R.D. Ball, et al. [NNPDF Collaboration],
“A Determination of the Charm Content
of the Proton,"

arXiv:1605.06515 [hep-ph].

(
YYYYVYY

| 7, o !
DGLAP / Photon-Gluon Fusion: factor of 30 too small

Two- Componenty (separate evolution):
C(.CE, QQ) — C(ZIZ‘, QQ)extrinSic + C(LE, Q2)intrinsic



week ending

PRL 102, 192002 (2009) PHYSICAL REVIEW LETTERS 15 MAY 2009

DO Measurement of ¥ + b + X and y + ¢ + X Production Cross Sections

in pp Collisions at \/s = 1.96 TeV —
pp =+ @+ X

£18FDo,L =107 y'|<08 F yYy* <o
21 6 :,'_ y’ry,elm; 0 |y{| <1.0 :_ t & . b+ X
- el - —
S14F 7+b+X Py >15GeV ¢ Ao (pp — veX)
[ = o
o = D iR - camtane vempabrettt
2 XX e o
1 ;‘?—“-‘iﬂﬁ*j-_i?;*aa.;&-: SIS ET ',‘_-,j-jffmmima’:z::.-.' Arfeori-Sr=brivvieiy . ].?p. ")/ . o
08F S RR—— | Ratio 1s insensitive
- —e— data/theory 3
0.6¢ CTEQ6.6M PDF uncertainty [ to gluon PDF,
04 -.-.m = |C BHPS / CTEQ6.6M -
0.2 SRR = IC sea-like / CTEQ6.6M 3 Scales

E vy >0
E yYy+C+ X

gc — ¢

Signal for
significant intrinsic
charm

Mesropian, Bandurin

40 60 80 100 120 140 40 60 80 100 120 140

0 LHC: pp — Z%X

c(x, QQ) = ¢(x, Q2)extrinsic + ¢(x, Q2)intrinsic Boettcher, llten,Williams




Hoyer, Peterson, Sakai, sjb
Intrinsic Heawvy-Quawk Fock
TR

P

Rigorous prediction of QCD, OPE

Color-Octet Color-Octet Fock State i G

egeo P _ L ~ _ 2 ~
Probability Q@ <z Pogog ~ 2P0

Large Effect at high x
Greatly increases kinematics of colliders such as

Higgs production (Kopeliovich, Schmidt, Soffer,
sjb)

Underestimated in conventional
parameterizations of heavy quark distributions
(Pumplin, Tung)

IX



Coalesece of comovers produces high xr heavy hadrons

High xr hadrons combine most of the comovers, fewest spectators

Vi (x;, ko, i)

LFWF maximum at equal rapidity

P maximum at minimal invariant mass

X —> Asymumetries of leading hadrons
dN

Spectator counting rules o X (1 — g p)2nepect =]
F

Coalescence of Comoving Charm and Valence Quarks
Produce J /vy, A, and other Charm Hadrons at High xz Vo gt, Sj b
9
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Barger, Halzen, Keung

Evidence for chawrm at large x
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Coalesece of comovers produces high xr heavy hadrons

-
T
2 i

d
X p X <«
dN

Spectator counting rules o X (1 — g p)2nepect =]
F

Coalescence of Comoving Charm and Valence Quarks
Produce J /vy, A. and other Charm Hadrons at High xz
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e EMC data: ¢(z,Q?) > 30 x DGLAP
Q? =75 GeV?, x = 0.42

e High zp pp — J/¥X

e High zp pp — J/9J/¢X

e High xr pp — NAcX

e High zp pp — Ny X

e High zp pp — =(ced) X (SELEX)

Explain Tevatron anomalies: pp — veX, ZcX

Interesting spin, charge asymmetry, threshold, spectator effects

Important covrections to-B decays; Quawkonivwm decays

Gardner, Karliner, sjb



NAG6O pA data @ 158GeV

d—"(pA T/ X) x A°

dx
1. z
B ¥ HERAB 920 GeV
105 | s NAS0 450 eV
-] o
1 1 Clear dependence
- on xr and
- v} ,} beam energy
0.95 {--' n oL 800 GeV
: i 4 /
- SR AR
B | 1 T L
0.85 Pl | "
- 158 GeVl ) cd
0.8 * .
i iy
U 7 B 1 l 1 | l 1 l | 1 1 1 | l 1 1 | 1 l l | l 1 1
| -%.4 -0.2 0 0.2 0.4 0.6 0.8

Dramatic change in nuclear dependence



800 GeV p-A (FNAL) o,=0c,*A* M. Leitch
PRL 84 3256 (2000); PRL 72, 2542 (1994)

| . opencharm: no A-dep -
10 | at mid-rapidity . daf;F (pA — J/QpX)
0s | I EEI%ﬁ :
o | Eﬁ - Remarkably Strong Nuclear
o8 | = | | Dependence for Fast Chawrmonium
S| e - T
-g (E783) [];5_- *
07 | L
ERE6/NUSea | I Violation of PQCD Factorigation
BOD GeV p + A —> Jhy '
o bl e B
0.0 02 04 0.5 0B 10
XF - X1 -X2

Violation of factorization in charm hadroproduction.

P. Hoyer, M. Vanttinen (Helsinki U.) , U. Sukhatme (lllinois U.. Chicago) . HU-TFT-90-14, May 1990. 7pp.
Published in Phys.Lett.B246:217-220,1990

IC Explains large excess of quarkonia at large xr, A-dependence
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NA3: Badier et al.
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Flat xr Mnbuﬁ,ow explained by IC
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o Kopeliovich,
High xr Color-Opaque IC Fock stale  schmidt, Soffer, sjb

interacty ovv nucleaw front suwvface

Scattering on front-face nucleon produces color-singlet cc pair

Octet-Octet IC Fock State No- absovption of
\ small colov-singlet

C

. e—%

}
—>

FZ(pA — J/YX) = A3 x 2 (pN — J/¢X)
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Productiovw of Two- Chawmoniavw at
High r
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NA3: All events at bigh xr=x,+ Xy
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Fig. 3. The ¢ pair distributions are shown in (a) and (c¢) for the
pion and proton projectiles. Similarly, the distributions of J/¢’s
from the pairs are shown in (b) and (d). Our calculations are
compared with the 7~ N data at 150 and 280 GeV/c [1]. The
Xy distributions are normalized to the number of pairs from both
pion beams (a) and the number of pairs from the 400 GeV proton
measurement (c). The number of single J/¢’s is twice the number

of pairs.

NA3 Data

Excludes PYTHIA
‘color drag’ model

A — J/yJ /yX

R. Vogt, sjb

The probability distribution for a general n-particle
intrinsic ¢¢ Fock state as a function of x and kr is
written as

ap;
H?:l dxidz kTJ

5( Z?:l kTal)S(l - Z;Ll X;)
(my — Yo, (mf;/x))* 7

= naj:(Mc'E)



Y —r

Production of v Double-Choavrm Bowyow
SELEX high xp <zp >=0.33
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Why s Intrinsic Heavy Quark
Phenomena Important?

® Test Fundamental QCD predictions OPE, Non-Abelian
QCD Non-Abelian: Pyg5 1 Abelian: Py 1

QQ QQ

® Test non-perturbative effects
® Important for correctly identifying the gluon distribution

® High-xr open and hidden charm and bottom; discover
exotic states

® Explain anomalous high pT charm jet + Y data at
Tevatron

® Important source of high energy v at IceCube

QQG Stan Brodsky
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Goldhaber, Kopeliovich, Schmidt, Soffer, sjb

Intrinsic Heavy Quawk Contirtbutt
to- Inclusive Higgs Production

Also: intrinsic strangeness, bottom, top

Higgs can have > 80% of Proton Momentum!

New production mechanism for Higgs al the LHC
AFTER: Higgs production at threshold!



Intrinsic Heavy Quawvk Contributiovn tc

High & Inclusive Higgs Production
o (pp — HX)[f0]

40 -
LHC :v/s = 14TeV

£ 30-

><LL

o

'8 20~ Tevatron \f = 2TeV

-

10 -

- N
0 \
! | ! | ! | ! | ! | ! | ! | ! | ! | ! |

o,/8 080 082 084 086 088 090 092 094 0,9 0,98
X

F
Need High xr Acceptance Goldhaber, Kopeliovich,

Most practical: Higgs to-4 muons Schmidt, Soffer, sjb




J/\Y to p Tt Puzzle

Not 13%
VP decay violates
hadron
helicity conservation

L((28) — pm))/[Teor  3.24+1.2x107°
I'(J/Y — pr)) /Tt 1.694£0.15 x 102

~ 0.2%.

0

J -
/w (wiv kJ_? )\z)

iz

ccud

d Karliner, sjb

U

cc flows into p IC LEFWF

Suppressed for ¥ — pm because of node

J/
J/Y — ggg

@G Stan Brodsky
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Excitation of Intrinsic Heavy Quarks in a Fixed Target

Amplitude maximal at minimal invariant mass,
in target rapidity domain!
g do

™ n
25 MLy Y.y /4

Heavy states produced irv TARGET rapidity regionw

Lj

(pA — J/YX)

6.5TeV p vttt S
Vs = V13000 = 115 GeV @ e,

Ay, =(ccu), =(bbu) - - -

Produce J/¢, T, A., Ay, |ccu >, |cude >, |cuuddduc >, - - -

Test at LHCDb!! discussions with M. Williams



pp — Ap(bud)B(bg)X at large xp /5 =63 GeV

CERN-ISR R422 (Split Field Magnet), 1988/1991

140 280
400} 4 ssociated e~
120+ e
~ 100} o U
> = 300} ;
= =
% 80"‘ % 'LI
g :
= + —
= =
S 40f 5
o
100+
20
U‘ ] - | | | | | ] | | D l i i 1 ] 1 | iL- L
3.5 4.5 5.5 615 7.5 2 3 4 5 6 i 8 9
m [p(K ' )n'] (GeV/c*) m [(pK ntin mn | (GeV/c")
0 0, — 0) + -, —
Ny — pD Ny = NirnTnm

Il Nuovo Cimento 104, 1787 _
Discovery of Ap: Associated Production: Evidence for Intrinsic bb

Create Ay at rest at LHCb at /s = +/13000 = 115 GeV




Jlab-12 GeV: Aw Exotic Chawrm Factory!

v*p — J/v + p threshold
at /s ~4 GeV, E'. ~ 7.5 GeV.

Produce |J/v + p| bound state
uudcec >

v*d — J/1 + d threshold
at /s ~5 GeV, E. ~6 GeV.

Produce [J/4 + d] nuclear-bound quarkonium state
‘uuddducc >



Exclusive Open Charm and Bottom Production

Y p — ﬁO(Eu)AC(cud)

c and u quark interchange



Nuclear binding at low relative velocity

DO

v d — Eo((_:u) An|(cududd)

Possible charmed B= 2 nucleus



Krisch, Crabb, et al
Unexpected
spinv-spinv
correlatiovw irvpp
elastic scattering

pl

pl

polarizations normal to scattering plane

B This Exp.

¢ Ofallon et.al.

D.G. Crabb et al.,

» ¢ 90",
TR
1 Et .h‘,‘rj o
1 2.3 .4 5
R’ (Gev/c)’

PRL 41, 1257 (1978)
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(/\ P, Productiov of
v, und, o o umd
octoquark resonance

A4

/\f\_f\f\
0|\{/ \{/o
X

\/ \/ J=L=S=1, C=-, P=- state
QCD
Schwinger-Sommerfeld
Enhancement at Heavy 8 q wowks ivv S -wawve: Od/d/POM/' [17)/
Quark Threshold
Hebecker, Kuhn, sjb |UUd uud CE>

S. J. Brodsky and G. F. de Teramond, “Spin
Correlations, QCD Color Transparency And

Heavy Quark Thresholds In Proton Proton B=2 choqwk/
Scattering,” Phys. Rev. Lett. 60, 1924 (1988).

o(pp — ccX) ~ 1 ub at threshold o(yp — ccX) ~ 1 nb at threshold



Spin Correlations in Elastic p — p Scattering

€ Ratio reaches 4:|

p1

P

polarization normal to scattering plane

‘uud uud cc)
B=2 Octoquawk

A. Krisch, Sci. Am, 257 (1987)
"The results challenge the prevailing theory that describes the
proton’s structure and forces"

Large Ryn in pp — pp explained by de Teramond and sjb
B =2,J =L =1 |uuduudcc > resonance

at /s ~ 5 GeV



Octoquawk Productionw at Threshold

C

Moctoquark ~ 5 GeV

v d — |luududdcec >

Explaing Krisch Effect!]



pA — J/YX

(99)80 _I_QSC — J/w

Digluon-initiated subprocess!

Higher-Twist but can dominate at forward rapidity, small pr



Two gluons at g(0.005) ~ += = 2600 vs. one gluon at g(0.01) ~ %= = 800

2 | | | | ||||H| | IBRERRRE

n 3--' ZBQ(ZC,QQ) X 01_

1.5 i ; ]

—— ] |

o | ‘

< 1 .
p—

“— - |
>
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Forward
rapidity y -4 nA — J / WX

(99)s.. + gs, — J/

Strong shadowing of
color-octet digluon

Front Surface
dominated!

Crossing: Diffractive " suppressed as it propagates through the nucleus

; e :
& pomeron exchange Digluon-initiated subprocess




LW’FV: 1tQCD Fixed T=t+4 z/c

£QC’D - x
HEE ;
l [C (1l — x) b ]
(Hip + Hpp)|¥ >= M?|¥ > coupled Focktates
l Eliminate higher Fock states
and retowrded interactions
[]21_'__7;? + V'] brp(x, k) = M? pp(a, ko) Effective two-panticle equation
d2 1 — 41_[/2 , Agxz}vmu‘halz Basis
- da aa FUQ]RG) = M) X,
AdS/QCD: g =0

I das/
[ UQ =R s-1) )

Semiclassical frst approximation to-QCD Sums an infinite # diagrams




de Teramond, Dosch, sjb

AdS/QCD
Soft-Walll Model
Single scheme-
independent ﬁmcllamental L,;g,]qt- Front Ho{og/ya,phy
h 2 = x(1 —a:)bi.
d? 1—4L?
| U —
Light-Front Schrodinger Equation Unique

U(() = kA2 4 2K2 (L+S—1) Confinement Potential!

Conformal Symwumetry.

of the action
k~ 0.6 GeV

Confinement scale:
(mg=0) 1/k~1/3 fm

Scale can appear in Hamiltonian and EQM

e de Alfaro, Fubini, Furlan: ,.p0 affecting conformal invariance of action!



¢ ( Z) AdSs5: Conformal Template for QCD

- Light-Front Holography

Fixed r = ¢ + z/c | Duality of AdS;with LF }

Hamiltonian Theory

with Guy de Teramond and
Hans Guenter Dosch

v

\Ijn(ajia kj_ia Az) i

0

o Light Front Wawvefunctions:

Light-Front Schrodinger Equation
Spectroscopy and Dynamics OCD ‘ 1.5



My, = Mg = de Téramond, Dosch, sjb

s; T . | |
M(GeV) o
r (a) n=2 n=1 n=>0 —

4. | i

3 ] ]
* (4(2040)

- 7(1800) £1(2050)
: 7,(1670) , ]

2 | w(1650) 03(1690) |
, 20 8 w3(1670) :
*  p(1450)

1 i 7(1300) b1(1235) il 1 w(1420) a»(1320) ]
i 1 />(1270)

7 - p(770) ]

" rla0) L " w8y L

o 1 2 3 0 1 2 3 4

M?(n,L,S) = 4k*(n + L + S/2)

Same slope inv wand L!

Q‘G Stan Brodsky
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Super-Conformal Algebra and QCD

* QCD Lagrangian is conformally invariant

* Broken by quantum corrections and quark
masses

® Mathematical representations of conformal
group: AdS5 and Superconformal algebra

¢ AdSj - Dilaton, soft wall model breaks conformal
symmetry : Confinement potential,
spectroscopy, LFWFs, distribution amplitude at

as(Q2) all scales

* Superconformal algebra: Conformal symmetry is
broken by dAFF mechanism: Confinement
potential, supersymmetric meson-baryon
relations; diquark clusters, tetraquarks



Prediction from AdS/QCD: Meson LFWF

de Teramond,

> Cao, sjb

“Soft Wall”

model

%DM(Q% ki) 0 1l

0.05]

0

Note coupling L=
2
kY, x
4 _
drr(ky) = —— ¢ mEt
ky/o(1 — )

fﬂ- = 1/ qugli = 92.4 MeV
Provides Covuwnection of Confinement to- Hadrow Structure



.2

k= 0.375 GeV m, = Mmp = 1.25 Gev
QQ‘G Stan Brodsky
a1 ar
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Conmnection to-the Linear Instont-Form Potentic

2 4 ~2
U(?)=r"C"=V(r)=or
e Compare invariant mass in the instant-form in the hadron center-of-mass system P = 0,
2 _ 2 2
Mgz =4my+4p

with the invariant mass in the front-form in the constituent rest frame, kq -+ kg = (

obtain

U:V2—|—2\/p2—|—mgV—|—2V\/p2—|—mg

k3 mq(x—1/2)

wherepL—m pP3 = \/m

e For small quark masses a linear instant-form potential V' implies a harmonic front-form potential U/

and V is the effective potential in the instant-form

and thus linear Regge trajectories

A.P. Trawinski, S.D. Glazek, H. D. Dosch, G. de Teramond, sjb
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Faag, Lopuszanski, sohnius (17/4)

Fubini and de Teramond
Rabinovici Superconformal Quantum Mechanics Dosch, Lorce, sjb
1+1
{Qp’ ¢+} — 1 two anti-commuting
fermionic operators
1

w — 5(()’1 — i()’Q), w_l_ — 5(0’1 —+ iUQ) Realization as Pauli Matrices

Q=v [0+ W), QF =¥+ W], W)="T

(Conformal)

S = w * X, S T = wl‘ Introduce new spinor operators

(Q.Q"Y=2H, {5,857} =2K Q~VH, 5~VK]|

{Q.Q}={Q",Q"} =0, [Q H]=[Q",H]=0



Superconformal Quantum Mechanics

Baryon Equation

P 412 — 1
( AR CF 4 205(Lg + 1) o )W = M*y7,

dC2 4C?
? ALp+1)"—1\ _ 2
( dC? FAB (T + 2Ap Lp ( BjL_CQ) )% = M*y;.

Mé (N7 LB) — 4)\3 (n _l_ LB —I_ 1) S=1/2, P=+

: both chiralitz
Meson Equation orn emrrannes

d2 412, —
( e F A2 C% 4 20 (J — 1) f@ 1)¢J:M2¢j

Mz (N,Ly, S =0)=4My(n+ L)

$=0, I=1 Meson is superpartner of S=1/2, I=1 Baryon

Meson-Baryon Degeneracy for Lu=Lp+1 Ao =A% =K’
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Dosch, de Teramond, Lorce, sjb

M, = Mg = 46 MeV, my, = 357 MeV

N A AN X X w®™ p K K ¢
Fit to the slope of Regge trajectories,

including radial excitations

Same Regge Slope for Meson, Baryons:

Subersvymmetric feature of hadron bhysics



de Teramond, Dosch, sjb

Superconformal Quantum Mechanics

M2 . n+Ly ‘ Meson-Baryon
M? - n+Lg+1

nucleon

Mass Degeneracy
for Ly=Ls+1




Solid line: K = 0.53 GeV

6 | | | I |

A2 A2 ,A2,A2

Superconformal meson-nucleon partners

de Teramond, Dosch, sjb




Dosch, de Teramond, sjb

Supersymmetry across the light and heavy-light spectrum

e Introduction of quark masses breaks conformal symmetry without violating supersymmetry

| | | |
— DaAC’ZC — D*,Z*
< Se 2 3¢ (2520)
| - [ ) *
8 8 D+ (2420) D5 (2460)
= m A
(q\|
=4t e D* (2007)
oD
| (a) (b) |
| | | |
B DSi£C=Eé B D;!Ez
. = . =c(2645)
< 8 Do (2536 ® D%, (2573)
() B 9 EC —
S Ds1 (2460) |
s | D
° DS
(c) (d) |
| | | |
0 1 0 1

L|V|=L|3+1




Dosch, de Teramond, sjb

Supersymmetry across the light and heavy-light spectrum

c<I.>\ 34 m2p E N ZB _
S ° By (5721) | ® B} (5747)
~— [ ] Ab
L 30 - -
o B e B*
(a) (b)
26 I | I | |
38 |- BS 'y o) B B;’EB |
< B.1 (5830  =p(5945)
> 34+ g s ( ) L ® B, (5840) -
S =b
b=
30 [ — * ]
° B, ’ Bs
(c) (d)
26 [ | I | :
n 1 0 1
Lm=Lp+1 Ly =Lg + 1

Supersymmetric relations for mesons and baryons with b quarks



Using SU (6) flavor symmetry and normalization to static quantities

120 | | : 0

-0.2

Q*F} (@Y (GeVH

2-2012 2 2 2-2012 2 2
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Analytic predictions; Counting rules obeyed



Analytic, defined at all scales, IR Fixed Point

0N AdS( )/7‘(‘ _ G_Q /4K
as(Q) f ALY
T 0.6 — .{ X‘
[ Modified AdS ¢ ] : ||I|
- — AdS Rl k= 0.54 GeV
o 0t/ (pQCD) N
i o, /7 world data " ‘
------- GDH limit X o./n \ i
0217 ¢ o /nOPAL { ‘?
A o, /mJLab CLAS ClReee
W o, /nHall A/CLAS I r IR
o | @ Lattice QCD (2004) (2007) -
| | | R N | N
10" ] 10
Q (GeV)

AdS/QCD dilaton captures the higher twist corrections to effective charges for Q < 1 GeV

2 _2
e¥ = eTh 2

Deur, de Teramond, sjb
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Deur, de Teramond, sjb

0.2 —

All-Scale QCD Coupling
_ Fitto Bj + DHG Sum Rules:
WCLLE VRNl — (0.513 £ 0.007 GeV
(Quark Confinement)
Expt:

A= = 0.339 £ 0.016 GeV

Perturbative QCD
Asr< = 0.341 4+ 0.024 GeV
Qo = 0.87 = 0.08 GeV MS scheme

10

1 ‘ 10
Q (GeV)



Features of AdS/QCD Superconformal Equations

Meson-Baryon

Mass Degeneracy
for Lu=Ls+1

®* Boost Invariant

® Trivial LF vacuum! No condensate, but consistent with GMOR

® Massless Pion

e Hadron Eigenstates (even the pion) have LF Fock components of different L*

¢ Proton: equalprobablhty SZ — _|_1/2 LZ — () SZ _1/2 L7 = +1
(7 =+1/2:< L* >=1 /2,< - 5; >=0)

* Self- Dual Mass1ve Elgenstates Proton is its own ch1ral pner

® Label State by minimum L as in Atomic Physics

® Minimum L dominates at short distances

* AdS/QCD Dictionary: Match to Interpolating Operator Twist at z=o.
No- mass -degenerale parity partners!



Superconformal algebra

2 X 2 Matrix Representations:
Mass-Degenerate Hadronic Eigensolutions

VB4 (LB) ¢r(Lr = Lp)

T quawk-diquawk baryons

Meson ([gq] L)@ : @Baryon (qlqql)L

om, Lp+1 YB+, Lp

Baryon (q[qq])L+1® R} @Tetraquark (199]l9q]) L

Yp—, Lp+1  ¢r, Lp
diquowk-diquowk tetraguouwks

@‘G Stan Brodsky
Novel Features of Quarkonium and Tetraquark Physics o1 AL

QWG2016 ST Wt

( bri(Lar = Lp+1) ¢p_(Lp+1) )




de 1eramond, Dosch, Lorce, $)b

New World of Tetraquarks

30 X 30 = 30 + 0¢
Bound/!

* Diquark: Color-Confined Constituents: Color 3C

* Diquark-Antidiquark bound states 3c X 30 =1¢
o(I'N)~20(pN) —o(nN)
2|0([{gq}N) + o (gN)| = [0(gN) + a(gN)] = [0({gg}N) + o ({gq} N)]

Candidates fy(980)I = 0, J = 07, partner of proton
a1(1260)I = 0, JF = 17, partner of A(1233)



de Téramond, Dosch, Lorce, sjb

S wperccmfovmal/Algdﬂfax

=Lp+1) LB+1)>

2X2 Hadronic MUItlpIEtS < outt ¢ (Lp) qu(LT = Lp)

quark-antiquark meson (L = Lp+1))

quark-diquark baryon (Lp) Q Q

om, Lp+1 Ypy, Lp

quark-diquark baryon (Lg+1)
diquark-antidiquark tetraquark (Lt = LB)Q 22

Yp—, Lp+1  o¢r, Lp

Universal Regge slopes \ = k2

N
contribution from 2-dim contribution from AdS and
light-front harmonic oscillator superconformal algebra m2
_/N\ 7\ ,I/
Mé/A:£2n+LH—I—12+£2n+LH+1Z +  2(Lg +s) + 2x +<Z T >
ki;ertz'c pot;gtial . y

x(mesons) = —1 X (baryons, tetraquarks) = +1



de Teramond, Dosch, Lorce, sjb

Digquowk Clusters: Buidding Blocks of Exotic Hadrons

q4]3¢ 14430,

* Diquarks: Spin S=o, 1, all L

N
f .

S

o Tetraquarks: (|gql||Gq]) Spin S =0,1,2, all L %‘

* Regge trajectories, universal slope for mq=0 diquark-diantiquark

e All flavors possible ([cu|[cul) Lebed, Hwang, sjb
7(4430)

* Pentaquarks [([C](J]gc 3¢ )3c [qq]gc} 1C
* Hexaquarks, Octoquarks! (uuduudcc) z@

Complete Regge
spectrum in n, L



Belle, BaBar:

B (B — K*Z(4430)7) x B (Z(4430)~ — %(29)7~) = (6.075772%) x 107°.

B (B — KTZ(4430)7) x B(Z(4430) — Jipn~) = (5.4770%56) x 107°.

Surprising Result:

Dominance of large size ¢’ (25) vs. J/1 decays



Diquark Anti-diquark Model

Z: ([eulseled]sc) — mrf
Formation of charmonium at large separation:

Dominance of overlap with large-size W’ vs J/W decays

Lebed, Hwang, sjb



Hadvronigatiow at the Amplitude Level

AdS/QCD Hawrd
Wall

Confinement:




Featuwes of LF T-Matrix Formalism
“Event Amplitude Generator”

Same principle as antihydrogen production: off-shell coalescence

coalescence to hadron favored at equal rapidity, small transverse
momenta

leading heavy hadron production: D and B mesons produced at
large z

hadron helicity conservation if hadron LFWF has Lz =0

Baryon AdS/QCD LFWF has aligned and anti-aligned quark spin




.2

k= 0.375 GeV m, = Mmp = 1.25 Gev
QQ‘G Stan Brodsky
a1 ar

QWG2016 ST Wt



® [ight-Front: Rigorous Frame-Independent Bound State
Formalism

® Unique Confinement Potential from AdS/QCD
® Meson-Baryon Spectroscopy, Supersymmetry
® Tetraquark partners of meson and baryons

® |ntrinsic Heavy Quark LF Fock States:

® High x, target rapidity at LHCb

® Digluon-initiated reactions

® Octoquark

® Running coupling at all scales

® |/\psi to rho pi puzzle

@G Stan Brodsky
Novel Features of Quarkonium and Tetraquark Physics o1 AL

QWG2016 b el Bt



Fundamentold Hadronic Features of Hadvons

‘Partition of the Proton’s Mass: Potential vs. Kinetic Contributions [AWEINRElelg=lay

AM? e = K2(1+ 2n + L)
| fi 2\ __ 4,2 LFKE
‘Co or Confinement U(C ) = Kk°( AMLFPE _ (1 L on 4+ L)

‘Role of Quark Orbital Angular Momentum in the Proton

Equal L=0,I
‘Quark-Diquark Structure
2 .
m rom the Yukawa couplin
‘Quark Mass Contribution AM? =< —2 > fto the Higgs zero mf))deg
X
‘Baryonic Regge Trajectory M|23(n’ LB) — A2 (n +Lg+ 1)

‘Mesonic Supersymmetric Partners LM — LB + 1

‘Proton Light-Front Wavefunctions and Dynamical Observables . k2
wM('/E kJ_) e 2k2x(1—x)
‘Form Factors, Distribution Amplitudes, Structure Functions k(1 — )

‘ Non-Perturbative - Perturbative OCD Transition Qo = 0.87 £0.08 GeV MS Scheme

‘ Dimensional Transmutation: mp ~ 321 AM—S’ mp ~ 2.2 A
NATIONAL RESEARCH Stan Bl’.'OdSk
Tomsk Color Confinement and Hadron Dynamics from LF c1 AL y

JI—I‘\\'

State Holography and Superconformal Algebra

University

June 7, 2016



® Anti-Shadowing is Universal
® ISI and FSI are higher twist effects and universal

® High transverse momentum hadrons arise only
from jet fragmentation -- baryon anomaly!

® Heavy quarks only from gluon splitting
® Renormalization scale cannot be fixed
® QCD condensates are vacuum effects

® QCD gives 104> to the cosmological constant

® Colliding Pancakes

NATIONAL RESEARCH 2
Tomsk Color Confinement and Hadron Dynamics from LF

State Holography and Superconformal Algebra

University

Stan Brodsky

1 A

NATIONAL ACCELERATOR LABORATORY
June 7, 2016



Novel Features of Quarkonium and Tetraquark Physics

Fixed T=t+4 z/c
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