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What problem do we want to solve ?

Can we compute structure functions such as the PDF by appealing to some simple
principle that emerges from strong interactions among partons?

® dr * A description of the hadron state.
fc/(x) = J _e—ztx(n-P)<%‘ 0, ‘ %>’
0 27 * Renormalization of the operator .

At a more basic level, understand how collective long distance d.o.f. emerge from the
microscopic ones connecting different Effective descriptions of gauge theories.

For QCD, no systematic expansion parameter available, neither is there a dual theory.

Several simple models in lower dimensions that exhibit QCD like behavior and are
solvable in various limits.

Can we extract some universal information that does not depend on the special
symmetries or specifics of these theories and apply them to higher dimensions?
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Gauge Theoriesin 1+1 D

Abelian : Schwinger model 1+1 D QED Non-Abelian : ’t Hooft model 1+1 D QCD

Gauge coupling is dimensionful [g] = M — Apep

The strength of the interaction is controlled by g = g/mq

Running effects of the PDF operator suppressed by g/Q
No spin
Gauge field is not a propagating degree of freedom but gives rise to a confining potential.

There is no renormalization

Problem reduces to describing the hadron bound state



Gauge theories in 1+1D

Hamiltonian in light cone gauge A™ = 0, x™ is the time variable.

Schwinger model : 1+1 QED t hooft model : 1+1 D QCD Hamiltonian

P~ = : de‘l/'/ i 2l// + g Jcbc‘]*"’—l JHa
2 2 =— o :
p- _ ! de vyt + e e_JdX Jr—— ! J+ Instantaneous 2 oot 2 (i0+)?
T2 R s ) (i0+)2 Linear potential in
o position space
Kinetic energy + Large N limit meson spectrum
expressed as solution of Bethe
In the regime of strong coupling ;Q’:ﬁg(tjei;g;qrnegj :ﬁzzo:?l] (glq ) state
e/m — oo, the spectrum can be solved confining potential

by looking at the dual theory — A theory confinement even at
of free bosons with mass e/\/f_r small coupling  Finite N meson, Baryon spectrum
solved by numerical methods

« Ground state meson is a ¢g state; contributions from higher fock states is suppressed

* So there is no contribution from sea partons -> Same is true for ground state Baryon



Spectrum and PDF in 1+1 D

Schwinger model - ’t hooft model
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50 02 o4 b o Perhaps in both cases the system is
S organizing itself based on some coupling
The state is becomes unentangled in strength dependent measure of Quantum

momentum space at g/m — 0 entanglement.



A guess at the answer

The simplest guess is the Von Neumann entropy S as a measure of
entanglement.

For g/m — oo, we will extremize S — Maximum entropy principle.

To describe the system as it moves away from g/m — oo , we can draw an
analogy with thermodynamics,

Conjecture a free energy F= E- TS Expectation value of the Kinetic Energy

E=(P),x m?



The Meson wave function
|¢> = Zpi,35i+3,1|i73>1

qq state

[ (]_) — fraction of the longitudinal momentum P carried by quark (antiquark)

P1 = Z i 1—a*8) (il

Reduced density matrix is diagonal

Q= — Z |pi,1—i|2ln |pi,1—i|2:
Entanglement entropy i

.. m? 1 1
Kinetic energy (E) = (P )inetic = = Z 1717 (7 + .

i

m? (1 1
2 ~TpF -
Minimizing F = (E) — TS vyields the thermal ansatz. |pig—il"=Ne ™" ( ) =e

Minimizing P*(P~) = M? allows us to calculate the invariant bound state mass and T.
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How accurate is a thermal description?

4 L] | ] L] 20
— Entropy Ansatz : 15} mglg =32
3t Hamer et.al. > 1 10
()] ) ,
\S 5 i |
29 g | |
8 i X
o 14 ! 0
S 3 / ' 00 02 04 06 08 10
1 X
1.0
1 0.8 |
| . g d ‘ g ¢ :
%%0 o1 02 03 04 05 | 1.5f mglg =0.28

Q——— et |
00 05 10 15 e ' |
mq/ g / — Entropy Ansatz\

0.5 / Kroger, Scheu \

Schwinger model 00z 04 06 08 10

X

fq(x)




How good is a thermal description?

4 4

— Entropy Ansatz — mq/g =0.04
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« A good description for moderate to weak couplings .
« A Thermal description does not work in the non- perturbative regime.



An Alternative Entanglement measure

 Can we do better than this?

* Perhaps we can use a different measure of entanglement that reduces to the
Von Neumann entropy in the weak limit?

« Renyi Entropy. Sa(p) = 1 i o (Tr [f’a]) S Tr[plnp]

F,=E-TS,.

m 1

[y (x,1 —x) | = We_ﬁ<7+ﬁ> — N[x(1 = x)]T==

« We still have a single variational parameter a, instead of T.
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The Meson mass and PDF
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The Baryon mass and PDF

qqq color singlet state

Reduced density matrix is a weighted sum over two-quark
matrices with a total momentum fraction 1 — [

Minimize free energy for each bi-parton density matrix ,

Dictated by the 2-2 interaction in the Hamiltonian

M, hadron/ 8
o — [3%] w S W N
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Outlook

 Does a simple organizing principle persist in higher dimensions?

* Incorporate renormalization of the theory.
Incorporate renormalization of the PDF operator.
-Contribution from higher occupation Fock states.



