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Model analysis of the nonleading twist contributions
to the pion electromagnetic form factor
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wee or valence quarks 7
“longitudinal or transverse kick ? *

P,=(0,0,0,-2P)

P =Q/2

need to exchange ;
X ~ 1/2 .. hard gluons ¢
N

D LT

“hardness” of the gluon



OGE or else ? 1
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S.J.Brodsky, G.P.Lepage, Phys.Rev. (1980)
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where #(x, ) ~(1 = x)°, F(Q%) ~ (QQ)(0-5—5)

e.g.5~0.25(~ 0.29 in DS) solves BaBar
anomaly and is consistent with the Regge
picture of a quark exchange
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From the s-channel:
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reggized vs single quark exchange

no central plateau

rapidity
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—arly ideas about the origin of confinement

On the Implications of Confinement

G. Krein*!, C. D. Roberts!, and A. G. Williams*
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PACS numbers: 12.38.Aw, 11.30.Q¢, 11.30.Rd

“One-gluon”

Gluon propagator

How does this relate to Regge

trajectories ?

Dyson-Schwinger Equations and their Application to
Hadronic Physics

CRAIG D. ROBERTS® and ANTHONY G. WILLIAMS '+

: Physics Division, Argonne National Laboratory, Argonne, IL 604394843, US.A.
Department of Physics and Mathematical Phkysics, University of Adelaide, SA 5005,
$ Department of Physics and the Supercomputer Computations Research Institute,
Florida State University, Tallahassee, FL 32306, U.S.A.

| G(0) = finite

~1/p* needed for
linearly rising potential

A.Cucchieri, et al.




Dual role of gluons

(all gluons are equal but some are more equal than others)

IR suppressed IR enhanced

A

space A

(ALAL)

time

are confined
(“constituent gluon” of

| lead to confinement
large effective mass )



Onset of confinement 1 1
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Wp = \/p2+M?-(p)-

A2 (k) = m* / k> Gribov propagator
N m®>  massive propagator

equal-time gluon
propagator
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FIG. 2. Potential V(R) vs. R, obtained from a Fourier transform to
position space of the numerical solution for V (k). The result includes
the self-energy, which 1s both ultraviolet and infrared divergent. The
infrared divergence 1s cancelled, for a color singlet, by a correspond-
ing term 1in the interaction, as explained in the text. To regulate the
ultraviolet divergence we have made an arbitrary subtraction such
that V(R) passes through zero at R = 1. V(R) is in umits of m, R in
units of 1/m.



string-less state ~ |QQ@, R) = Q(R/2)Q(R/2)|W[A])
is not a QCD eigenstate

Coulomb potential, lattice units, p=6.3
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From stringless state to flux tubes
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new multiplets from lattice large overlap with
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strangeness In proton ¢d-production



Phi production as a measure of the strangeness content
of the nucleon

E.M. Henley **, G. Krein *¢ and A.G. Williams 3¢

* Department of Physics, FM-15, University of Washingion, Seatile, WA 98195, USA
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Nucleon bound meson atoms”?
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...we need to know how to interpret “peaks”

(Violin Resonances)

Loudness for single
frequency
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REMARK ON ENERGY PEAKS IN MESON SYSTEMS

M. Nauenberg A. Pais

If the width
of particle X is not very large we will stay close
to the physical region. This almost singular be-
havior of A(s) for certain physical s causes the
peaking effect to which we refer as an (X,Y, 2)
peak. -

“Pelerls mechanism”



COCKTAILS

Whisky sour

(whisky, 2ucchero, limone)

=
ManharTan €

(whisky, MARTINI ROSSO, ANGOSTURA)

Old fashioned

(American whisky, angostura, soda)

Rusty nail
(whisky, drambuie)

STINGER

(cognac, crema di MenTa bianca)

Sidecar

(cogNac, coinTreAu, liMoNE)

XYZ
“dynamics”

DAiQuiRri

(rhum, limone, zucchero)

(Rhum Bacardi, banana frullara, limone )

Palm beach

(RHum, GiN, ANANAS)

Shanghai

(rhum Bacardi, pompelmo, GRANATINA)

Mojito
i NTA [RESCA)

X.Y.Z.

(rRHUM, ARANCIA, COINTRE AU)

: .o
(1euila, limone, COINTREAU)

€
€
€
€
€
Banana daiouiri €
€
€
€
€
€
€

Mcvirn 76 d



S-matrix principles: Crossing, Analyticity, Unitarity

s-channel M-decay channel

A(s,t)

Crossing

A(s, t) =) Ai(s)P(zs)
[

Analyticity
A;(s) = lim A;(s + ie€)

e—0

s-plane

t AZ(S -+ ’ié) + Al(S — ie)

6 Unitarity

bumps/peaks on the
real axis (experiment)
come from
singularities In
physical sheets: cuts
and unphysical sheets
:poles

poles come from QCD




Origin of singularities (exchanges constrained by unitarity)
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Origin of singularities (exchanges constrained by unitarity)
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Origin of singularities (exchanges constrained by unitarity)
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cuonSR888,30B8R8888 2888333

Events/(20 MeV)
codaRRUESE caNLAIRNRE (R ARRIR

with resonance

39 3.95 4 4.05
M(DD)[GeV]

......

rrrrrri

+ I I T T T |

Med 360 GeV 4

T

33 34 35 3.6 '3.7 38 39 4 41
M(x" Jy)[GeV]

Y (4260) — DD*m

Events/(4 MeV)

88838 38u

Y (4260) — wwJ /1)

Events/(20 MeV)

cuSHSREHSE coS8E3B833

without resonance

10

o

‘,“#‘ T

39 3.95 4 4.05
M(DD)[GeV]

i+ N T T

33 34 35 3.6 '3.7 38 39 4 41
M(x" Jy)[GeV]



The key to the XYZ phenomena are the many nearby channels

Xel™ = \J/C'

-

MAg =56195, ug- =04937, my=m,_ =3510, my =m,=093827
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Joint Physics Analysis Center

Events, X-sections,MC QCD Predictions




JPAC : Example of Analysis Projects

Light meson decays and light quark resonance
w/¢Pp — 3m, iy (dispersive)
w — 3mn (Veneziano, B4)
n—3m, n’/f1—=nmn, (Khuri-Treiman, B4)
J/W—-ynOn0

Photo-production: (production models, FESR and duality)
yp = nOp

vp — pK+K- (and Kp) Launched in the Fall
Yp — m+n-p, mOnp, wp of 2013
>20 analysis/papers
Exotica and XYZ'’s: published

n-p — m-np & m-p—1-n’p (FESR)
B0— W’ n- K+ u, ¥(4260) — J/W +11-, Ap = K- pJ/V¥Y
J/W — 3m, KKn (Veneziano, B4)
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analyticity & complex energy plane

ImE Ii
<

resonance pole

special thanks to
Vincent Mathieu

double complex fencrion A(pamms, 1orget,recoll pip,pie,
Jdembdo g, lambda_t, lambda_r,
params)

taplicit double preciston (o-h,0-2)

diseraion gammo(4)

dimenslon torget(d)

dimersion recoll(4)

dimension pip(4), rm(l)

diseraion porama(100

double complex Ampl

5 = (Qame(&)etargen(4))**2 - (gamma(l)erargee(1))**2
= (awma(Ivtargen(2))* 7 - (gomma())«target(3))**2

31« (Pla(edpia(4))™ 2 ~ (plo(i)pin(1))*2
« (Pe(wpta(2))" 2 - (plp(3wpin(3))*"2

52 = (pla(4derecati(€))*°2 - (ip(l)erecoll(1))**2
= (PAB(D)erecati(2))°7 - (PAR(Nerecoi1(1))**2

t1 « (Qama(s) pta(4))" 2 - (gamma(l)-pim(1))""2
= (guwma(2)-pta(I))""2 - (gawma(3)-pim(3))""2

tl « (torgee()-recoll(4))**2 - (rorgee(l)-recedl(l))**2
= Crarger(D)-recolL(2))**2 - (rorger(X)-recsd1(1))**2

call Ata(s, sl a2 ¢1,¢t2 Lambda g, lombda ¢, lasbda r params , Ampl)
A« Apl
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We present the model published i [Mat15a) .
The differential cross section for 4p — x°p is computed with Regge amplitudes in the domain
E, > 4GeVand 0.01 < |t| < 3(in GeV?).

The formulas can be extrapolated outside these intervals.

We use the CGLN invaniant amplitudes A; defined in [Chew57a].

See the section Formalism for the definition of the vanables.

The fitting procedure is detailed in [Mat]5a] . We report bere only the main feature of the model.

P2 P4
Formalism

The differential cross section is a function of 2 vanables. The first is the beam energy in the laboratory frame E, (in GeV) or the
angle in the rest frame cos @ or the momentum

total energy squared s (in GeV?). The second is the cosine of the
transfered squared ¢ (in GeV?).

The momenta of the particles are k (photon), ¢ (pion), pp (target) and py (
vaniables, s = (k4 p2 )’ t = (k — g)*. u = (k — pqg)? are related

s+ tdu=2M* 42

ial cross section is expressed in term of the panty conserving helicity invaniant in the ¢ —~channel F}

% = 3::: DIER [2“’ & ('m'2 “'ﬂp’l’) -

Download the cutput file, the plot
In the file, the columns are: 1 (GeV?),

qennap ~> g

pion mass is g and the proton mass is M.

Ox -t tbeplo(wnhOx-cos
(micro barn/GeV?), Dsig/DOmega (micro barm)

The differential cross section is expressed in ub/GeV? . We used (Ac)
The ¢ —channel is the rest frame of the process yx° — pp.
In the t —channel, the momenta of the nucleon py and the pion k,

k= Lyiman,

The invariant amplitudes F, are related through the CGLN A,

01

ool
G =
0ol

Ds.0/0t (micro WGV

00001

Fy =—A +2MA,,

n | o
Fy = A 4 tAy, n - 23 2 as a o3
F3 =2MA, — tA, n GV )
Fy= Ay n

Dug/DOmega imecro b)

1000

dor/dt (ub.GeV~2)

« 208GeVx10°
* 40.8GeVx10*
64.8 GeV x 10°
+ 100.7 GeV x 10*
© 1502 GeV x 10"
© 199.3 GeV x 10°

0.

0 0.2 04 0.6 08 10 12 14

—1(GeV?)

b

03

Pl ]

0001 +

025003 |- -

183

Qummap ~>plp

; LT T T p—

06 083 O7 073 OB OB 05 05
Cos thela”

The F: amolitudes have 20od auantum numbers of the £ ~channel. the naturality n = P(~1)’ and the product CP.
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and happy birthday Tony !



