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Color transparency fundamental prediction of QCD

q=(0,Q)

* Introduced by Mueller and Brodsky, 1982

~
~ N

p \\\\\\\\\ '
\\‘ P * Vanishing of initial/final state interaction of
hadrons with nuclear medium in exclusive

processes at high momentum transfer

e+ A—e +p+ X
 Hadron fluctuates to small transverse size (quantum mechanics)

* Maintains this small size as it propagates out of the nucleus (relativity)

* Experiences reduced attenuation in nucleus, color screened (strong force)

Holly Suzmila-Vance



* QCD: Gauge theory properties and quantum coherence

® Small-size color dipole moment interacts weakly in nuclei



Color transparency fundamental prediction of QCD

e+ A—e+p+X

e
p :::;::: :b p !
10}--------Complete transparency . ..
Ta & Guber
|
Q,.2 Q22—

Not predicted by strongly interacting
hadronic picture - arises in picture of
quark-gluon interactions

QCD: color field of singlet objects vanishes
as size is reduced

Signature is a rise in nuclear transparency,
Ty, as a function of the momentum
transfer, Q?

04 (nuclear cross section)

TA —
A ON (free nucleon
cross section)
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Color transparency fundamental prediction of QCD

* Not predicted by strongly interacting

e+ A — e 4 D X, hadronic pict.ure - a.rises in picture of
e quark-gluon interactions
e  QCD: color field of singlet objects vanishes

as size is reduced

~
\\

Sol TN * Signature is a rise in nuclear transparency,
2N S p'
\\‘ T,, as a function of the momentum

transfer, Q2

1.0F--------Complete trapsparency .

Dirac Domain

04 (nuclear cross section)

TA —
A ON (free nucleon
cross section)

Holly Suzmila-Vance Two-Stage Color Transparency for Proton



Color Transparency

Mueller, sjb
Bertsch, Gunion, Goldhaber, sjb

do do

(€A —ep(A—1)) = Z—(ep—ep) at high momentum transfer

Fundamental test of gauge theory in hadron physics
Small color dipole moment interacts weakly in nuclei
Complete coherence at high energies

Many tests in hard exclusive processes

Clear Demonstration of CT from Diffractive Di-Jets
Explains Baryon Anomaly at RHIC

Small color dipole moment interacts weakly in nuclei



CLAS EO02-110 rho electro-production

Hall C E01-107 pion electro-production 7 0
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Bound States in Relativistic Quantum Field Theory:

Light-Front Wavefunctions

Dirac’s Front Form: Fixedt=t+z/c

Fixed T=t+ z/c

w(zﬁ EJ_iv )\Z) L+ 0 4 3

: ~ p+  po p3
Invariant under boosts. Independent of P"

HZP [y >= M2y >

Direct connection to QCD Lagrangian

LF Wavefunction: off-shell in invariant mass

Remarkable new insighty from AdS/CFT, the duality
between conformal field theory and Anti-de Sitter Space



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

Inwariant under boosts! Independent of P

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



<p+ali*(0)|p >= 2p" F(¢?)

% Interactiov
Qi — QQ — —q2 ‘\ﬂ/ , Fixed 7 =t+4 z/c picture
qgm =0 cjl* form factors are
Overlaps of LFWFs
E L, 'EJ_ T CTJ_

(===

(i, kig)

struck k', =k + (1 —z)qL

Drell &Yan, West A
Exact LF formula! spectators k| ; = Kki; — gL



Q*F? (Q?) (GeV?)

G. de T eramond, sjb

Light-Front Holography Prediction



Exact LF Forwwla/for Pouli Formv Factor
F o

=3 [ldz][a%k.] Zej = X Drell, sjb

1 / * /
[ — q_LwcTL*(CEz, k' ) (i kg, A) + q_chlb (@5, K5, Ag) thd (5, ks, )\z)]

k', =k —zq. K., =ki;+(1—z))q.

qr,, = q* T iq"

Must have A/, = +1 to have nonzero F5(q?)

Nongero- ProtonAnomalous Moment --
Nongero-orbital quark angular momentunmy




Spacelike Paudi Form Factor

From overlap of L =1 and L = 0 LEWF's

Harmonic Oscillator Confinement |
Normalized to anomalous '
moment

k = 0.49 GeV

G. de T eramond, sjb




Leading-Twist PQCD Factorigatiow for
form factors, exclusive amplitudes Lepage, sjb
Y

baryon distribution
amplitude

ERBL Evolution

M= ”dwidyz¢F($¢,@)XTH(%%@)EW(%@)

Exclusive \ Scaling Laws

Counting Rules

1

1
< T >Nn_twist7'




“Counting Rules® Farrar and sjb; Muradyan, Matveev, Tavkelidze

do _F(t/s)
E(A—I-BHC—I—D)_

gNtot —2

Niot = NA +tNB+Nc +np

A C

n = twist T = dimension - spin

B D

€.g. Niot —2=na+np+nc+np—2=10 tor pp — pp

) d F (6
Predict: “(p4+p—ptp) = (Oom)
dt 810 16




Best T
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Reflecty
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Deuteron Photodisintegration & Dimensional Counting Rules
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Scaling is a manifestation of asymptotically free hadron interactions

From dimensional arguments at high

energies in binary reactions: A — _— C

Brodsky and Farrar, Ph\ﬁ. Rev. Lett. 31 (1973) 1153
Matveev et al., Lett. Nuovo Cimento, 7 (1973) 719

Counting Rules:

2n —1
q(z) ~ (1 —x)<"spect™ for x — 1 Exclusive-Inclusive Connection

Gribov-Lipatov crossing

F(Q?) ~ (&) D

49.(AB — CD) ~ ——1/5)

S (npartz'cipants

_2)

Nparticipants — A +np+nc+np

(1—zpR) (Qnspectators_ 1)
_2)

do_(AB — CX) ~ F(&/3)x

d3 p/E ( p%) (nparticipants

Counting Rules: Asymptotic Freedom and Underlying Conformal Symmetry of QCD



Challenge: Compute Hadrow Structure;

Sbectroscopy, and Dynamics from QCD !

® Color Confinement

® Origin of the QCD Mass Scale

® Meson and Baryon Spectroscopy

® Exotic States: Tetraquarks, Pentaquarks, Gluonium,
® Universal Regge Slopes: n, L, Mesons and Baryons

® Almost Massless Pion: GMOR Chiral Symmetry Breaking

M2 f2 = —L(mutmg)(Gutdd)+O((my+ ma)?)

® QCD Coupling at all Scales aS(Qz)

® Eliminate Scale Uncertainties and Scheme Dependence

_)
A OCD — l//,Il_I (Xl-, k 1Ljs /11) Valence and Higher Fock States



LW’FV: 1tQCD Fixed T=t+4 z/c

£QC’D - x
HEE g
l [C (1l — x) b ]
(Hpp + Hpp)|¥ >= M?|0 > coupled Tockstates
tliminate higher Fock stotes
l and retowrded interactions
[i%trrg + Vg | ¢Li($, ki) =M ¢pp(z,ky) Effective two-pawticle equation
d? 1 — 4,2 , AWWLBWC,¢
[ d¢? ] 4(2 ' U(C)]w(o =M w(g) Single variable Equation
AdS/QCD: mq =0
[ U(C) = kA 4+ 2k3(L + 5 — 1) ] Confining AdS/QCD
potential/

Semiclassical furst approsimation to-QCD Sums an infinite # diagrams



Dilaton-Modified AdS

dQ_SO(Z)R_Z BV ]2
s“=ce ZQ(nMVa?x z°)

® Soft-wall dilaton profile breaks

o 0 2 _2
conformal invariance o¥(z) — ctr"7

® Color Confinement in z

® Introduces confinement scale K

® Uses AdS; as template for conformal
theory


https://indico.cern.ch/event/628450/
https://indico.cern.ch/event/628450/

LF( 3+ 1) g A d/S 5 de Teramond, sjb
Light-Front Holographbic Dictionary

P(z,¢) = Va(l —2)¢2¢(()

(uR)? = L? — (] — 2)*

Light-Front Holography: Unique mapping derived from equality of LF
and AdS formuda for TM and grovitational current matrix elementy
ond identical equations of motiovw




de Teramond, Dosch, sjb

Light-Front Holography

_ o t+r?27
690(2) — K™z <2 — ;13(1 ~ x)bi

[~ L 147 L U(0)]w(C) = MPY(C)

Light-Front Schrodinger Equation Unique
U(C)—NC —|—2li (L—I—S—l Confinement Potential!
Single variable ¢
Confinement scale: k~ 0.5 GeV

e de Alfaro, Fubini, Furlan: Scale can appear in Hamiltonian and EQM
® Fubini, Rabinovici: without affecting conformal invariance of action!
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Prediction from AdS/QCD: Meson LFWF

2
e??) = th7z 0.8'(:)660'40'2 de T eramond,
0.2 > Cao, sjb
0.15] o
var(z, k2) || “Soft Wall”
- model
.05 |

0

Note coupling
2
kY, x

4
wM (33, kJ_) — e
ky/o(1 — )
fr= \ﬁpqqgﬁ = 92.4 MeV Same as DSE! c.p.Robertsetal.
Provides Connection of Confinement to- Hadron Structure




PRL 109, 081601 (2012) PHYSICAL REVIEW LETTERS

week ending
24 AUGUST 2012

AdS/QCD Holographic Wave Function for the p Meson
and Diffractive p Meson Electroproduction
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Universality of Generalized Parton Distributions in Light-Front Holographic QCD

Guy F. de Te'ramond, Tianbo Liu, Raza Sabbir Sufian, Hans Giinter Dosch, Alexandre Deur, SJB
(HLFHS Collaboration)

N, 2 4]

| 1t
F (1) :—B<r—1 ) N, = B(r - 1,1-a(0))

N =g =" — 0548 GeV 3~ 13 = 1—ar(t)

ar(t) = p Regge Trajectory



Spacelike Pion Form Factor

2 2
QO GeV
TN I T IS N N N N SOy N NN N Y S B R T S R N B

2 3 4 5 6 7

de Teramond, Dosch, sjb




Timelike pion form factor




Supersymmetry in QCD

* A hidden symmetry of Color SU(3)c in hadron physics
* QCD: No squarks or gluinos!

* Emerges from Light-Front Holography and Super-
Conformal Algebra

¢ Color Confinement

e Massless Pion in Chiral Limit

de Téramond, Dosch, sjb



de Téramond, Dosch, Lorce, sjb

LF Holography

Superconformal

Quantum Mechanics

4%, — 1
(— 0+ i+ 2020+ 1)+ Sy arig
AMLg+1)°%2—1. _ -
(_0§+/£4C2+2/12LB | ( B4<2) )wj :Mzwj
MZ(n7LB) — 4“2(n+LB + 1) S=1/2, P=+
Meson Equation \ = k2
412, — 1
(—8g+/<;4<2_|_2/-12(J—1)} f@ )QbJ:MngJ
2 2 $=0, P=+
M=(n, Ly) = 46(n + L) Some K

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

Meson-Baryon Degeneracy for Ly=Lg+1



Superconformal Algebra
2X2 Hadronic Multiplets o
Bosons, Fermions withEqual Mauss!

Meson Baryon
RT
0O O
R\ q— [qq]
30 — 30
¢M ; Lp+1 ¢B+; Lp Tetraquark:
Baryon diquark + antidiquark

0O P 0O
Rl ¢ — [q] ® A\, e @

30%30

wB—a LB + 1 ¢T7 LB
Proton: lu[ud]> Quark + Scalar Diquark

Equal Weight: L=0, L=1



Baryon Spectroscopy from LF Holography

d2 ]' o 4L2 )\2 2 2)\ L 1 . M2 6: """"""""""""""
Tz 4 +ACTH2ML 1) | Y = M7y s ot et m=o
d? 1 — 4(L -+ 1)2 9 .9 ) 5 45_ 2220
— 5 + ANC°+2\L )Y = MY & |
( ac? 12 %,
e Eigenvalues =, "2 1720
> - N(1440)
M* =4 \(n+ L+ 1) i 7T 0485 Gev
: N(939)
R S R T

e Eigenfunctions

Yo (C) ~ CaT e AC2LENC?), h_(€) ~ (2R MR LLIH (22

Same slope in n and L!




S M.P?/V’OOV\fOVWW(J/ Quantum Mechoanics L Téramond, Dosch, Lorcé, sjb
Light-Front Holography

Q-+
N - (2200)
2

Meson-Baryon
Mass Degeneracy
for Ly=Ls+1

M? n+Lg+1

nucleon




s M? (GeVz)

0 — A superpartner trajectories

4
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1+ 5% 7t
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|
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Dosch, de T eramond, Lorce’, sjb L (Orbital Angular Momentum)



Universal Hadronic Decomposition

2
H—(1+2n+L)+(1+2n+L)+ (2L +4S + 2B — 2)

2

® Universal quark light-front kinetic energy

Virial
LG M ® Universal quark light-front potential energy

BAM? oy = K2(1+ 2n+ L)
® Uhniversal Constant Contribution from AdS
and Superconformal Quantum Mechanics

AM?Z ., =2k°(L+2S+ B —1)
1

hyperfine spin-spin



Superconformal

LF Holography Baryon LFWFs Quantum Mechanics

e Nucleon LF modes

¢+(C)n,L — K2+L\/(n2—:2’!l/)'€'3/2+lze/{2C2/2L?€j+1 (I{ZQQ)

1 2n! 2 -2
_3+L 5/24L ,—K2C2 /27 L2 (22
Y= (Onr . \/nJrLJrQ\/(n—l—L)!C c " (K ; )

e Normalization
/dcwi«) _ /dcw%@) 1

e Eigenvalues

- 1 o 1 o _1QW7</CW0LL
o2 d¢ f} a2 (¢2ow) = [ dc [ day? (CPx) = & Symumetry of
tigerstate/

Nucleon: Equal Probability for L=0, |

1
Jo=+1712: —[|S;=+1/2, L*=0>+ |5, =—-1/2, L*=+1>]
2

Nucleow spinw cavried by quark ovbital angular momentum




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




LF Holographic Nucleon Form Factors
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.010  HLFS(2019): Valence quark contribution —_—

- 005 i HLFS(2019): Including @u and dd —_

Ye, et al (2018): z-expansion data analysis
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Sess CTUI4

=, LrHQCD (NNLO)

1? =10GeV?

zq(z)

0.2
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10~ 10~3 1072 1071 10V

X

Comparison for x¢g(x) in the proton from LFHQCD (red
bands) and global fits: MMHT2014 (blue bands) [5], CT14 [6]
(cyan bands), and NNPDF3.0 (gray bands) [77]. LFHQCD

results are evolved from the initial scale yy = 1.060.15 GeV.

Universality of Generalized Parton Distributions in Light-Front Holographic QCD

Guy F. de Te'ramond, Tianbo Liu,Raza Sabbir Sufian, Hans Giinter Dosch, Stanley J. Brodsky,and Alexandre Deur
PHYSICAL REVIEW LETTERS 120, 182001 (2018)



Runwning Coupling from AdS/QCD

=
5 ! F A o, /m DESY HERMES
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- ¢ i Effective coupling in LFHQCD
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i Uy AdS 2 ( 2 2)
. )\ — P
—— This work ii“!ki e o, (Q°) = mexp (—Q°/4k
I * %3/75 i \!\!v» Vi !» Lil\
02| 0ty OPAL Hl | .
A oy /milabCLAS @008) TN | Imposing continuity for o
¥ /mILabCLAS Q0L - L \K and its first derivative
(@ o /nHall A/ICLAS | 17 |
0 1 1 1 1 1 L1 1 1 1 1 1 1 1 11
0" I 10
Q (GeV)

A. Deur, S.J. Brodsky, G.F. de Téramond,
Phys. Lett. B 750, 528 (2015); J. Phys. G 44, 105005 (2017).

Analytic, defined at all scales, IR Fixed Point



A = /{2 de Téramond, Dosch, Lorce, sjb

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

K R R R D SRR N Y
=/ = 0.523 + 0,024 /

>l From « (Q?)

Deur
0.1t
Universal Mass Scale

Fit to the slope of Regge trajectories,
including radial excitations

Same Regge Slope for Meson, Baryons:
Supersymmetric feature of hadron physics



LFHQCD: Underlying Principles

Poincare Invariance: Independent of the observer’s Lorentz
frame: Quantization at Fixed Light-Front Time T

Causality: Information within causal horizon: Light-Front
Light-Front Holography: AdSs = LF (3+1)

z <+ ¢ where ¢ = b2 z(1 — x)

Introduce Mass Scale K while retaining the Conformal
Invariance of the Action (dAFF)

Unique Dilaton in AdSs: 6""{222
Unique color-confining LF Potential U ((?) = xk*(?

Superconformal Algebra: Mass Degenerate 4-Plet:

Meson ¢qq +> Baryon q|qq] < Tetraquark [qq]|qq]




Superconformal Algebra
2X2 Hadronic Multiplets o
Bosons, Fermions withEqual Mauss!

Meson Baryon
RT
0O O
R\ q— [qq]
30 — 30
¢M ; Lp+1 ¢B+; Lp Tetraquark:
Baryon diquark + antidiquark

0O P 0O
Rl ¢ — [q] ® A\, e @

30%30

wB—a LB + 1 ¢T7 LB
Proton: lu[ud]> Quark + Scalar Diquark

Equal Weight: L=0, L=1



Drell-Yan-West Formula in Impact Space

Ll I / i, [ g 16751 - éxj) 5 ]Zn:lkw)

n =1

Z 6]'?70* (xi7 /J_ia )wn(ajz; kJ_@', )\)

— Z H /d.ij/deJ_] exp(2q.L - Z%bLJ> Vn xﬂ’blj)‘

n 1=1

2?21 Ly — 1 and ‘Z?:l bJ_Z' = 0.

position coordinate of the n — 1 spectators.



Universality of Generalized Parton Distributions in Light-Front Holographic QCD

Guy F. de Te'ramond, Tianbo Liu, Raza Sabbir Sufian, Hans Giinter Dosch, Alexandre Deur, SJB
(HLFHS Collaboration)
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N =g =" — 0548 GeV 3~ 13 = 1—ar(t)

ar(t) = p Regge Trajectory



_d_[(Q?)
dQ
LA (2

Proton radius squared at Q% =0

. . . —9
Color Transparency is controlled by the transverse-spatial size a*

and its dependence on the momentum transfer Q? = —t :

Light-Front Holography:

For large Q2 :

The scale Q2 required for Color Transparency grows with twist 7



Transverse size depends on internal dynamics

Transparency controlled by transverse size



Transparency scale Q
increases with twist

0.5

Transparency controlled by transverse size

Light-Front Holography

4

(al (Q%) =

(

proton
L=0, | average

ai(Q2)>T

F(Q%) i@ )

4(tr — 1)
Q*

\
/4

deuteron

e o e

10

O

2 2
0 GeV
Proton has equal probability for 7 =3 and 7 =4

20

S —

30 40



CLAS E02-110 rho electro-production

Hall C E01-107 pion electro-production A ) 0
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5% increase for Ty in 1?C at Q% = 4 GeV? implies 5% increase for T}, at Q* = 18 GeV?




Transparency scale Q
increases with twist

| 2 /12
(a1 (Q7)) =

Light-Front Holography

4

F@ gt @)

4(tr — 1)
Q>

<32L(Q2)>T ’

deuteron

0 10

L=O|? rI.Oaltc\?enrage
> 0o o @
20 30 40
Q2 GeV?

5% increase for T, in 12C at Q% = 4 GeV? implies 5% increase for T}, at Q% = 18 GeV?



Color transparency fundamental prediction of QCD

* Not predicted by strongly interacting

e+ A — e 4 D X, hadronic pict.ure - a.rises in picture of
e quark-gluon interactions
e  QCD: color field of singlet objects vanishes

as size is reduced

~
\\

Sol TN * Signature is a rise in nuclear transparency,
2N S p'
\\‘ T,, as a function of the momentum

transfer, Q2

1.0F--------Complete trapsparency .

Dirac Domain

04 (nuclear cross section)

TA —
A ON (free nucleon
cross section)

Holly Suzmila-Vance Two-Stage Color Transparency for Proton



Two-Stage Color Transparency

14 GeV? < Q% < 20 GeV?

If Q2 is in the intermediate range, then the twist-3 state will propagate through
the nuclear medium with minimal absorption, and the protons which survive
nuclear absorption will only have L = 0 (twist-3).

The twist-4 L = 1 state which has a larger transverse size will be absorbed.

Thus 50% of the events in this range of Q2 will have full color transparency
and 50% of the events will have zero color transparency (T = 0).

The ep — e'p’ cross section will have the same angular and Q2 dependence as
scattering of the electron on an unphysical proton which has no Pauli form factor.

Q? > 20 GeV?

However, if the momentum transfer is increased to Q2 > 20 GeV2, all events will have full
color transparency, and the ep — e'p’ cross section will have the same angular and Q2

dependence as scattering of the electron on a physical proton eigenstate, with both Dirac and
Pauli form factor components.



F(q*)
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Define mean transverse size as a function of x
fanJ_aiQ(xan_)
f anJ_Q(ajan_)

= < a‘(x) >=

Mean transverse size
as a function of Q and Twist




e Transverse-impact size dependence ont = —Q2 from expectation value of the profile function a(x)

_ fdmO(x)pT(:B,t)
<U(t)>7 o fdﬂ?pT(CC,t)

1 d 1
F,(t) thT(t) Y

|
=
T

|

Q
~
=

|
<
[

|

Q
=

with 1) the digamma function

e Forinteger twist 7 = NV
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e Atlarge values t = —(Q?

4(t — 1)
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2
Q Qz Gey/2
e The Q2 required to contract all of the valence constituents of to a color-singlet domain of given trans-

verse size, grows as the number of spectators and depends also on the properties of the quark current



f d’a  a% q(z,a])
f d2aJ_ Q(wan_)

< af(z) >=

At large light-front momentum fraction x, and equivalently at large values of Q2, the transverse size of a
hadron behaves as a point-like color-singlet object. This behavior is the origin of color transparency in
nuclei.

Although the dependence of the transverse impact area as a function of x is universal, the behavior in Q2
depends on properties of the hadron, such as its twist.

Mean transverse size
as a function of Q and Iwist




Color Transparency and Light-Front Holography

* Essential prediction of QCD

* LF Holography: Spectroscopy, dynamics, structure

* Transverse size predicted by LF Holography as a function of Q
* (Q scale for CT increases with twist, number of constituents

* Two-Stage Proton Transparency: Equal probability L=0,1

* No contradiction with present experiments

Q2(p) ~ 18 GeV? vs. Qi(m) ~ 4 GeV? for onset of color transparency in *C
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