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\~. J abstract

QCD evolution 2018 (Santa Fe, 20 May 2018):

Collinear QCD as a starting point
P.J. Mulders

Going beyond the collinearity of QCD may require more than just resummation. As an
example, I will discuss Wilson loop GTMDs and the possible color entanglement and
its unwinding in DY. I will also discuss an attempt to understand the transition from
1D to 3D in a different context, where not only hadrons are entangled states of
partons, but also quarks as well as leptons are maximally entangled states. Even if it
does not upset the present phenomenology, it might provide a new way to look at
many aspects of electroweak and strong interactions as well as quark-hadron duality.



\‘ Y QCD - From Wilson loops to entangled states

m Parton-hadron duality in hard QCD scattering: PDFs x FFs
m nucleon is pure state > ensemble of partons (good light-front states)

[see also Kharzeev & Levin (1702.03489)]
m Parton physics in essence collinear d.o.f. 477" and g3/ A%

m hard (short distance) process: partons = partons
m emerging partons are pure state(s) 2 ensemble of hadron states

m For QCD Wilson loops and their expectation values (GTMDs, TMDs) may play a
crucial role in the transition 1D - 3D (1805.05219)

m Color entanglement in DY (1709.04935)

X More speculative: maybe not only hadrons but also quarks and leptons live in a
multipartite Hilbert space! (1801.03664)



WILSON LINES AND GLUON (G)TMDs



w Simplification of gluon GTMDs (x = 0)
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Relating GTMDs to Wilson loop GTMD (x = 0)
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m Dipole Gluon GTMD correlator - Wilson loop GTMD correlator:

P — Ar| L1 (yld] x, p_ Az
G[D](k‘T,AT) :/d22d26 ez'k:T-zT—iAT-bT< 2 |Nc ( ( y))‘ 2 > IF
(2m)* (PIP)
g

E(k%, A2 kr-Ar)

" 2N, M?
m ... and gluon GTMD is
kgky  AFAL  kpA7
M?2 K 2M?2

G198 (kp, Ap) = ! E(k2, AL kp-Ar)

a0 kgky
SN S
m GY(kr, Ar) has a real part (pomeron structure) and an imaginary part
(odderon structure, odd powers of kr-Ar), with for TMDs no odderon structure

in unpolarized nucleon
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\‘ J small-x behavior of (dipole) gluon TMDs

= gluon TMD correlator: €*(k)e’* (k) =
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W

TARGET SPIN

Structure of gluon TMD PDFs in spin 1 target

PARTON SPIN
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\, J Gluon TMDs in polarized nucleon

m Polarized target (vector polarization)
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\' Y Small x physics in terms of TMDs

m Dipole gluon TMDs: at small x only two structures for unpolarized and
transversely polarized nucleons: pomeron & odderon structure
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\.‘ Y C-odd gluon correlations in peripheral pA collisions

m Odderon type of correlations are

C-odd!
_ [—00, br + ] lv™,br + 5] [00, b + ]

m In a nucleus the z-dependence is ® = o ®

restricted to nucleon size, while the . - :

b-dependence follows the nucleon [z00br = F] o7, br — 5] [0, br — 5]

density profile
m The odd k;.A; dependence can show Vi

up as a non-vanishing v, elliptic flow

parameter in pA peripheral collisions

(Boer, van Daal, PIJM, Petreska,

ArXiv 1805.05219)
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COLOR ENTANGLEMENT (IN DY)
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Color factors for (entangled) multiple T-odd TMDs

m Complications if the transverse momentum of two
initial state hadrons is involved, resulting for DY at
measured Q; in
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m This leads to color factors just as for twist-3
squared in collinear DY
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\,. 4 Unwinding color entanglement in DY

m A model calculation: gluons needed for T-odd BM TMD functions
m Inclusion of Glauber gluons
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m First two diagrams give entanglement with additonal color factor beyond 1/N
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m Effect is cancelled by third (right) diagram!
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m Essential (in model unavoidable) is perturbative treatment and color in final state!

Boer, van Daal, Gaunt, Kasemets, PJM, SciPost 3 (2017) 040 14



QUARKS AND LEPTONS AS
ENTANGLED MULTIPARTITE STATES
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Then for something completely different:
(NOT) HAPPY WITH STANDARD MODEL

In spite of the success of Standard Model!
Three families, colors, space dimensions!
Left-right (a)symmetry? B-L?
Naturalness? Missing supersymmetry?
Confinement and Collinearity in QCD?

PJM 1601.00300
PJM 1801.03664




\‘ J QCD - entangled states and QIT

m Parton-hadron duality in hard QCD scattering: PDFs x FFs
m nucleon is pure state > ensemble of partons (good light-front states)

[see also Kharzeev & Levin (1702.03489)]
m hard (short distance) process: partons = partons
m emerging partons are pure state(s) 2 ensemble of hadron states

m Entangled (pure) states |®> in %44 ¢ #P with a density matrix p = |®><®| lead
to ensembles (non-pure state) in the reduced spaces.

m EPR bipartite pure state leads to a 50% - 50% ensemble in both subspaces.
m Relevant dimensionality: PDF ~ N. while FF ~ 1/N_

m Maybe both hadrons and partons live in @ multipartite Hilbert space !

m Possibly combined with a principle of maximal entanglement (MaxEnt), such as
hinted at in Cervera-Lierta, Latorre, Rojo & Rottoli (1703.02989): maximally
entangled chiral left/right two-particle states are consistent with QED (g,=0) &
electroweak (g,=0), at least if sin ©,, = 2

17



\,, 4 Bipartite entangled states

m Bell states are maximally entangled states: |RR) £ |LL) or |RL) & |LR)
m They belong to the same class (SLOCC, for us local unitary, local = subspace)

BAeBII p=[Bell)(Belll = pa = 3 (|R)(R| + |L)(L])

|

products
A-B

m Symmetry eigenstates are in general entangled

singlet triplet

N\ e
Bell
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\, 4 Tripartite entangled states

m Two classes of maximally entangled states: |GHZ) = %(\RRR> + |LLL))
(Dur, Vidal, Cirac 2000) W) = L(ILRR) + |RLR) + |RRL))
e - IGHZ) = pap = 5 (|[RR)(RR| + |LL)(LL|)
ABC ABC W) = pap = Z[Bell)(Bell| + |RR)(RR)|
A-BC B-AC C-AB
=1, Y, I°=U, Y, 9=V, Y,

.|

A-B-C
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\,.,, J Tripartite entangled states

m Two classes of maximally entangled states: |GHZ) = %(\RRR> + |LLL))
(Dur, Vidal, Cirac 2000) W) = L(ILRR) + |RLR) + |RRL))
e - IGHZ) = pap = 5 (|[RR)(RR| + |LL)(LL|)
3D, C=l ].D, color ’W) = pPAB = %‘BGHMBGH‘ + %‘RRMRR‘
A-BC B-AC C-AB
=1, Y, I°=U, Y, 9=V, Y,

.|

A-B-C
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\,‘ Y Quarks and leptons as entangled states

m Symmetry eigenstates are in general entangled

YIZIWIH quarks
leptons \ hadrons l (gluons)
GHZ W
3D, c=1 1D, color

m Hope is that basic product states are simple and even may exhibit SUSY

A-B-C

Y Y Y Y

_ 1 R 1

(¢, ) (@ G —1+—4€ (&

. — I 1 . — 1 +1
-1/2 1/2 -1/2 12 12 12 -1/2 12

4 + — I3 T + +— I
9, @, J[ (@, E, € —+1+ &
I

PJM 1601.00300, PJM 1801.03664
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MULTIPARTITE FERMIONS IN THE STANDARD MODEL
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w Standard model particle content

Important: multipartite classification Y

can give a natural explanation for the e,

electroweak symmetry structure in

the standard model &
R
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\ J Fermionic excitations: leptons and quarks

m Tripartite states (R: 123 & L: 12 3)

m Aligned (RRR, LLL) GHZ states
SO(3) - asymptotic/space
I, U, andV allowed
Three A(4) singlets

m Mingled (RRL, RLL) W-states

non-asymptotic

I, U, orV allowed
Three A(4) triplets Vy=-1/2 >«
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\‘ 4 Fermionic excitations: electroweak identification

m LEPTONS
Aligned (RRR, LLL)
m SO(3) > asymptotic/space
I, U, andV allowed
m Three A(4) singlets (families)
m Family mixing is
tri-bimaximal
m QUARKS
Mingled (RRL, RLL)
®m non-asymptotic
I, U, orV allowed
m Three A(4) triplets (families)
N

m Resembles the rishon model
(Harari & Seiberg 1982)
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\‘ Y A paradigm shift?

m Start with less dimensions (1+1 - 1+43) advantageous

m Convergence: d[¢] = (d-2)/2 = 0, d[E] = (d-1)/2 =2, naturalness, ...
[see Stojkovic — 1406.2696]

m Take the appropriate quantum states in multipartite space: ontological basis
[see 't Hooft — 1405.1548]

m Tripartite space for quarks naturally has color dual to space/electroweak.
m Can explain why color naturally is decoupled from electroweak interactions
m Full color invisible in 3D: local gauge invariance! No free quarks or gluons!

m Global color visible in 3D via valence quarks, N vs 1/N, f x D (distribution x
fragmentation), color flow (future and past pointing gauge links), ...

m Natural role for Wilson loops generating (gluon) TMDs (1805.05219)

m Natural arena for light-front approach with a ‘preferred’ space direction:
quantization of good fields, dominating the OPE at high energies, these are
asymptotic (free) fields (Kogut & Soper): 37 7 ¢ and g A%

m New ways to look at color-kinematic duality, soft collinear effective theory
(SCET), ....



\ﬁ' y Concluding remarks

m 3D tomography: role of Wilson loop GTMDs
m Test case: color entanglement in DY

m Conjecture: quarks, leptons and hadrons in multipartite spaces
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