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Motivation
Conventional Hadrons: Exotic Hadrons:
Mesons Baryons Glueballs  Hybrids 4-quark Pentaquarks
states

e Powerful toolkit to classify conventional hadrons: Quark Model (QM).
® |ot of particles measured that do not fit into the QM picture.

® A few examples:

m Light scalar mesons: o, k, ag, fo
m Exotic XYZ-states: X (3872), X (3915), Z.(3900), Z.(4430)

® More naturally explained as 4-quark states.
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[T EINS NI Dyson-Schwinger Eq., Bethe-Salpeter Eq.

Functional Framework

® Non-perturbative, fully relativistic framework.
® To compute the properties of bound states, use combination of:
® DSEs: The QCD quantum equations of motion,

O
1 1 1 1 N

o _ + O = O+ R O
' \
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[T EINS NI Dyson-Schwinger Eq., Bethe-Salpeter Eq.

Functional Framework

® Non-perturbative, fully relativistic framework.
® To compute the properties of bound states, use combination of:

® DSEs: The QCD quantum equations of motion,
® Hadronic bound state equations: BSEs, Faddeev egs. .

Eigenvalue equation

A(P?) r™ = g g rn)

with A(P2 = —M?) =1
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Functional Framework [REECHEYNESS

The 4-quark BSE:
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Lorentz-invariants
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Functional Framework [REECHEYNESS

® Can cast the Lorentz-invariants into multiplets of Sy:

Eichmann, Fischer, Heupel, Phys.Lett.B 753 (2016) 282-287

® One singlet: So
® One doublet: D =

D1
Dy

® Two triples: Ty, Th1 — subleading
® Dressing functions: f;(So, D)
® Poles dynamically generated in D
® "Physical basis": put poles in externally: f;(So, D) — fi(So) - Pap * Pea

g diquark pole
7

q

c ) Dy

diquark-antidiquark f i

molecule

Eichmann, Fischer, Heupel, Santowsky, Wallbott,Few Body Syst. 61 (2020) 4, 38
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2-body approach

® Assume dominant 2-body forces — simplify the 4-body BSE to get the
2-body approach.

Santowsky, Fischer, Eur.Phys.J.C 82 (2022) 4, 313
Santowsky, Eichmann, Fischer, Wallbott, Williams, Phys.Rev.D 102 (2020) 5, 056014

D
X

® |t is a coupled system of meson-meson and diquark-antidiquark components
which interact via quark exchange.

\JWWW

® This approach is close in spirit to an effective field theory description.
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Results in 2-body formalism



Resonances

Resonances

arb, Wnits

Rey

ey
(a) first Riemann sheet

(b) second Riemann sheet

b, Wit

Rey
(c) tramsition from first to second Riemann
sheet

P.A. Zyla et al. (Particle Data Group), Prog. Theor. Exp. Phys. 2020, 083C01 (2020) and 2021 update
® Poles in scattering amplitude:

® Bound state: on physical sheet

LU Gi

® Resonance: on unphysical (2nd) sheet
Joshua Hoffer (ITP )
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Complex plane & Branch cuts in BSE

A(P?) r™ = g ag@) pi)

® |t is possible to solve the BSE for complex eigenvalues.

® Usually carry out computations in rest frame of the bound state:
Pt =iMé}. (Eucl. space-time)

® Add term: P* =iMé; — (iM+ L) éf.

® Pole is identified if Re(A\(P?)) = 1 & Im(A(P?)) = 0.

® Caveat: Only possible to calculate in the first Riemann sheet — need analytic
continuation.
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[RECTIERL IR VARG EIEVI  Complex plane & Branch cuts in BSE

Branch cut in BSE:
I (p?) = /dqQ/dZ/dy/dcb KM (p?, )G T (¢?)

® Pole structures

in the interaction topologies — restrict the range of P2.

003 005
1mn! egra on pathh -------- [ m egra on path -------- i
., 0.02 - branch cut 1 . gg; branch cut
© ) T 0
- -0.01 = "\ !
E - £ -001 e
-0.02 ~ ~0.02
-0.03 -0.03
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Branch cut for P < Pt Branch cut for P > Pt

Santowsky, Fischer, Phys.Rev.D 105 (2022) 3, 034025
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[P ARSI Complex plane & Branch cuts in BSE

® Used clever combination of path deformation and analytic continuation in the
2-body approach.

® Extract the mass + decay width of the o, ag, fo.

Re(A(@Q?) ~1)

Im(=A(@Q%)
I 3 II
gl 0.3
g 0.2
0.1
0
-0.1
—0.2
2
0.24 0.1 0
""" 0.28 :
threshold 0 ;
Micev] 32 o3 —01  T2(GeV]

PDG (M—il'/2): o: (400 — 550) — (200 — 350) MeV
ao: (960 — 1030) — i(20 — 70) MeV
fo: (980 — 1010) — i(20 — 35) MeV

o state M T/2 fo ao setup M /2
am+ 0707 +q7 291(5) 121(22) . . KK +070" 1001(4)  24(16)
w4+ 0To" 302(7)  148(31) . S5 1073(10) 0
e 301(7)  158(29) o s5+ KK 927(18) 1(3)
qq 661(8) 0 . s34+ KK +0t0t  915(20) 2(3)

Santowsky, Fischer, Phys.Rev.D 105 (2022) 3, 034025
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Results in 4-body formalism



Preliminary results in 4-body formalism [BEINIERISSIESTaETS

Dominant substructure

DEYDED =
DD EDw

o [' = fMl . M1 + sz .Mz + fD . 7D 167 Ilr:k‘so) [Ge\lloz] Y
® Channels for ag (quark content 3Gqs): q=u/d
VI M & 140 MeV.
. nm
eD. gjoj mx ~ 500 MeV

m, ~ 550 MeV
mg+ ~ 1100 MeV
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Complex plane in the 4-body approach

Computation with path deformation candidate:
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Conclusion

Summary:
® Motivated why 4-quark states are a highly interesting area of research.

® Functional methods are a great toolkit to make qualitative predictions about
masses and internal structure of 4-quark candidates.

® Showed results for masses + decay widths obtained in the 2-body approach.
® Showed preliminary results for computation in the complex plane in the
4-body approach.
Outlook:
® Further investigation of the BSE in the complex plane.

® Check if masses + decay widths can be extracted in the 4-body framework
using the technique developed in the 2-body approach.
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Pion BSE

Pion Bethe-Salpeter amplitude is given by:

Tyion(p°) = E(p°) - 11(p, P) + F(°) - 72(p, P) + G(p°) - 73(p, P) + H(p®) - 7a(p, P)

E(p?)
F(p?)
G(p?)
H(p?)
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102 10 10t

In(p) [GeV?]

4-quark states from functional methods

27 May, 2022

1/7



Complex plane in the 4-body approach

Computation without path deformation:
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Results (Heavy-light mesons ccqq (hidden charm))

0(0"") cqqe 1(117) cqqe
___: ;"uf +myw Tt omp +my g
s e I R
Z 61+ DD+J/ww Z 6] ° DD*
o X DD+ J/Yw+ SS| O A DD*+4J/¥rw
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Sl g e ST === Sy
i =
3T : T T T T 3 -;/ T T T :-
0 200 400 600 800 0 200 400 600 800
mg [MeV] mg [MeV]
I(JFY)  exp. candidate mass 2-body BSE [GeV] mass 4-body BSE [GeV]
0(07F) X (3915) 3.49(25) 3.50(42)
0(1FF)  xer (3872) 3.85(18) 3.92(7)
1(1+7)  Z.(3900) 3.79(31) 3.74(9)
Wallbott, Eichmann, Fischer, Phys.Rev.D 102 (2020) 5, 051501
Santowsky, Fischer, Eur.Phys.J.C 82 (2022) 4, 313
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Results (Heavy-light mesons ccqq (open charm))

0(1") ccqq 1(17%) ccqq, 0(1F) ccss
—= mp + mpx* : H —'= mp +mpx
Ve A DD* H -4 A DD*
x DD* 4 AS x DD* +AA
% 6 DD* + AS + D*D %
O ——a | 2
% 5 T - %
4 -
34 . . ; ; g . . ;
200 400 600 800 0 200 400 600 800
mg [MeV] mg [MeV]

I(JF) exp. candidate mass 2-body BSE [GeV] mass 4-body BSE [GeV]
107) - 321(2) 3.80(10)

0(1F)  T.h(~ 3875) 3.49(48) 3.90(8)

11+t - 3.47(24) 4.22(44)

Wallbott, Eichmann, Fischer, Phys.Rev.D 102 (2020) 5, 051501
Santowsky, Fischer, Eur.Phys.J.C 82 (2022) 4, 313
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Eigenvalue curve
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Light scalar mesons

Backup slides

The light scalar (07) mesons is an example where the Quark Model yields wrong

predictions:

M [MeV]

1000 1

500

Joshua Hoffer (ITP - JLU GieBen)

K KT
‘ £0(980) 5
; k(700) wu3, ds

e Why are g, fo almost mass degenerate?
® Why are the decay widths so different?

(o, k) =~ 550 MeV
(a0, fo) ~ 50 — 100 MeV

® Why are they so light?
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Light scalar mesons

Suppose they were tetraquarks: Jaffe 1077; Close, Tornqist 2002; Maiani, Polosa, Riquer 2004
M [MeV] K KT
1000

x(700) usad, ...
a(500) uduad

500 7

— ¢ Explains mass ordering and decay widths:
, couple to KK,
***************** o, Kk large decay widths

® Non-qq nature of o is supported by dispersive
analyses, unitarized ChPT, large N¢, extended
=0 1=1 1=1 linear & models, quark models

Pelaez, Phys.Rept. 658 (2016)

Joshua Hoffer (ITP - JLU GieBen) 4-quark states from functional methods 27 May, 2022

6/7



Branch cut in 4-body approach

0.15
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