Fermion-vector vertex (7)

The same can be done for fermion-vector vertex:

4
4Gk, Q) = i[zgjcgwi ij}‘]
=1 =1

S— S~ Y = 0. bow — bra¥
Gauge part: Transverse part, v
constrained by STI carries dynamics = @'ty =0
e =0
7 o N
lowest o~ Kk 'évq s, Kl tha k'K
momentum ik# 2[7#’ Q] “’tQk’Y
powers P 1 s
Wy [7"»k] 6[’7“7 xy Q] Qk 2['7 yk]
. Alky) +A(k-)
For quark-photon vertex: Ball-Chiu vertex Sp=T
Ball, Chiu, PRD 22 (1980) Alky) —A(k)
AA 2
— M-k
g1=%4 92=204 g3=-2Ap g94=0
B(k*) = A(K*)M (k)

Everything else is dynamics! Quark-photon vertex can be calculated
from BSE, f; must have physical vector-meson poles at timelike momenta

Maris, Tandy, PRC 61 (2000)
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Fermion-vector vertex (8)

We have exploited all symmetries of the system:
e Permutation-group symmetries (here: charge conjugation)
e Gauge invariance

Procedure is general:

gluon self-energy, fermion-vector: fermion-2-vector: 3-gluon vertex
hadronic vacuum quark-gluon vertex, nucleon Compton
polarization quark-photon vertex amplitude
1+1 4+8 14 +18 10+4

Gauge + Transverse

Everything else is dynamics!

Gernot Eichmann (Uni Graz)

Bardeen, Tung, Phys. Rev. 173 (1968)
Tarrach, Nuovo Cim. A28 (1975)

Ball, Chiu, PRD 22 (1980)

Drechsel et al., PRC 55 (1997)

GE, Fischer, PRD 87 (2013)

GE, Ramalho, PRD 98 (2018)
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4. Tensor bases
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Tensor bases

What is the number of tensors for a general n-point function?

y 4=

LRI =Y
o0 e 0

0 0
To,gkL...) > »=|¢ o1, k=

Gernot Eichmann (Uni Graz)

GE, Fischer, PRD 87 (2013)
GE, Fischer, Heupel, PRD 92 (2015)
Wallbott, GE, Fischer, PRD 100 (2019)
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Tensor bases

What is the number of tensors for a general n-point function? GE, Fischer, PRD 87 (2013)
GE, Fischer, Heupel, PRD 92 (2015)
Wallbott, GE, Fischer, PRD 100 (2019)

0 0 0
0 0
T,k l...) - »p=|g| a=|, |, k= : , =
. . o

These are all Lorentz-covariant
_ definitions, in principle we never
* n=5 / need to go into a frame!
Construct orthonormal unit vectors:

0 0 0

o — = 1
ne=p=| 3 |, ns=dii=Hatlg~ (¢-ne)nd = ‘1’], 2 = ks, o = Hat [k (k- ng)ng — (k-ng)nsl = | ¢ |

1 0 0

ny = ligoans = Hatl..]= ... but then it stops: we are limited by four dimensions.

OO

= For arbitrary n-point functions, still at most
4 momenta as building blocks!
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Tensor bases

Three-point functions: 0 0
0 0
two vectors 73, 7, /‘\ Tl,q) - »p=|4|> =],
L] L]
o Fermion-scalar vertex: Same for fermion-
E pseudoscalar vertex
; 1 = 4tensors (e.g., pion Bethe-
/.\ U oy o ) Salpeter amplitude):

{l>¢3,¢4,¢3¢4}75

e Fermion-vector vertex:

/E\ {v*, n§, ni} x {1, &y, #,, #y,%8,} = 12tensors

e Three-gluon vertex:

nfnfng, 6nf, 6nf, &#nf = 1dtensors
—_— e e
2°=8 2 2 2

Gernot Eichmann (Uni Graz)
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Tensor bases

Four-point functions:
three vectors n,,ng, n, X

But with 3 vectors we can also do this:

3
SH =k + Y nkn? These relations hold in simple
72
1 =1 frame, but Lorentz-covariant
8 B~ 0 3 = they are true in any frame!
vt =elPrn&ny nd = = b=okg+ 3 nig,
¢ 0 K 7’ El ¢ ﬁ" = we no longer need §# and y#
K 0 in the basis construction,
¥ = V5 1by P31y the n! and v# are enough!

this has opposite parity
= we will need even numbers of v's

Gernot Eichmann (Uni Graz) 106/149



Tensor bases

Four-point functions:
three vectors n,,ng, n,

But with 3 vectors we can also do this:

w

3
v — v B v
S = vk ¥ + Y nf nl

1 i=1
0 3
vk = ghaBY n&nf nY — 0 = P=vp+ 3 nid,
K 0 i=1
P =15ty ths 1ty

this has opposite parity
= we will need even numbers of v's

=17
o Fermion- 7 5f
2-scalar '’ Q= {1 s kb whoth.
1 3 1
e Fermion
4-point I Qaﬁ Q’YJ s (75Q)a/9 (’)’59)75
function: LepTey JRTer A TS
8x8=64 8x8=64

Gernot Eichmann (Uni Graz)

= 128 tensors

These relations hold in simple
frame, but Lorentz-covariant
= they are true in any frame!

= we no longer need §*¥ and v*
in the basis construction,
the n and v# are enough!

i<j<k = 8tensors

For quarks
there are also
2 color tensors:
256 in total
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Tensor bases

Four-point functions:
three vectors n,,ng, n, X

But with 3 vectors we can also do this:

3

W =k + Y 'n:‘ ny These relations hold in simple

1 i=1 frame, but Lorentz-covariant

" waBy B o 0 3 u = they are true in any frame!
vH =gl n ng = = o=yt Eob.
17273 0 v v 7’ + Eln’ ﬁ" = we no longer need §*¥ and v*
K 0 in the basis construction,
# = Vs thy g 1, the nf' and v# are enough!

this has opposite parity
= we will need even numbers of v's

e Fermion-
2-vector {v*v”, nff 0¥} x Q, {vFnf, nfv*} xvQ = 128tensors
vertex: NRANGE AN S NN AN

1 9 8 3 3 8

e 4-gluon

. vroY ol vktutnfng . nk nYnfng = 136 tensors
vertex: LN i TR

( x color)
1 3%=9, 3%=81
6 permutations
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Tensor bases

> Four-point functions: four vectors n,, n,, ns, n,

4
7 B v
oM = Eln,- ny
i=

4
= =Y nk,
4=1
o fythy =—€75 € =& nf nfnfng

= Q={\1/’ &’ %’ ’¢‘i’¢‘j¢'k’ 7"1'7"3'?"7:7"1},

= 75 becomes redundant too

i<j<k<l = 16 tensors

1 4 6 4 1
e Fermion
6-point QapQys Wr = 4096 tensors ( x color)
function: Y

16°

Gernot Eichmann (Uni Graz)
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5. Kinematics
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Lorentz invariants

N
Ghg(pr,--.pn) =) i@, 83, ) Ta(p, - pu)ng

-

What is the number of Lorentz invariants for a general n-point function?
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Lorentz invariants

N
Gop (w1, -pn) = Y fi@h, 03, ) Ta(p, - pm)agi

-

What is the number of Lorentz invariants for a general n-point function?
It's the number of entries in the vectors:

0 0 0
TakL...) - FM’ FH’ k=H, 1=[

n # Lorentz invariants Examples

2 1 —o— e ey 0

3 DA A A

4 DX X I E
5 10 Ir

6 14 D W

7 18 EDs

nz4 4n-10

Gernot Eichmann (Uni Graz)

apart from possible
onshell constraints:

P?2=—m?, etc.
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Lorentz invariants

N
Gop (w1, pn) = Y fi@h, 03, ) Ta(p, - pr)agi

-

What is the number of Lorentz invariants for a general n-point function?
It's the number of entries in the vectors:

0 0 0 .
Toakl..) » »=|g|. a=|0], *k=|t| 1=|2|
L] L] L] L]
n # Lorentz invariants Examples
2 1 o e e o
3 DA A AL
4 6 DX X XK
5 10 Ir
6 14 D W , o4 % s #, A
P1" P2, P1Ps, P1° P> P1+Ps, P1°DPe
7 18 E) P2-P3, P2 s, D2 P, P2+ Do
Ps P4 P3 - Ps, Ps - Pe
nz4 4n-10 PaPs, P2 De
5 Ds

Gernot Eichmann (Uni Graz)

apart from possible
onshell constraints:

P?2=—m?, etc.

=21, not 18...
even the
Lorentz-invariants
become redundant!

B CRARNYG Y
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Lorentz invariants

N
GHe(p1y---pn) = Y fi(0}, 05, ) a1, - - - Pr)ag

4

What is the most convenient set of Lorentz invariants?

Use permutation-
group symmetries!

E.g. fermion vector vertex: kinematics invariant under ki & —k_
k= % - antisymmetric
Q=ky—k- - symmetric

= k%, Q* are symmetric, k- Q is antisymmetric
= These variables are multiplets under permutation group S,

- s, D 333} S, ﬂ} S,x S,
Ao e XK

Gernot Eichmann (Uni Graz)
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Example: diquark amplitude

:|:|>:‘— I'(p,P) = Zfz(q,q P,P?)7,(q,P) ® Flavor ® Color A
AN

H—/H—JW

Pauli principle

A & A:ud—du A:eapo
!
S & S:ouu
ud + du
dd

Scalar diquarks: 73 ={1,...}C .. A (150)T =CT 4 = —sC = Scalar diquarks

. have isospin 1 =0
cA!\'XIaIViCtor t={y...}C .S  (OT=0"=+nC axialvector diquarks
iquarks:

A isospin | =1
/ i f;

can construct remaining tensors
to have definite symmetry
(commutators, factors g P),
such that f; are singlets

= depend mainly on ¢2!
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Three-gluon vertex

14
!
ngp(pl,m,l’:i) = Zg E f'l(pipgapg) Tiﬂyp(pl’p%m) .fabc = 8

P1 P2 i=1 N
/ \ . - /
Y R A P A Bose
a b symmetry

How can we make the symmetry manifest?

(1) Arrange kinematic variables
in multiplets of permutation group S;

(2) Arrange tensors in multiplets of permutation group Ss:

This requires then all tensors & dressing functions have definite symmetry
some algebra... . X
let's focus on (1) (3) Make tensors fully antisymmetric =

then all dressing functions are fully symmetric

GE, Williams, Alkofer, Vujinovic, PRD 89 (2014)
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Permutation group S;

Permutation group S; consists of 6 group elements,
can be reconstructed from transposition P, (1 < 2)

and cyclic permutation P;,; (1 52,2 -3,3 - 1): Cayley

graph

1123 =P123 P12 Y123 =213
P1223 Y123 =231 P12 P1223 Y123 ="P132
Pi23 Y123 =P312 P12 Pi23 Y123 =321

Find combinations transforming under irreps of S; :

e Singlet S is invariant under

S e Doublets D,, D, form 2-dim subspace:
any permutation:

—MT = (3¢
P128=8 S =123+ Y231 + Y312 PIZD’:M-I,-ZDj M:z ( ° 1)
P1238=8 + Y213+ P13z + P32 P1zs Dj =Mizs Di Mj2; = %(‘75 —\—/f)

e Antisinglet A is antisymmetric under (Y231 = Y132) — P31z — Ps21)

P K D; =

any transposition i < j: ! l % ((1/1231 +Y132) + P12 + Ps21) — 2(Pazs + 1/’213))

Pplzj:‘;;ﬂ * j :ﬁ:j: i- $j:: i :ﬁzf D= % ((‘/’231 —Y132) + VY312 — Y321) — 2(Piz3 —1#213))
123 (231 + P132) — W312 + P321)
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Permutation group S;

Let’s abbreviate x; = p.?, x, = p,% xs=p5°, start with 1,5 = x5

Yizz=x Ya13=x .
Voz1 = xj IIJZE — xz = only § and D; survive, while A =0and D, =0:
Wtz =Xz — three variables!

= Singlet: &, = ZF2tes

6
. a _ - )
Doublet: D=[%], a=v3, 722, s=2tmin
$ i $123 :wz-?l ilp:’”z (Y231 — P132) — (P312 — P321)
219+ Y1z + Yazs % (1/1231 +Y132) + V312 + P321) — 2(Yazz + 1/1213))
A=
$;12§ * $j§: + :ﬁm [ 75 (Qhass = 132) + (hasz = Yzn) = 20hrza — )
- - — V321
(Y231 + P132) — P12 + P321)
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Three-gluon vertex

Let’s abbreviate x; = p.?, x, = p,% xs=p5°, start with 1,5 = x5

Y123 =X3 Y213 =X3 .
I I = only § and D; survive, whereas A = 0and D, = 0:
I — three variables!

So = z1+T2+Ts

= Singlet: .

Doublet: D = [z'], a=+3-2"% g = Ztza—idm

z1+@2+a3 ? z1+T2+23

For spacelike momenta
(like in loop integrations),
the kinematic phase space
is a cylinder:

So

So>0
a?+s2<1
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Three-gluon vertex

Singlet Sy, Doublet D = [‘;’], :f’;f'o'o";¢

So>0

If tensor basis is arranged in antisinglets,
Si=a?+s2=r2<1

dressing functions must be fully symmetric
= can only depend on symmetric variables: Sy =3a%s — s® =r3cos3p € [-1,1]

In practice, angular dependence is very weak. “Planar degeneracy”

Here: leading dressing function of three-gluon vertex Ferreira, Papavassiliou, Particles 6 (2023),
Aguilar, Ferreira, Papavassiliou, Santos, EPJ C 83 (2023)

GE, Williams, Alkofer, Vujinovic, PRD 89 (2014)

1.40:

SD sinh"(F,) . .8

e 1

i B 1(sc)
4(00)

3
sinh™'(F,)

2 4

j
e;"
s

00 100 100 100 ¢ 100 100 10 10t
S, (GeV)

W ‘ "
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Four-point functions?

2 lk P2 6 Lorentz invariants — which ones?
p o p}, p3, p3, P, P1-DP2, P3Pa ? . notefiicient
-
e sz ‘12, kz) p-q q- k) k P ? ... better, but still
/ \ no definite symmetry
pa \ p3
q 6 variables can be arranged into If all external legs are onshell,
singlet 8, doublet D and triplet 7 ch: :::lt:g':eﬁzr::?r;hr: corior

1 I

Permutation group S4 has GE, Fischer, Heupel, PRD 92 (2015) P

24 permutations:

Dynamical calculations: Huber, PRD 101 (2020),
4213 Aguilar, Ferreira, Papavassiliou, Santos, EPJ C 84 (2024)
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Summary

N
Gh (D1 --Pn) = Y fi(0h, 03, ) Ta(P1, - - )

=1
Physics Don't be afraid of Dirac and Lorentz indices!
e Symmetries help
e They make your life easier
e They make your code faster

e They make you smarter

e They are fun to play with
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Lecture notes “QCD and hadron physics?
https://particle.uni-graz.at/en/quarks-hadrons-and-nuclei

GE, “Hadron physics with functional methods’,
arXiv: 2503.10397 (for Encyclopedia of Particle Physics)

Burkert, GE, Klempt, “The impact of yN and y*N
interactions on our understanding of nucleon
excitations’ arXiv:2506.16482

GE, Sanchis-Alepuz, Williams, Alkofer, Fischer,
“Baryons as relativistic three-quark bound states”,
Prog. Part. Nucl. Phys. 91 (2016), arXiv: 1606.09602

Barabanov, Bedolla, Brooks, Cates, Chen et al.,
“Diquark correlations in hadron physics: Origin,

impact and evidence’, Prog. Part. Nucl. Phys. 116 (2021),
arXiv: 2008.07630

7. Multiquark states
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Motivation

e Understanding exotic hadrons

q
= e ?
5 - q q n
9 q @ q q — P
g 9 o = q d
q q 9 3
" « Dibaryon
lexaquarks
Glueballs Hybrid Tetraquarks Pentaquarks rea
mesons

ns
/ ? 110 i 79 new hadrons at the LHC
o

o cchd - baq
o @ woem
TG
b o can .
q (g 7.0 o Lo
a @ 9@ @ s retson @i
LEN Rt Yot T e
Diquark- Meson g5
antidiquark? molecule? E 5.0 a0 s
Gas i, S g e o
35 e o
® Quark-gluon structure of hadrons & nuclei: ” gEy v R W :
Hadron tomography at EIC, JLab, AMBER, ... 20

2012 2013 2014 2015 2016 2017 2018 2019 2020 2021 2022 2023 2024 2025
Date of arXiv submission

https://www.nikhef.nl/~pkoppenb/particles.html
https://qwg.ph.nat.tum.de/exoticshub
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Exotic mesons

— e (4274
Xea (4140)

B Conventional

M Exotic

e

o Several tetraquark candidates in charmonium spectrum:
X(3872), X(3915), Zc(3900), ....

o Z states cannot be cc since they carry charge
e Recent additions: all-charm X(6900), open-charm T, ...

e Oldest tetraquark candidates: light scalar mesons

Gernot Eichmann (Uni Graz)

Reviews:

Chen, Chen, Liy, Zhu,

Phys. Rept. 639 (2016), 1601.02092
Lebed, Mitchell, Swanson

PPNP 93 (2017), 1610.04528

Esposito, Pilloni, Polosa,

Phys. Rept 668 (2017), 1611.07920
Guo, Hanhart, Meif3ner et al.,

Rev. Mod. Phys. 90 (2018), 1705.00141
Ali, Lange, Stone,

PPNP 97 (2017), 1706.00610

Olsen, Skwarnicki, Zieminska,

Rev. Mod. Phys. 90 (2019), 1708.04012
Liu, Chen, Chen, Liu, Zhu,

PPNP 107 (2019), 1903.11976
Brambilla, Eidelman, Hanhart et al.,
Phys. Rept. 873 (2020)
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Light exotic mesons

Light meson Ideal Ka
spectrum mixing: 1 —
K
(PDG 2020) — S ——o— o
N I ~120 MeV —
M [GeV]
20 I Glueball?
- "'}L,(171(15.f‘
"u"= « .
15 I - -._ il -I.— -
L ey et - LI
10 " ,(,f 3 &}
Em_ e
L : N ;
05 = !
1 I . Four-quark
. states?
00 —
o+ 1 1+~ o+ 1++
ps v av sc av

Gernot Eichmann (Uni Graz)

o*+

Non-relativistic

level R
ordering ﬂ

- - i -y (1600)

| m 7 (1400)
Hybrids?
27 37 17"
pt
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Light exotic mesons

Light meson
spectrum

(PDG 2020)

M [GeV]

20 —

10 Zl K
oo
g
05 =l
z
00 -
o+ 1
ps v

Gernot Eichmann (Uni Graz)

1 I . Four-quark

states?

1+~ o+

av sc

e Diquark-antidiquark?
Explains mass ordering & decay widths
Jaffe 1977, Close, Tornqvist 2002,
Maiani, Polosa, Riquer 2004

0 +
K _ K fo(980MeV) —
e Mev)} USTS, ..
a® K (800MeV) usud, ..
= SD a o (500MeV) udud
fo .
o _/ T
K~ K° o ><
\ -
® Meson molecules?
Weinstein, Isgur 1982, 1990; Close, Isgur, Kumano 1993
* Non-qq nature supported by
various approaches
Pelaez, Phys. Rept. 658 (2016)
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Four-quark states

e Light scalar mesons (g, k, a, fo) as four-quark states:
GE, Fischer, Heupel, PLB 753 (2016)

D =D 2D D

' L(p,q,k, P) = Z fi (P, 2, k2 {w;}, {77]}) 7i(p,q,k,P) ® Color ® Flavor
l 9 Lorentz invariants: 256 Dirac- 2 Color
Lorentz tensors tensors:
P ¢ K, PP=-M?
D 3®3, 66 or
=l P (Fierz-equivalent)
dim K memory
Mesons 10° 20 MB
Kby = Xits Baryons 108 10’ GB
Tetraquarks 1013 10'® GB

Gernot Eichmann (Uni Graz)
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Four-quark states

Light scalar mesons (g, k, a, fo) as four-quark states:
GE, Fischer, Heupel, PLB 753 (2016)

D=2 ED -

' L(p,q,k, P) = Z fi (P, 2, k2 {w;}, {77]}) (p,q,k,P) ® Color ® Flavor

9 Lorentz invariants: 256 Dirac- 2 Color b
! Lorentz tensors tensors: 3
' P, @ K, PP=-M? B N !
y 323, 6@6 or '
9 wi=qk m=p-P 121, 8®8 /,’

:2‘ _ zf] e Z (Fierz-equivalent) y

e Group momentum variables into multiplets of permutation group S4:
can switch off groups of variables without destroying symmetries
GE, Fischer, Heupel, PRD 92 (2015)

[i(SN, O-0)
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Four-quark states

e Light scalar mesons (g, k, a, fo) as four-quark states:
GE, Fischer, Heupel, PLB 753 (2016)

M [GeV]
: -- /d
Z%} E@EZ&@+WW - :DD 15 .u;. .
q :D"
//
e BSE dynamically generates meson poles in BS amplitude: 1.0~ \ﬁ' ao/fo
fi(So ) > 1500 MeV — ﬁ/
fi(So. O) - 1500 MeV :
fi(So. > ) - 1200 MeV
fi(So 7 ) - 350 MeV'!
e ‘“Light scalar mesons” look like meson molecules, 0'02 4 6 8 10
diquark-antidiquark components almost negligible. mg [MeV]

Lightness is inherited from pseudoscalar Goldstone bosons!
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Four-quark states

Two-body formulation: meson-meson / diquark-antidiquark,
follows from four-quark eq. (analogue of quark-diquark for baryons)
Heupel, GE, Fischer, PLB 718 (2012)

Mo . . e |nteraction by
= + quark exchange
e System ‘wants’ to be
dq meson-meson-like
. = (no diagonal dg-dq term)
q
e Similar results as in

4-quark approach:
m, ~ 400 MeV, etc.
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Four-quark states

Two-body formulation: meson-meson / diquark-antidiquark,
follows from four-quark eq. (analogue of quark-diquark for baryons)
Heupel, GE, Fischer, PLB 718 (2012)

= + +
dq
= +
dq
a
) } ’ ]%
.
Include mixing with qa' [MeV] ground étate. mass|first excntfatlon
. . o 116 £ 26 970 £ 130
mre still dominant 070 11626 970 £ 130
Santowsky, GE, Fischer, Wallbott, "f - 467"27:222 1(1)23(’:230
e T+ 44
Williams, PRD 102 (2020) s i ool 0110
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Four-quark states

Four-quark vs. qq dominance
Santowsky, Fischer, PRD 105 (2022)

1004

2

300 400 500 600

T T T >
600 700 800

d

@ C A -
800 900 1000 1100°

900

1100 1300
mg = 3.8 MeV mg = 20 MeV mg = 50 MeV mg = 85.5 MeV
my = 138 MeV my; = 328 MeV my, = 526 MeV my = 701 MeV

\

Light quarks:
nr dominant

Gernot Eichmann (Uni Graz)

]

Strange quarks:
qq dominant
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Four-quark states

Hidden charm,
hidden bottom

Hoffer, GE, Fischer,
PRD 109 (2024)

M [GeV] Charmonium mass spectrum M [GeV] Bottomonium mass spectrum
== y(4660)
s 2,440 12
= i4360) L 282 =l Wave-function components:
= y(4230) g0 1020,
om0 X(4020) xo(140) [ 117 T===y(10860) = R - oo B
4.0 o x(3960) —Y(10753) —%(10650) beeh
= xa(3915) T2 s ——7,(10610) . — — =
— (3770 243900)  y,(3872) — o
— (28 10 (@S F 01(2F
o5 _ e (1P - h(1P (1P o o A
- e R B
0SSC excited 2 = = = —
e [0 ¢s5C ground
30 ' =1 cnic excited bssb excited begb excited o m o
g =1 enic ground s [ bssb ground becb ground - =
= Exp. (exotic) [0 bnib excited WEEE Exp. (exotic) cnne L u I_
= Exp. (conv.) [0 bnnb ground W Exp. (conv.) — - L R
- o - 1 - o = 1 - -
JPec JPc 1 [UARSE b 1
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Four-quark states

Open-flavor states 8

Hoffer, GE, Fischer,
PRD 111 (2025)

3

(QO)

=)

13

meson diquark
M [GeV] bbqq M [GeV) beqq M [GeV] ccqq
9.0 5.00
85 4.75 .
) /4//

excited
ground

i excited
[ ground
excited
= ground

<=

<

b

{
bss {
{

0(1%) 1(1%)

excited
ground

&z excited
[ ground
beiiin { excited
" = ground

Gernot Eichmann (Uni Graz)

. excited
ccss

{-I ground

A excited
cenn

{:1 ground

Binding energies (ground states):

bbnn 0(17)  benn 0(17)  ccnn 0(17)
5
. &
e =
=
o
S
oy
N
o
4
== 5 o
—0.2 =0.1 0.0 0.1 0.0 0.1
Ep [GeV]
benn 1(17)  ccnn 1(17)
: o o
‘Wang et. al. (2024) - o -
0.0 0.1 0.00 0.25 0.00 0.25

Ep [GeV]
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Four-quark states

Open-flavor states
Hoffer, GE, Fischer,
PRD 111 (2025)

3

meson diquark

Wave-function components:

bbéé B.B} — AppAce
- e —
bb bbss A =
bbnn g e 2w
= Bine
beee
. B:D.
bc bess
cc

Joofo1 oz Y Taaf2s

Gernot Eichmann (Uni Graz)

1J7) Physical components
121 303 8©8 696
fo h I2 Is Ja Is
0(1*) bban|| BB BB
benn|| BD* B'D
cenn|| DD DD
b33 || B.B; .
bess || B.D; BID, | AwS.
ccss || D.D; - —
1(1%)bbaq || BB®  — AwA | BB® - -
cegq || DD* ~ | AcA | DD - -

Ty is complicated mixture
of molecule and diquark-antidiquark

Can quantify meson-meson
and diquark-antidiquark
contributions

—> T sits on top of threshold,

pure molecule

130/149



Five-body systems

e Five-body equation
GE, Torres, PRD 111 (2025),

GE, Pena, Torres, PLB 866 (2025)

)

ail

L
10 permutations

* Multiplets of permutation group S5?

e
Pizs O G

2
Pz

Cayley graph of S,

Gernot Eichmann (Uni Graz)

T 1342
i .
Yo
-
2134 )) 3421
\ /
ucd
A 4
N
3142 \"n 1324
/
Cayley graph of S,

15 permutations

Cayley graph of S5
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Five-body systems

e Five-body equation
GE, Torres, PRD 111 (2025),

GE, Pena, Torres, PLB 866 (2025)

)

ail

L
10 permutations

* Multiplets of permutation group S5?

a2

Pizs @)
O m

- > -
Cayley graph of S,

H
B
I = =1

Gernot Eichmann (Uni Graz)

o8
wd Yo
it b~
W
. B’
3241 X > 2314
) /
AN
3142 4Bl
Cayley graph of S,
1 3 2 3 1
S T D; T A
)
oo B B F f

15 permutations

Cayley graph of S5
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Five-body systems

e Five-body equation
GE, Torres, PRD 111 (2025), = z - Z
GE, Pefa, Torres, PLB 866 (2025)

L L .
10 permutations 15 permutations

e Multiplets of permutation group Ss5?

@ Cayley graph of S5

Gernot Eichmann (Uni Graz) 132/149



Five-body systems

e Five-body equation
GE, Torres, PRD 111 (2025), :Z ) Z
GE, Pena, Torres, PLB 866 (2025)

L L
10 permutations 15 permutations

o Multiplets of permutation group Ss:
1 4 5 6 5 Z
S oF 17 Wi V5 7

maﬂﬂﬂaﬂﬂﬁﬂaﬂﬁja

e E.g., 32 linearly independent color structures for five-gluon vertex:

v v
L (11 + U — 205)
- . Vi

ab dede 1,4, 5 0 A

1 1 b b b, by
Sab fede - 4. 6 P (U1 + 22+ Uy + g — 405)

' e 2(fus - § (64— v5))

fabr feds fers  —> 6 25 (B — fus + 5 (30 + 4 — 5))

= = o | VB s fis =t w0
fabr feasders  — 5, 1 VA Uis + fos 0 = )

F (22 + fis +3fua+ fas + 3f21)
% 2+ fis+ fas)

Gernot Eichmann (Uni Graz)
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Five-body systems

e Five-body equation
GE, Torres, PRD 111 (2025), :Z ) Z
GE, Pena, Torres, PLB 866 (2025)

- 10 permutations L 15 permutations
: B S s
L T(pq k,LP) =Y fi(0®, @K, 2, PP {wi}, {mi}) mi(p, 4, K, 1L P) w=ak,  m=q-P,
¢ i ' wy=q-1, m=p-P,
: ! 15 Lorentz invariants, ; " k. ::: P,
group into multiplets of Ss: A, m=1-P.
B 1+1+4+4+5 1

+ dimensional constraint: only 14 are independent

REIREIRERE

e canbe generalized s 4 2 M Total Indep.
to arbitrary n-body 2 11 1 - - 3 p
equations: 311 2 2 - 6 6

4 11 3 3 2 10 10
5 1 1 4 4 5 15 14
6 1 1 5 5 9 21 18

n 1 1n-1 n-1 nn-3)/2 nn+1)/2 4n—6

Gernot Eichmann (Uni Graz)

unfortunately,
complicated
constraint
equation...

two-/three-body poles
distributed over 4 + 5
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Five-body systems

e Five-body equation
GE, Torres, PRD 111 (2025), :Z ) Z
GE, Pena, Torres, PLB 866 (2025)

- 10 permutations L 15 permutations
o Approximation: absorb two-/three-body poles explicitly in wave function

F(q1p7k7l7p) ~ f(SU)ZPaa’ )

aa’

1 1
P14+ p2)? + M3y (ps + pa +ps)* + M3

Pl12)(345) = {

= needs solutions of two-/three-body equations
e Scalar (massive Wick-Cutkosky) model:

Parameters are coupling strength ¢, exchange particle mass 8

»
| o |- e I Regions in ¢, B where
| == 4-Body S5 E 104 = 4Body S i .
A - smoays | | s ey, system is Borromean:
\ 2 .
| N e 5-body eq. has solution
s 0y £ but 2- and 3-body egs.
= E
o 4N g n do not
1| i,
g0 i
! i T ] L .
1 1 E 2
! s
o METID L
3 4 5 6 7 8 9 10 1 o 0.001 05 1.0 15 20 4.0 6.0
dimensionless coupling ¢ = 9?/(16n°m?) with g =4

mass ratio f = u/m

Gernot Eichmann (Uni Graz) 135/149



Six-body systems

e 6-body equations: Transition from
quarks & gluons to light nuclei
GE, Hoffer, in preparation

D) - D

e Relativistic structure of the deuteron .
Arriaga, GE, Nunes, Pefia, Stadler, in preparation

Gernot Eichmann (Uni Graz)

e Wave function depends on 21 variables

(1+1+5+5+9), 3 constraint equations

n S P* i pi...pk M Total Indep.
2 1 1 1 - - 3 3
3 1 1 2 2 - 6 6
4 1 1 3 3 2 10 10
5 1 1 4 4 5 15 14
6 1 1 5 5 9 21 18
n 1 1 n-1 n-1 nn-3)/2 nn+1)/2 4n—-6

Microscopic origin of
short-range nuclear
force?

GE, Mirtl, in preparation

Ve Yukawa

long range:
meson
exchanges

short
distance

»
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Lecture notes “QCD and hadron physics?
https://particle.uni-graz.at/en/quarks-hadrons-and-nuclei

GE, “Hadron physics with functional methods’,
arXiv: 2503.10397 (for Encyclopedia of Particle Physics)

Burkert, GE, Klempt, “The impact of yN and y*N
interactions on our understanding of nucleon
excitations’ arXiv:2506.16482

GE, Sanchis-Alepuz, Williams, Alkofer, Fischer,
“Baryons as relativistic three-quark bound states”,
Prog. Part. Nucl. Phys. 91 (2016), arXiv: 1606.09602

Barabanov, Bedolla, Brooks, Cates, Chen et al.,
“Diquark correlations in hadron physics: Origin,

impact and evidence’, Prog. Part. Nucl. Phys. 116 (2021),
arXiv: 2008.07630

8. Light-front wave functions
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Parton distributions

Bethe-Salpeter WF:

Hadron-to-hadron correlator vacuum-to-hadron correlator

G P.8) = (PIT@(:) 0B(0)[P)  ¥(z,P) = (0T 8(2) 2(0)|P)
| 9(a.PA=0) GgPA) ¥(gP)

[dq TMD GTMD  LFWF
[d’q, [dq~ PDF GPD PDA

Diehl, Phys. Rept. 388 (2003)
Belitsky, Radyushkin,

Light-front wave functions:
Phys. Rept. 418 (2005) coefficients of Fock expansion
Lorcé, Pasquini, Vanderhaeghen,

JHEP 05 (2011) in light-front quantization

Brodsky, Pauli, Pinsky, Phys. Rept. 301 (1998)

Gernot Eichmann (Uni Graz)
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Parton distributions

-~ ~
Ps P;

Hadron-to-hadron correlator

G(z, P, A) = (Py| T2(2) O 9(0) | )

&
P
q -—
o
Bethe-Salpeter WF:

vacuum-to-hadron correlator

U(z, P) = (0]T &(2) 2(0)|P)

|gwRA=m G(q, P,A) ¥(q,P)

[dq TMD
[d’q, [dq~ PDF

Diehl, Phys. Rept. 388 (2003)
Belitsky, Radyushkin,

Phys. Rept. 418 (2005)

Lorcé, Pasquini, Vanderhaeghen,
JHEP 05 (2011)

GTMD LFWF
GPD PDA

Light-front wave functions:
coefficients of Fock expansion
in light-front quantization

Brodsky, Pauli, Pinsky, Phys. Rept. 301 (1998)

Progress in lattice QCD:
Quasi-PDFs, pseudo-PDFs, ...

Ji,PRL110(2013),

Radyushkin, PLB 767 (2017),

Lin et al., PPNP 100 (2018)
Constantinou et al., PPNP 121 (2021)

Nakanishi representation

Nakanishi 1963, 1969, 1988

Kusaka, Williams, PRD 51 (1995)

Sauli, Adam, PRD 67 (2003)

Karmanov, Carbonell, EPJ A 27 (2006)
Frederico, Salme, Viviani, PRD 85 (2012)

Many continuum studies of
LFWFs, PDFs, GPDs, TMDs, ...

Tiburzi, Miller, PRD 65 (2002)

Nguyen, Bashir, Roberts, Tandy, PRC 83 (2011)
Chang etal, PRL110(2013)

Frederico, Salme, Viviani, PRD 89 (2014)
Mezrag et al., PLB 741 (2015)

de Paula et al,, PRD 94 (2016)

Mezrag, Segovia, Chang, Roberts, PLB 783 (2018)
Bednar, Cloet, Tandy, PRL 124 (2020)

Ding etal, PRD 101 (2020)

Serna etal,, EPJC 80 (2020)

Freese, Cloet, PRC 103 (2021)

Zhang etal, PLB 815 (2021)

Ydrefors, Frederico, PRD 104 (2021)

Gernot Eichmann (Uni Graz)
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Parton distributions

Novel method to compute

» light-front wave functions
f : i q - via contour deformations

Editors’ Suggestion:
= ~ 'qT GE, Ferreira, Stadler, PRD 105 (2022)
Py P; —
Bethe-Salpeter WF:

Hadron-to-hadron correlator vacuum-to-hadron correlator

G(z, P, A) = (Py| T2(2) O 0(0) | 1) U(z, P) = (0| T @(2) ®(0)|P)

|g(q,P,A=0> G(q, P,A) ¥(q,P)

[ dq~ TMD GTMD  LFWF
[d*q, [dq~ PDF GPD PDA

Diehl, Phys. Rept. 388 (2003)
Belitsky, Radyushkin,
Phys. Rept. 418 (2005)

Lorcé, Pasquini, Vanderhaeghen,
JHEP 05 (2011)

== CD+SPM (10,20)
X Nakanishi

Gernot Eichmann (Uni Graz) 139/149



Light-front wave function

< long.
LFWF = BSWF integrated over ¢~ " .

mom. fraction
P S
! ) T Ylak )=NP+/‘“;W(q P)|
L 2T ’ qt= = ) 12 1 ¢

0 a

2 2

o : : _ kL M - M

How is this related to an analytic function? Set = = =, w= amd t im2

Imw Imw
oo w. 00 (L+i€) W
f dw ° Rew f dw ¢ Re w
L] L]
= supportonly for —-1<a<1, = analytic function in o? forany x, t € C,
not an analytic function for —1 < @ < 1 resultis the same
Ret(a, x) Im (o, z) Rev(a,x) Im (o, z)
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Light-front wave function

< long.
LFWF = BSWF integrated over ¢~ " .

mom. fraction
P S
! ) T Ylak )=NP+/‘“;W(q P)|
L 2T ’ qt= = ) 12 1 ¢

0 a

2 2
o : : _ kL M- M
How is this related to an analytic function? Set = = =, w= amd t im2
Imw Imw
~ w w. 00 (L+ie) w. o
fdw ° ¢ Rew f dw ° hd Rew
L] L]
—o0 W —00 (144¢) /‘ Wo
= supportonly for —-1<a<1, = analytic function in o? forany x, t € C,
not an analytic function for —1 < @ < 1 resultis the same
Ret(a, x) Im (o, z) Rev(a,x) Im (o, z)
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Light-front wave function

a © long.

LFWF = BSWF integrated over ¢~ mom. fraction

,
q -—
I Vlayki) = NP* / Y g, P, -

at=4P+.q, =k,

—00 a

o . . k1 M Mm?
How is this related to an analytic function? Set z = =5, w= "¢, t=—"53
m 2m 4m?2
Imw
W W,
. ®

o0
2
(o, x,t) = N_m 2Vt / dw ¥ (z,w,t, )
i ¢ Can be integrated numerically
(check for monopole: same result)

o0
m? * BSWF is Lorentz-invariant, can be
o) = 2f /dm/; 1) calculated in any frame (also rest frame)

* But now the branch cuts in complex x plane
will look different, need to stay inside R.
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Light-front wave function

. — a © long.
LFWF = BSWF integrated over q mom. fragtion
P oo
! T ek =nP [y P
L 2T & gr=5P",q, =k, 0 12 1 > ¢
—00 > a
1 0 1
How is this related to an analytic function? Set = = Lid w=Mg t= M
Yy : T m2 ~ 2m g, t= 4m?2
Imw
After integration = branch cuts in complex +/z plane w- We
e © #» Rew
3 3 L
| T
2 2
Vi= Vi=
! ooros L o ViTHE = Propagator poles
E 0 0 Pole in BS amplitude
A R - * Correct result for LFWF inside R
R = ical reqi
2 € 2 vz Re * Physical region 0 <M < 2m
| is imaginary axis: /¢ = '27":’.
I I T R B T T B S R S T T Not possible = complex /%
Reyz Reyz
Gernot Eichmann (Uni Graz) 142/149



Light-front wave function

DD

« BSE must be solved for 1/z € R.

I(z,w,t,a)= fdz
0

1 1

[ dw [ dy K(z,',9) o', o, t, ) T(e!, ', 1, @)

-1 -1

« BSE is integral equation = must be solved along path 1/Z that coincides with integration path/z’ ,
must lie inside R. = need contour deformations

* Kernel has pole = after integrating over
y and w’, becomes branch cutin/z’ ,
automatically avoided if Re/z’ and 1v/z’|

increase along integration path

Gernot Eichmann (Uni Graz)

* Propagators have poles = branch cuts from before,
automatically avoided if path within R.

* BS amplitude may dynamically generate singularities

= avoided as long as arg v# < arg(iu)

Im V&

iu

.

[

calculable
region

RevE

N\

)
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Light-front wave function

b — £ 1 1
qD = u—q'“ q‘l} £ I‘(a:,w,t,a)=fda:'fdw’fdyK(a:,z’,Q)G’o(z',a/,t,a)I‘(x’,w’,t,a)
0 -1 -1

Q=ww' +yv/I—w?V1-w?

« BS amplitude falls off like 1/x

« only weak dependence onw and a
[P(z,w,t,0)| = a dependence in LFWF comes from propagators:

(e 2,1) o [ dw Go(z,w,t,0) T(z,w,1, )

¢ LFWF needs I for w e (—o0,00), but
BSE solution only known for w € [-1,1]

Use Schlessinger point method (SPM)
for analytic continuation

1 Schlessinger, Phys. Rev. 167 (1968), Tripolt, Haritan, Wambach,
Moiseyev, PLB 774 (2017), Binosi, Tripolt, PLB 801 (2020), ...

:
10° 18

108
=06,
VE=02+02i fw) = 21
1+
1+

o2 (w—wr)
3 (w—wa)

14 ¢ (w—ws)
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Light-front wave function

040

030

020

010

000 L

010
030

025

020

015

010

005

000

010

008

006

004

002

000

Light-front wave function
(IR, mid-momentum, UV)

Red(a,a,t) Imv(a,a,t)

aWh

\ e ™

i

1 05 0 05 1-1 05 0 03

0.00
010
020
030
0.0
0.00
005
010
015
020
030
035
001
003
002
001
000

001

CD+SPM  Nakanishi

VE=020+020i
VE=020+086 x
VE=020+120i

Gernot Eichmann (Uni Graz)

Parton distribution amplitude
#(@)

=== CD+SPM (10, 20)
x Nakanishi

plain numerical result

On the physical axis:
ViE=05i

use Schlessinger
method in £

GE, Ferreira, Stadler,
PRD 105 (2022)

Frederico, Salme, Viviani,

¢ Results agree with Nakanishi method { PRD 85 (2012)
¢ LFWF vanishes at endpoints @ = £1

* No expansion in moments involved,

« Also works above threshold (unphysical,

no poles on 1st sheet, no resonances either)
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Complex conjugate singularities

Straightforward to implement in scalar model, o 1 1
' ; D) =5 5777 — +
contour deformations work in same way 2 \ g2 +m2(1+1i0)
~§ Imw Imw
w. w. w. w.
(x| P
> Rew - Rew
. ‘ Wo o Wo o
w. w, Wy
oo 20 (1+1e)
fdw fdw
=00 —0o0 (144€)
does not give correct correct limit for § = 0,
limit for§ —» 0 proper analytic continuation

® One does not even need Tm V€
to know pole positions! iu

= works for general

singularities in / calculable
region

n-point functions!

Gernot Eichmann (Uni Graz)

1 o ¢* +m?
@ +m2(1-i0)) (¢ +m2)?+m's?

LFWF and PDA not sensitive to ¢ :

Rey(a,z.1) Im y(a,2.1)
o o0l

Ao

012
010
008 0.005
006

001
001

0015
002

000 002

1 05 0 05 1-1 -05 0 05 1

Re 6(a) Im 6(a)
L0

020
120
o0 010
\ M 77\
™
\ ! Yoo
060
010 \ -
00
0w
1 -0 5 5 5

GE, Ferreira, Stadler, PRD 105 (2022)
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PDFs, TMDs, GPDs?

All generated from hadron-to-hadron correlator

Diehl 2003, Lorcé, Pasquini, Vanderhaeghen 2011,

MeiBner, Goeke, Metz, Schlegel 2008, Meiner, Metz, Schlegel 2009

f(k, P) <

A=0

LT

G(k,P,A)  Correlation function
[ dk~ [ dk
' [[d*b FT, 0 v
TMD fa k) W (2, k, ) < G(z,k, & A) GTMD
J d? | d*F | d?
y [ d2b Y ET A 4
PDF fla) =— fl@,b) <— G(x,6,0%) GPD
[ dzant [ dxznt
A\ Y
FFs  Fo(A%) <——— X1 A (A7) (20)F GFFs

Gernot Eichmann (Uni Graz)

Eduardo Ferreira, ACHT 2025
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Thank you!
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Backup slides
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Gluon mass generation

transverse longitudinal
Gluon propagator: dressing dressing = 1

e 20) <) (- )

e Perturbation theory:
Massless gluon pole

e Nonperturbative calculations:
Massless pole disappears!

2(Q?) 1 . Z(Q?) does not
02 Q2 real pole? Q2 diverge at
complex poles? . Q=0
branch cuts?
0 @’ © @

Gluon 1/Z(Q?) Ghost G(Q?%)

SC Ghost dressing
diverges in IR

DC Ghostis
finite

10+ 0 100 10° 104 10° 10t 10°

Q?[a.u] ” Q?*[au]

Gernot Eichmann (Uni Graz)

Family of “decoupling” solutions,
also seen in lattice QCD

Cucchieri, Maas, Mendes, PRD 77 (2008)
Aguilar, Binosi, Papavassiliou, PRD 78 (2008)
Boucaud et al., JHEP 06 (2008)

Bogolubsky et al, PLB 676 (2009)

Fischer, Maas, Pawlowski, Ann. Phys. 324 (2009)
Duarte, Oliveira, Silva, PRD 94 (2016)

Aguilar et al., EPJ C 80 (2020)

Endpoint is “scaling” solution,

confinement manifest

Lerche, Smekal, PRD 65 (2002)
Fischer, Alkofer, PLB 536 (2002)
Alkofer, Fischer, Llanes-Estrada, MPLA 23 (2008)

All solutions show gluon mass gap

) #Q 2@ ia.
rl‘_f‘éc/(zn)s (Q2) ¢

—Mgap T

x e

Schwinger mechanism:
Gluon correlation functions
develop massless longitudinal poles

Aguilar, Ibanez, Mathieu, Papavassiliou, PRD 85 (2012)
Aguilar, Binosi, Papavassiliou, PRD 95 (2017)

GE, Pawlowski, Silva, PRD 104 (2021)

Aguilar, Ferreira, Papavassiliou, PRD 105 (2022)



Gluon mass generation

(D-1Y(@) = (D)(Q) + Expand self-energy in overcomplete basis:
o Az (Q%) (@26 — Q“Q¥) + Ao(Q%) 8" + AL(Q?) Q*Q¥

’um":mum +

Z@) ' =Zat+Ar + % /

L@) ' =1+¢ [AL+%]

contains must contain
quadratic longitudinal
divergences, massless poles
need to be Ao
subtracted Ap=-— @

Mass generation
must come from here!

= Gauge consistency needs longitudinal massless poles in vertices

.v‘w+w{;‘}w+§§ +W‘ﬁ}"+m%§w

~———

L0 =

e YM solutions depend on 2 parameters:

N ghost-gluon three-gluon four-gluon
coupling o, mass parameter 3 & A, vertex? vertex? vertex?
GE, Pawlowski, Silva, PRD 104 (2021)
a e SC solution: ghost-gluon vertex BSE eigenvalue
has Iong. massless pole (=1 means: long. massless pole)
GE, Pawlowski, Silva, PRD 104 (2021)
A DC
o — e DC solution: three-gluon vertex L se
has long. massless pole h N atice
Aguilar, Ibanez, Mathieu, Papavassiliou, PRD 85 (2012), massive o e ?
0 4’/’ Ferreira, Papavassiliou, Particles 6 (2023) ™ :
1
2o(a, B) only rescales solutions, e SC & DC physically equivalent? 2
1

2a(a, B) distinguishes SC & DC

Gernot Eichmann (Uni Graz)

Test in hadron observables!
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Family of solutions

Fixed B, vary a € (0,00): Running coupling Ghost dressing

a GB)(z)

onset of

/ DC solutions

B

® Running coupling &(z) w100 100 102
is RG-invariant, sets scale x T

(so far x is arbitrary) Gluon dressing

® SC = envelope of DC solutions
for @ = 00 4 ZB) ()

7~ (QZ)Zn 3
G~ (@)
F3g ~ (QZ)—S&
a ~ const.

~

e Onset of DC solutions & .
lattice solutions 10° 10+ 10° 10 100 1072

ot 104 10° 10° 10° 10"

Gernot Eichmann (Uni Graz) 4/9



Truncation error

® Set Z3q — cZ3, ... quantifies deviation from STI (without truncation: ¢ = 1),
same effect from “over-renormalizing” 3-gluon vertex

e YM system only converges up t0 Cpax < 1

¢ Anomalous dimensions reproduced for [ ¢~ 0.4 . - ) )
B c-09 = identifies “physical point”
B 0.96 for each truncation
c~0.
GE, Pawlowski, Silva, PRD 104 (2021)

el s Pemtrm—1 Zmax

05

00

osp —— 1
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Resonances

¢ Most hadrons are resonances and decay
& poles in complex momentum plane

N(940) ° Rey/s

N(1440) °
N(1710)

Imy/3

e BSE kernel must include decay channels:

p meson becomes resonance

Williams, PLB 798 (2019), Miramontes, Sanchis-Alepuz, EPJA 55 (2019),

Santowsky, GE, Fischer, Wallbott, PRD 102 (2020),
Miramontes, Sanchis-Alepuz, Alkofer, PRD 103 (2021)

Gernot Eichmann (Uni Graz)

e Contour deformations as tool
to go beyond thresholds
GE, Duarte, Pefia, Stadler, PRD 100 (2019)

2nd sheet 1st sheet
15 T T T
|
|
|
i
& |
BT
E 3
virtual A ’ ° bound
state "o | state
|
05 ‘. . -
)
H tachyon
! —
on 7 o
0.0 L | P Lo @
-1.0 -05 0.0 05 10
RevVe

Scattering equation for 4-point function

-7 T
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QCD phase diagram

2
H
&
3
g
5
&

) <)
W& Hadrons

=
o

Search for critical endpoint (CEP) from DSEs & lattice:

200 T T T
1,/T=2 1,/T=3
Hy My Fischer, Prog. Part.
Nucl. Phys. 105 (2019)
\:\X\
% ‘\
= 100f « )
& —— Lattice: extrapolated curvature [Bonati et al.]
= —-~ Latice: chiral suszeptibility [Bellwied et al.]
— = DSE: back-coupled quarks [Fischer etal.]
501 fireezeout points [various sources] 1
- DSE: gluon model [Gao et al.]
|-~ DSE: gluon model [Gao and Liu]
ol T T T |
0 100 200 300 400 500

Hy [MeV]

Location of CEP sensitive to baryons?
GE, Fischer, Welzbacher, PRD 93 (2016)

Gernot Eichmann (Uni Graz)

7/9



Some thoughts

e Same spectral representation for all e Without truncations, BSEs for qq, qqqq, qqg, ..
correlation functions that produce qq: should produce same spectrum

B B T — harder to include
- _ D qqqq, qqg
D - =D

[ - — harder to include
1 qq components

1l
3

|

90

With truncations, qq (qqqg, qqg, ... ) BSE
should give more reliable spectrum for
qq (99qq, 99g, ... ) dominated states

Exotic quantum numbers not excluded
in principle (need gluon-rich kernel in qq BSE)

Gernot Eichmann (Uni Graz) 8/9



Some thoughts

* Why don't we see exotic quantum numbers
in lattice calculations with qq operators?

(925 4y T) = 1 | —
gauge-dep.
(@ro(qre) = < > —
gauge-inv.
€ p —

Could test with gauge-fixed
lattice calculations: same spectrum?

D=/C

gauge-inv.

gauge-dep. gauge-dep.

g

gauge-inv. gauge-inv.

€

D—(

Vo

oo

<>
D—(

\/

= 0 for exotic

quantum nrs (?)

# 0 for exotic
quantum nrs
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