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Introduction

QCD: @ ® ® Quarksand gluons 000009

— flavors: u,d,s,c,t,b and intrinsic spins =1/2

exotics
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S=0,1|S=1/2,3/2 | Gluons keep hadrons together!
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Introduction
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» Most of the mass of light baryons comes from quark dynamics.

» Total angular momentum J =L + S.

» Flavor states have roughly the same masses.
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Introduction
— How to calculate baryons

_ Bethe-Salpeter equation.
~ QCD equivalent of Schrodinger eq.

Baryons from three-body equation
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Quark-diquark model

» Leading three-body contributions negligible — only two-body
interaction kernel remains:

3
o=K o= KV
i=1

Figure: Faddeev approximation of BSE.

» Three-body equation — diquarks "freeze” 1 DoF <«
(pseudo-/scalar and axial-/vector) diquark BSE with
amplitude ?, propagator D?b.
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Quark-diquark Bethe-Salpeter equation
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Figure: Quark-Diquark BSE.

» Solve eigenvalue equation for A(P2 = —M?) = 1:
0 (p,P) = NP) [KGI(PYO™ ™ (k. P) | Ly
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Rarita-Schwinger — Structure

» Higher spins fields from the Rarita-Schwinger formalism.

> Example: (3.3)@ (3.0)® (0.3) =
EEEYESNEICRRAT

P> Remove redundant components by imposing some constraints:

Nl= ~—
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SO(3)
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(iy-0— m)WH-tn(x) =0 1
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WH-En -, Symmetric
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WH-tn =y traceless
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Results

P Poles in the propagators limit the integration domain. We
extrapolate beyond the threshold.

> Extrapolation of eigenvalue curves with linear, quadratic and
cubic fits in least squares or Schlessinger-point-method ! with
random sampling 2.

» The choice of extrapolation method is given by the standard
deviation and curvature. If the choice is ambiguous, the
average is used.

» Factor c in front of pseudo-scalar and vector kernel
reproduces beyond-rainbow-ladder effects.

!L. Schlessinger. Physical Review, 1968 [~
2S. Hagel et al. The European Physical Journal A, 2026
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M [GeV] Nucleon spectrum, c = 1.00
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M [GeV] Nucleon spectrum, c = 0.35
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M [GeV] Delta spectrum, c = 0.35
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Summary and outlook

» Improve our diquark ingredients.

» Higher-spin baryons in three-quark picture, beyond
rainbow-ladder.

» Expand our calculations to the heavy baryon sector.

» Implement contour deformations to avoid extrapolations.
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Bonus Slides

1. Quark Propagator

2. Color-flavor matrices

3. Tensor parity

4. Spin projection

5. Rarita-Schwinger

6. Angular momentum operator

7. More
=)
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Dyson-Schwinger equations

DSEs encode the dynamical be-
havior of quarks and gluons.
Rainbow-Ladder is a simplifica-
tion with the effective coupling

a(k?):

2 uv 2 L
g ZrD (k) — 471'22()[(1()?,
MH — iyt

k2 _ >
a(k) = 7rn7ﬁe T+ UV
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A B 14

p q =P
1
l Rainbow approximation K
o\
_0_-1 — -1 +

P q == p
1

16T 2 (X(kz) v v
3 L fq— Ty S(q) v

S =Sy (p) + 12

a(k) from ansatz by Maris &
Tandy?. Parameters set by Pion

mass and decay constant, from
its BSE.

?P. Maris and P. C. Tandy.
Physical Review, 1999
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Tensor decomposition

Figure: Quark-Diquark BSE.

» Expand BSA in tensor basis.

> pIHLHn — cI)color@cbflavor@X:k fk(p2, p-P ){Ua e Mn(p7 P)}

» ,Nl Mn(p, P) — (75) T’fa’yl“l/"(p, P) /\+(P) 'PVI"V";“I"“"(P).
parity dynamic energy spin
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Tensor decomposition — Momenta

4/12

03 S M"(p, P) (75) 7_ia,lll~~1/n(p7 P) /\+(P) PV1..un;#1~~un(P).
~N — )~

parity dynamic energy spin
Search orthonormal basis!

Construct general basis from Dirac tensors {1, f, P, pP} with
set of {~/f, r*, d*} for every index.

Momentum products r#r”..r — ¢#“ are replaced by
eigenstates of the orbital angular momentum operator L.

Operators constrain basis to at most 10 elements for any spin.
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Tensor decomposition — Parity
» The parity transformation is A = diag(—1, -1, —1,1).

» Contracting the Bethe-Salpeter amplitude ®##-¥ with the
Rarita-Schwinger spinor ut" gives the baryon spinor ®,g.,.

1

M,s’

1 1
n, 5, n+§7 5>€/I</3Il~.un(p)u(p’s/)'

» Parity behavior of u#t# translates to parity behavior of the
baryon spinor and gives conditions for the basis,

~ADOPL-Pr(Np, APYNPVL, NPV~ L (—1)" % -vn(p P,
AN BT (A p, APYNIA AP L (1)L @it ).

» Append ~° matrices to have scalar and axialvector

components transform the same.
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Tensor decomposition — Angular momentum

» Defining LF1-#¢(f) = ¢#1-+¢ 1 and lu1--ue_1(£) — oyl gip

orthogonal spin n —i—% scalar and and axial basis:
T;;ul..un — b35p,1/1 Lug..ll,,(n _ 1)

V2.V 2
= [ o) = S o)

T = byt L1 (
7_0;1/..1/,, _ b Lul.‘l/,,( ) Télz;l’lan — b@d“Lyl n(n+ 1)
Ou Uy b2[l/1 u,,( + 1) T7AL;V1»-V,. — b7’y'uLV1 n(n)
TSH;VI--Vn — bS,Y{,t_qu n(n+ 1)
THVEV = by {L’“’l Yr(n+1) — 7‘#“"""(n+ 1)}

g = byl (0 +2),
mitY
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Color and flavor

> QI = | Do @Pflayor ®Zk fk(p p: P ){ i “”(p P)}

» Include scalar 0", axialvector 11, pseudoscalar 0~, and vector
17 diquarks..

> With isospin symmetry u = d, extract color-flavor factors
from su(3). and su(2)¢. Matrix components correspond to
diquarks in the kernel. Example with just sc. and av.:

5SS SA
[(Dcolor ® (Dflavor] A4 (AS AA)

D 00
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Spin projection operators

P Label relativistic states by eigenvalues of Poincaré invariants
PEPE and W = WHWH,

» General projection operator?

P() = H W+/'(j +1)p?

—i(i 1 2 A 1 2
iy U+ P20+ 1)p

> W for each irreducible sector — hard to generalize.

» Highest spin only contained once within RS representation.

mith
3A. Aurilia and H. Umezawa. Physical Review, 1969
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Spin projection operators — Rarita-Schwinger

» = Ansatz with 6%, v, p* from constraints®.

Using T’ﬁ“’ = MY — p%p“p" and asn) = —%35"7)1%, aé") =1, for even j = n,

142 n . n v
B1opng ooy — (2 (n) KV, (n) r1p Friva piv,
PLLrin = ()" X |4 [T 77+ o) Ty [ 10
(1), P(v) i= i
Hp_1Kn Vp_1Vi
+a(gn)7—£t1u27—:w2 X o x THT "Tpn n]’

for odd integer j = n

CBn( 142 ) T e i 0. ey

PettnGp = (5)° X | [T 78 + P Tpare T2 T T4 4 .
P(n),P(v) i=1 i=3

+a(:)_1 THIH2T Y2 5 . x T;L"_M"_lT:"—Zun—lrﬁnl'n]’

and, for half-integer spin j = n — %,

.. n .. 1
[ 'P5114.:7n:11 U,p) = 2n+ 17H’Yy7>55114.:;n_711 (j + Evp) o ]
4C. Fronsdal. On the theory of higher spin fields. N

Il Nuovo Cimento, 1958
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Rarita-Schwinger — structure
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Four vector V# € (3, 3).
Dirac Bispinor &5 € (%,0) @ (O, %)

Construct general tensor
Vit e (3,3) © . @ (3.3) @ ((3,0) @ (0, 3)).

d(V*) = 4, d(¢5) = 4 = 40"t1) components. Multiple spin
sectors from decomposition into SO(3).

Irreducible (n + %, O) @ (O, n+ %) representation of spin
n+ % with d = 4n+4.
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Angular momentum eigenstates

b 12 =2p0 0y (popf TSB)%B% with eigenstates

rU XL XM ag gy (T2 L x r® 4 T2
+ o TR X r2)
+apy (THOTBMr x Lo r* + )

+ ..

» The normalized coefficients are

2a(_1, AN o
k) = _2k(1(—kzlx)2e)v 1< k <floor (5); ago =1
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On-shell decaying particles?

» Our "resonances’ are bound states in that they have no
hadronic decay widths.

> But we can actually still calculate decay widths from the
residues of the transition form factors (for example from
N = A). Feeding these back into the BSE shifts the poles
into the complex plane, however, the real parts of the masses
remain basically unchanged®.

» Beyond rainbow-ladder effects (meson-baryon dynamics)
should, in principle, also shift our poles into the complex plane
and should have an effect on our masses®. Their exact impact
remains to be analysed.

V. Mader et al. Physical Review D, 2011 .

8G. Eichmann et al. Physical Review D, 2016
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