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Objective 1) S, B

Problem Flavors: {n, S, C(, b)}

No unified description for all baryons » Three valence quarks: 4149243
- Low-energy QCD is non-perturbative
- Three-body eq. is difficult to solve

Spin multiplets:
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Bethe-Salpeter amplitude (BSA) & equation (BSE) of a baryon

q1 ﬁ ] O The baryon & the quarks
1 \ k1 \ inhabit Dirac, flavor and
L -« color spaces:
- 719203 = < KB —0— P -
/ (1)045557 Ka65;04’5’5’
3
< — O (G(() ))a65;a’6’5’
P3 ks

0ok P) = (11 g ) K ) D68 () (41 P

Dominance of quark pair interactions
Color multiplets forqq: 3 X 3 =3 P O

Q : spectator quark (q)
K (3) Z K C(LZ) b, c : interacting quark pair (qq) | Color multiplets for g-qq:

a,b,c= {17273}Cyclical 3@B36)=(1®8)® (83 10)
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/_/ Methodology

Quark-diquark model ansatz
K2 rel:ted 2% 72 via Dyson eq.

v (p,

dbdc=—=

da
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SC qq (~ PS qq):
No L.i. [Lorentz ind.] | —

g-qq BSA related to qgq BSA

D)
o
% R

AV qq (~ V qq): i
w,v={1,...4} |

(MP) (p, k, P) G(PV) (ky

O kg
T v <
Fgﬂ) FEZ )

(v)
b |V

kq) Vi (k. P)
Baryon’s rest frame
P=iM(0OO001)"
All momenta expressed by:

p,k,nP
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Color structure

Re-call the ansatz:

Color — \/5

Nop,... Dirac dressing functions E.g.: (SC qq)-q for J=1/2:
General form: Z fi (p2,p . P ,P? = —M?o; (p, P)
i=1

Dirac tensor structure

F(M) €CABE

Antisymmetric anti-triplet: (n) OAB
3@323@6 Color ﬁ b — F(H)D(MV)w(V)

0i (p, P) =7 (p, P) Ay (P)

P _ ot ‘ : P — 1/9+. (SC qq)-q [2 tensors; 0 L.i.]

F(M) J 0™": 5C qq [4 tensors; 0 L] (1) /2" (AV qq)-q [6 tensors; 1 L.i.]
Dirac p n Dirac

J* = 17: AV qq [12 tensors; 1 L.i.] J¥ =3/2%: (AV qq)-q [8 tensors; 2 L.i.]

Orbital angular Ti(u(,V)) ~ 1 7_i(u(,l/)) xp  THED o2 7_Z.(M(,V)) x p3

1
momentum: S wave p-wave d-wave f-wave
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Flavor structure

Premise: Construct matrices that uniquely identify each baryons’ flavor composition

1st step: Quark flavor states & basis: 0

1
Flavor state is: R‘I;I;»,;Y;C) u — 8 d — s —
0

o O =

2nd step: Diquark flavor states & matrices
Irreducible representations of Sy @ SU(4)p:4 @ 4 = 65 b 10g

Matrix representation: g, is a column vector. q. is a row vector.
Analogous to mesons (qq)

What we do: SC qq are [.,.] & AV qq are {.,.}. Reasoning;:
- Pauli principle of total qq BSA
- Leading Dirac tensor for each qq (SC is antisym.; AV is sym.)

0 0\ [E.g.:
0 0 11
d—|=;—=;0;0
1 C — 0 ‘27 27 ’ >
2
| Vo s —10;0,-250)
3
For 6A: [qb,qc]
For 10g: {qb, qc}
Eg:. 1 1 1 1
Z. . — —[d
6A|27 27 370> 2[ 78]
0 0 0 O
o o0 L1 o0
1o —2 % o
V2
0 0 0O O
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Flavor structure

The analogy of
3rd step: Baryon flavor states & matrices A Dl ; Dz S -] & {.,.}

Irreducible representations of S3 @ SU(4)rp: 40404 =45 @ 2004 D 200s D 20g
We obtain 64 different flavor states (SC qq)-q (SC qq)-q & (AV qq)-q
: . (AV qq)-q
We organize them in the 20 combos. of {u,d,s,c}
We organize these combos. in the 21 baryons built with {n,s,c} [E.g.: nns is A , 2. and Z*]

We calculate the matrix representations and put the diquark matrices in evidence

Trace of the g-qq BSE

OBA €AED €CEB 0CD _ 1 Dirac: Basis is built to be orthonormal

Color: =
V3 V2 V2 V3 Dressing functions are expanded in Chebyshev series
and are computed dynamically. Number of Chebyshev

moments (including 0" degree): [\ Cheb

What about flavor?
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Flavor factors nn n

. O g-qq transition:
E.g.: [nns] =< ns s-nn to n-ns
- ossibilities:
(11)qIC11_111)S N The other

transitions are:
2) st > n-ns to s-nn
o ® S n ]
g-qq transition — n-ns to n-ns
as a matrix:

(ZZiS/ : Zzzg ZZiS/ : Zii\\; = Mat(nn — ns) ﬁ‘gnz-ii?i?)ns: (Mat(ng — nn) 1\1\//1121222 :: Zg)
Solution strategy: g-qq BSE as an eigenvalue problem

Vstate (P7) = Astate Mat [K (P?) G (P)] Ystate (P°) W/ P? = =M,

II;UI;IIC}: :hianl? Ii)lietﬁfe zzz};?o?zfgséaﬁﬁ:;z 71.:.1;’ej\e4ir§21);\}ralues of the ma,trix4|_> Astate = 1 = Ji\g;flirgiecal

If the eigenvalue equals 1, we recuperate the original BSE, meaning;:

| 07/17 &



[3]: G. Eichmann, H. Sanchis-Alepuz, R. Williams, R. Alkofer, C. S. Fischer, arXiv:1606.09602;
M th d 1 [4-5]: G. Eichmann, arXiv:0909.0703, arXiv:2202.13378; [6]: M. Yu. Barabanov, et. al.,
e O O Ogy arXiv:2008.076309; [7]: J. C. R. Bloch, et. al., arXiv:nucl-th/9907120; [8]: R. T. Cahill, et. al.,
Phys. Rev. D 36; [9-10]: P. Maris, Few-Body Sys. 32, 35; [11]: M. Oettel, arXiv:nucl-th/0012067

Final considerations

Explicit expressions of quark & diquark propagators, diquark amplitude, quark & diquark
masses were obtained with RL interaction in the Alkofer-Watson-Weigel form:

o (p?) o~ (/A

Current q masses Mg =~ 93 MeV 1 2

S,.D x — P
my ~ 3 MeV m. ~ 1270 MeV p? Ioce

Dimension of the matrix:

_ E.g.: nns baryon until 5™ degree __ _
NDlrac X NCheb X NMomenta moment with 36 momenta =16 x 6 X 36 = 3456

2.50

Plot: h(n) VS. 7

At the value of
n = 0.4087

we get:

Mipax = 1.4697 GeV

Maximum baryon mass of our sample:
Any momentum r can be put into the form: 2.00
rt =g, k") + h(n)P* w/ r* € C 5

= IMG[r?] > —h(n)*M?> o

Propagator poles define the value of IMG[r?]
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Vertical Axis: 1/Agiate; Horizontal axis: M [GeV]
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PRELIMINARY o ger j 1o g e

Vertical Axis: M [MeV]; Horizontal axis: Baryon
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” Charmed baryons [

[2]: pdg.1bl.gov

Vertical Axis: M [MeV]; Horizontal axis: Baryon
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" Partial waves PRELIMINARY

Vertical Axis: % contribution; Horizontal axis: Baryon
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” Preliminary conclusions
"Overestimation of light and strange baryon masses

”Underestimation of charmed baryon masses

General agreement of relative mass differences between
states, from our calculations and experimental results

”s—waves dominate but p-waves contribute significantly
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/_{ Outlook.

"BSA and partial wave contributions for excited states

”Further study of the extrapolation schemes

gImplementation of full RL instead of AWW

”Move to three-body calcul

Thank you!

ations and beyond RL
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[2]: pdg.lbl.gov

/ 4 QCD Lagrangian

aly 1 2 nitny, (aLLAIéL)Q — L
Lacn =B+ M)y + JFEFL + S8 4 (9%,) (Dlyer)
lD — a + igSA W/i A* (33) — A‘Z (il?)ta Color generator (a=1,...,8)
Strong coupling constant | ¢
gs = Virag .| Fe = L [DE DY) w) P = vy,

gs
o(Q)

X
o | SQCD = /d4$ £QCD (?ﬁ,@, Aa C, 5)

SJ—/dx To@)b(a) + ..+ Te@)e(o)

= QCD (M) = 0.1185 + 0.0006 | ij /D = —SQCDG—SJ

1 10 100 1000

Q [GeV]

03¢+

02+

0.1}
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” Correlation functions

n-point function
G(21yensttn) = (0| T(1)...d(0) |0) = ;O [&]j('xl) ...ajjxn)Z[{qu}]]

{Js}=0

The fields acting as operators are generic: they can be any of the QCD fields. Also, they do not
have to all be the same — generic field of x; can be different from generic field of x;, 1

Function of interest: 6-point function written as

G = (0] T b)) D)D) 10) —>

For (0] TY(x1)(x2)b () [N) (Al Tep(y1)(y2)¥(ys) [0) - N ]
P2 M2 P2 4+ M2 S N\
We assume a Fock space with a complete set of asymptotic states: the baryons, three valence
k bound states. These stat itt ith well-defined ;PO
quark bound states. These states are written as ‘)\> with well-defined p __ (P,lP )
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/ 4 QCD Lagrangian

Dyson eq. for the 6-point function

By substituting the pole behavior of P2, we obtain
U= G K@U w/ ¥ = (0] Ty(p1)ih(p2)t(ps) M)

= 0=K®GPo=3=KO0w/ v=cPao

This is the BSE
of page 03/18

Then it proceeds as pages 03/18-04/18. The diquark amplitude has its own BSE, with a kernel
respecting the RL approximation

I‘éﬁ‘) p— g :

|
)
N

Fgf‘)
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” Categorizing g-qq BSA

Term of interest

2 2 2 :
wim (pk, lDl = _Ml;state) ‘ q-qq BSA, the eigenvector

Subindices

) (Ol” ]) ‘ q-qq Dirac tensor index

m (Ol" n) ‘ Chebyshev moment index

. Dependencies
k | Momentum grid index

P (OI’ k‘) Relative initial (or internal)
[ | Baryon mass sample grid index momentum

state ‘ (Ground, 1* EX, 2™ EX, ...) P ‘ Baryon momentum
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” g-qq BSA Dirac structure

(SC qa)+q (AV qq)+q
2 &

wDiraC — Zfz(p27p ) P)T’L(pv P)A-I-(P) ¢girac — Zf’b(p2ap ) P)Tzu(p, P)75A+(P)
=1 =

J \
! \

1

. _ 1 7 A
1 = Tg = — ﬁ P P Y pr
Some definitions , 1 oq , ; o
A A Ti — —— Ty, — ——)
Tgﬂ — JHP _ PH PP b% _ Tgyby 4 \/5 7 \/5
p—zP P i 1
U= AL (P)=1 — P _ _[~P P _ P AP
V1 — 22 +(P) = +1M T _4[7T,¢] 7] —\/ﬁ(vgé Vi)
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” g-qq BSA Dirac structure

(AV qq)+q

&
Brae = > fi(®,p - P)7i(p, P)"*PP*(P)
1=1

Some definitions

P (P) = Ay (P) TR TR (07— 39777

1

1 1

" = =o"P1 75" = ——— (2iyvP — 3idHPY)
2v/5
3 .

T?fbp — %P“Up?é Tfp — ——\/ngpruvp]l

1 i
75" = 50" (vrp) 76" = 5V’

3 1

T#p — —T#p — T?ffp —+ 5?}“’0'0]]_ 7-8'U‘p — _ﬁ (Zéﬂpﬁ + Z',-Yclzﬁvp - 57:,qup¢)
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” qq BSA Dirac structure

J=0*: SC qq n=1 n=k n=y (%)T s = ilkr, K
00 s (B k) iy = ha (k2 kr - ka, k3) {iv°71 (kv Ka) C} o

=1 Some definitions 4 9
J=1*: AV qq C ="
O o (kroka)| = thl ey - ks k) {i7f (ko ka) CY,
TE = AP 8 = ~APkg P = ik? ™ =y'kPkqg T =y’ (%T)T
Tio = ka%d %7 %r, %d]




Mat/ <QbQC)

” Diquark flavor states
" R|I; I3; Yo C)

4 X 4 = E& an iO_S, » Diquark flavors: 1, (2 Mat (qyq.)’

= Matrix representations: < *® (I; I; Yo C| R

—

v = Normalization constant for these expressions:
Y {01, 2} = (142 + @21 ) 1
91, 92] = Q192 — G201 \/Tr {Mat'(gpge)Mat'(gsgc)" }

Which ones are SC and AV?
Total BSA & color term are antisymmetric

@;p;zx Y (kr, kq) = —@%p;zg, o (—kr kq) ‘ Therefore, flavor © Dirac is symmetric
. SC diquarks: Leading term is + Dirac solution
|:(__)(p,) (C_l, P)} — 1 [@(“) (—C], P)} Flavor states are 0 A
Dirac Dirac | AV diquarks: Leading term is — Dirac solution

Flavor states are 10g
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” Baryon flavor states

4®4®4:4®(6A@105):ZA@QOMS@QOMA@QOS

(ﬂ — P12) {P123 — [31223} f123

_1 _1 . R R -
\a2:ﬁ(f2_+f3_ ff)—%(]l—f’m) P123+P1223—2]1_ f123
_1 _1 . R R -
(81:ﬁ(fz++f§L 1+) %(]14-32) Pios + Pios ]1_ f123
= 20/, 3<&/or .
52 = St —fi = 5 (]1 + P12) {P123 P123} J123

How to build

f 193 and permutations

A

(

\

f123 = (Qaqb9c)123 = Gadvqc

faz1 = (%%%)231

eg:

= {4cqaqb

(uds)a31 = sud
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” Quark remainder matrices

Eg: 200z |13 I5; 1; 1) = {2004, |1; 1; 15 1) 204, |15 0; 15 1) 20p [1; —1; 1; 1)}

{7 (Gt ) vt Z5{(Ggtmer) - (Ggtaer) o] g [(Gpteer) - vauane |
<\/_{uc}){\7 -5 } (\%{d,@){o —%u%d}jL( w) {~v2c 00} + (dd) {00 — vac}
|

()] s o

\ f J
1
0 % 0 0 V3 0 0 The matrix representation of the flavor state is
1 09 0 0 0 1 9 obtained by employing the matrix representations
V2 V2 of the diquark flavor states and the remaining
0 O 0 0 0 0O O quark terms, i.e, the quark remainders
0 0O 0 O 0 0 O

IVZARY 4



/ { Flavor factors.

Mat(nn — nn) Mat(nn — ns) Mat(nn — ss) Mat(nn — nc) Mat(nn — sc¢) Mat(nn — cc)\
Mat(ns — nn) Mat(ns — ns) Mat(ns — ss) Mat(ns — nc) Mat(ns — sc) Mat(ns — cc)
Mat(ss — nn) Mat(ss — ns) Mat(ss — ss) Mat(ss — nc) Mat(ss — sc) Mat(ss — cc)
Mat(nc — nn) Mat(nc — ns) Mat(nc — ss) Mat(nc — nc) Mat(nec — sc) Mat(nec — cc)
Mat(sc — nn) Mat(sc — ns) Mat(sc — ss) Mat(sc — nc) Mat(sc— sc) Mat(sc — cc)
Mat(cc — nn) Mat(cc - ns) Mat(cc — ss) Mat(cc — nc) Mat(cc — sc) Mat(cc — cc) )

This is the generic flavor factor matrix. Each element is a 2x2 matrix, representing diquark transitions. The
diquark on the left is the initial diquark of the BSE whereas the diquark on the right is the internal
diquark of the BSE. Each element of the 2x2 matrix is a flavor factor:

Since what we want are
Mat(qpqe — Gaqe) = ([qch]sc — qagclsc  (@vaclsc — [qan]Av>

eigenvalues and eigenvectors,
@gclav = [dadelsc  [Bacav = [Gadelav ) o o e o

E.g: 0 Mat(nn —ns) 0 0 0 O\ can be discarted.
Mat(ns — nn) Mat(ns —-ns) 0 0 0 0
Mat® — 0 0 0 0 0 0 N ( 0 Mat(nn — ns))
E 0 0 0 0 0 0 Mat(ns — nn) Mat(ns — ns)
0 0 0 0 0 O
\ 0 0 00 0 0




” Flavor factors Mat(ns — nn)

E.g: nns flavor combination nsSsc — NNgc  NSSe — NN AV)
s-nn NSAV —> MNSC  MNSAV —7 NNAV
nn, n _
nn O n.S nssc — Nnay =
Fix the ns diquark (either us or ds,
— the answer will be the same). Go
over all possibel nn diquarks (uu,
S n ud, dd). Dq are diquark matrices,
— S Qr are quark remainder matrices
n-ns rQry = Z quDqgerZ
ns nvV s j={7,8,11} 1
O nn vV ns — X = ——F=
ns ~ \/§
— After obtaining all flavor factors,
we perform a rotation on the
n n sVn matrix to make it symmetric
33/41 &




/ { Baryon mass grid

To determine the mass grid threshold we start by localizing ourselves in the complex plane:

(RE {r*} ,IMG {r*})

Generic momentum of the dressing functions for propagators & diquark
amplitude

We can also write the generic momentum as:

. Contains all momentum terms that do not depend on /P K

rt =at + E(n)PH

E (77): Expression dependent on momentum part. parameter
= 12 = (2 — (BE(n))> M2 + 2i[a| Mz, E(n) =[r? = (2| + iB(n) M)’

This parabola equation establishes the condition: IMG {r*} > — (E (n))* M?

E(n)q — (277 _ 1)2 IMG{QZ} > _(277 _ 1)2M2 ( : Quark in kernel momentum
E(n)kq — 772 = IMG{k(QI} > —?72M2 k'q . Internal quark momentum
En)g, = (1 — 77)2 IMG{ICC%} = —(1— 77)2M2 kd - Internal diquark momentum
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/ { Baryon mass grid

Sketching the generic momentum parabola in the complex plane gets us:
4 RE {r*}
The apex of this generic momentum parabola
cannot go beyond the apex of the limiting
parabola, which is derived by the poles on rr2
set by the dressing functions. The only functions
that have momenta poles are the propagators:
S'& D. Let us call this limiting parabola apex

—mg( . Then, what we just said translaes to

the condition:

—m% < —(B(n)? M? = m% > (E(n))” M?




/_{ Baryon mass grid

Sketching the limiting parabola in the complex plane gets us:
ARE { 7“2} Diquark propagator pole:

2

. Mqq
pole

E(n)

_ 2 _
——mqq:>mX—mqq:>M<

Quark propagator conjugate poles:

.53 .
Tgoles = —382 (1 + Zg) = Tgoles — (_32 + Z(_83))

Generic parabola equation with apex —m?X :

(t £imx)* =12 —m5 + 2itmx

my = mgy




/ { Baryon mass grid

In summary, the three conditions for the baryon mass provided by the analysis of the limiting parabolas
are:

M

< Mq Quark propagator condition of the
X |277 —1 | quark in the interaction kernel in the q-qq BSE

Momentum g

M < % Quark propagator condition of the

X |7,]| quark in the propagator product in the g-qq BSE Momentum k q

m
M < ‘i Diquark propagator condition of the
1

— 77| diquark in the propagator product in the g-qq BSE Momentum kd

The mass grid threshold of a given baryon is equal to the minimum mass threshold of the
diquark transitions. For example, the single-strange baryon, as we saw, has 3 diquark
transitions. Each of them has different flavors for the quarks and diquark with the above
momenta, which has an impact in the masses. Therefore, the conditions for the baryon mass
will differ based on the diquark transitions we consider.




shev 0 moment contributions

Vertical Axis: Wio (pi; _M(Q}round)

0.3000‘ Dirac ]_
0.2500 1
0.2000 1
0.1500 1
0.1000 1
0.0500 1
0.0000 1

0.00 0.50 1.00 1.50 2.00 2.50

%o .
0.0100 1 L2 X Dirac 3
§ '\\ --e- Dirac b
0.0080 - ;‘ L -+~ Dirac 7
\
: )
0.0060 1 ?
e y
0.0040 A ‘,- \.\
0.00204 & LN
‘. ......‘ ‘\\

0.0000 | o098 R St == L TV

0.00 0.50 1.00 1.50 2.00 2.50

0.0400 -
Dirac 2
--+- Dirac 4
o
'y ®
0.0200 ~ ‘o\
‘\
u
0.01001 g
. .
r h 8
n-l‘.r ‘.“"v—\
0.0000 A S S e
0.00 0.50 1.00 1.50 2.00 2.50
00006' Di.rac 8
0.0005 A
0.0004
0.0003 -
0.0002
0.0001 -
0.0000 -
0.00 0.50 1.00 1.50 2.00 2.50

; Horizontal axis: pg [GeV]

|
|
|
I
Labels I
|
|
|
|
|
|
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& Wzo (pl%; _M(z}round) ’

0.2000 Dirac 1
Dirac 3
-#- Dirac 4
0.1500 Dirac 9
Dirac 11
0.1000 Dirac 12
0.0500
G"""“.....
0.0000 =585 B=0e-
0.00 0.50 1.00 1.50 2.00 2.50
0.0015 A ’,._‘\'\ o DLooB
0.0013 - {D’ \ --»- Dirac 16
$ %
0.0010 1 » \
‘ A
0.0008 - 4 el Y
M o *e. \
0.0005 - i oy
4 .
’ ~ N
0.0003 - & -
o ey
0.00001{ & =y
0.00 0.50 1.00 1.50 2.00 2.50

10 : | ______ |
| o -- Dirac 2
0.0250 ’;?.::gi‘ —~ T 5t : Baryon :
0.0200 gie® el Dirac6 || = |
A » --e- Dirac 7 | e (HSS) |
0.0150 , ®! Dirac 10 | === = — ™ 1
P —=- pirac 13 || [,abels |
0.0100 1 ".g’ m.:.\. \ -+~ Dirac 14 || |
0.0050 - lf "-:}.\ Dirac 15 ||  Dirac i :
¥ |
b @
0.00001 £ : :
0.00 0.50 1.00 1.50 2.00 250 7-7: |
|
1.0000 : When |
| i> 8, then |
0.8000+ | it refers to |
| the other |
0-60001 No f-waves in J = 14+ | possible qq. |
. . | In this case: |
0.4000 - g-qq Dirac basis | |
| ¢ < &: ns |
0.2000 1 | |
| 7 > &: ss |
000 . . ; : | —— |
0.00 0.20 0.40 0.60 0.80 1.00




” Partial wave contributions

| Colors |
| . : s-waves :
|
| |
| . . p-waves :
: l '
ge | . : d-waves :
2 |
@) | |
0 | : f-waves |
= S
Q | .
S . Details
NN |

| Evaluated at
| ground state’s
: physical mass |

—_—— — — —_——_— —_—
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e
w

% contribution
o =
@] o

| ) l
. Details |
: Evaluated at |

| ground state’s!
: physical mass |

—_—— — — —_——_— —_—

0.0 -

0.5 1

0.0 -

41/41 &



	Slide 1
	Slide 2
	Slide 3
	Slide 4
	Slide 5
	Slide 6
	Slide 7
	Slide 8
	Slide 9
	Slide 10
	Slide 11
	Slide 12
	Slide 13
	Slide 14
	Slide 15
	Slide 16
	Slide 17
	Slide 18
	Slide 19
	Slide 20
	Slide 21
	Slide 22
	Slide 23
	Slide 24
	Slide 25
	Slide 26
	Slide 27
	Slide 28
	Slide 29
	Slide 30
	Slide 31
	Slide 32
	Slide 33
	Slide 34
	Slide 35
	Slide 36
	Slide 37
	Slide 38
	Slide 39
	Slide 40
	Slide 41
	Slide 42
	Slide 43
	Slide 44

