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A.1: Analysis of rescattering effects in 3π final states

Stamen, Isken, Kubis, Mikhasenko, Niehus, Eur. Phys. J. C 83 (2023) 510

• nontrivial rescattering effects in 3π decays dominated by πρ :
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• related experimental analysis: in progress COMPASS

A.1: Analysis of rescattering effects in 3π final states – p. 1



Hi-Lite Project A.2: 3-Particle Resonance Avoided Level Crossing

• first observation of avoided level
crossing in 3-particle resonance on the
lattice

• model system: complex ϕ4 theory
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• comparison: resonance (red) versus no
resonance (gray) scenario at g = 8.87

• excellent agreement between different
finite volume formalism
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A3: BORN OPPENHEIMER EFT (BOEFT) CALCULATION  of  HYBRIDS DECAY

N. Brambilla, W.K. Lai, A. Mohapatra, A. Vairo Phys.Rev.D 107 (2023) 5, 054034  
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belonging to the H
0

1
multiplet after including the uncertainties in the gluelump mass. From Table IV, we see that the

states  (4230) and  (4390) decay both to the spin singlet charmonium, hc(1P ), and to the spin triplet charmonium,
J/ . This could be consistent with hybrid spin-conserving and spin-flipping decays, respectively. Instead, the states
 (4360) and  (4660) have only been observed to decay to spin triplet charmonium states, J/ and  (2S). Recently,
the BESIII collaboration has suggested the existence of two possible new states with quantum numbers JPC = 1��,
Y (4500) and Y (4710), from resonance structures in the e+e� ! K+K�J/ and e+e� ! K0

S
K0

S
J/ cross sections,

respectively [41, 43]. The masses and the quantum numbers of these states are compatible with the excited spin
singlet H

0

1
and H

00

1
hybrid multiplets after including the uncertainties from the gluelump mass.
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Figure 2: Comparison of the mass spectrum of the neutral exotic charmonium-like states shown in Table IV with
results for hybrids obtained by solving the coupled Schrödinger equations (2.18). The experimental states are
represented by horizontal solid blue lines with vertical error bars. Our results for the multiplets H1, H 0

1
, H 00

1
, H2,

H 0
2
, H3, H4 and H5 are plotted with error bands corresponding to a gluelump mass uncertainty of ±0.15 GeV. The

figure has been adapted and updated from Ref. [3].

The quantum numbers JPC = 1++ and the mass of the �c1(4140) and �c1(4274) suggest that they could be
candidates for the spin singlet 1++ member of the H2 hybrid multiplet within uncertainties. For the spin singlet
member of the H2 multiplet, a spin-conserving decay leads to a spin singlet ⌘c(1S) quarkonium in the final state and
a spin-flipping decay leads to a spin triplet �c(1P ) quarkonium in the final state. The states �c1(4140) and �c1(4274),
however, have been observed to decay only to � J/ . It has been suggested that these states could be isospin-0
charmonium tetraquark states [16, 51]. The JPC quantum numbers of the X(4160) have not yet been determined. A
positive charge conjugation and the mass could make it a candidate for the spin triplet (0, 1, 2)�+ member of the H1

multiplet or the spin singlet 1++ member of the H2 multiplet. Recently, the LHCb collaboration reported two new
exotic states, X(4630) and �c1 (4685), with quantum numbers JPC =??+ and JPC = 1++ in the B+

! J/ �K+

decay [42]. The favoured quantum numbers for X(4630) are JPC = (1 or 2)�+ [4, 42]. Based on the quantum numbers
and mass, the X(4630) state could be a candidate for the excited spin triplet (0, 1, 2)�+ member of the H1 multiplet
or the spin triplet (1, 2, 3)�+ member of the H5 multiplet after including the uncertainties from the gluelump mass.
The quantum numbers 1++ and the mass of �c1 (4685) are compatible with the spin singlet state of the excited H

0

2

multiplet after accounting for the uncertainties from the gluelump mass. For the X(4630) and �c1 (4685), only the
decay to � J/ has been seen until now.

The quantum numbers of X(4350) are JPC = (0 or 2)++ [52]. The mass of the X(4350) suggests that it could be a
candidate for the spin singlet 2++ member of the H4 multiplet. The quantum numbers JPC = 0++ and the masses
of the �c0(4500) and �c0(4700) suggest that they could be candidates for the spin singlet 0++ member of the H3

hybrid multiplet within uncertainties. For the spin singlet member of the H3 and H4 multiplets, the spin-conserving
transitions lead to the spin singlet ⌘c(1S) quarkonium in the final state and the spin-flipping transitions lead to the
spin triplet �c(1P ) quarkonium in the final state. However, the states X(4350), �c0(4500), and �c0(4700) have been
observed to decay only to � J/ .

BOEFT prediction for hybrids multiplets (boxes) in comparison  to  
neutral exotic charmonium states (crosses)
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with the hybrid-to-quarkonium transition widths computed in this work and listed in the Tables V and VII, according
to the assignments made in Figs. 2 and 3. The total decay width is the sum of all exclusive decay widths, therefore the
hybrid-to-quarkonium transition widths computed in this work can only provide a lower bound for the hybrid total
decay width. Moreover, for the charmonium hybrid states H1 (4155), H1 (4507), H1 (4812), H2 (4286), H3 (4590),
H4 (4367) and the bottomonium hybrid state H1 (10786) we cannot reliably estimate the spin-conserving transition
widths due to violation of the condition (3.3). Hence, for these states we show in Figs. 4 and 5 only the sum of the
spin-flipping transition widths listed in Table VII. For the charmonium hybrid H2 (4667) and the bottomonium hybrid
H1 (10976), both the spin-conserving and spin-flipping transition widths could be computed (see Tables V and VII)
and their sum is shown in Figs. 4 and 5. Based on Figs. 4 and 5, we can make the following observations for each
state.7.
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Figure 4: Comparison of the total decay widths of the neutral exotic charmonium states from Table IV with the
hybrid-to-quarkonium transition widths computed in this work according to the assignments in Fig. 2. For
H2 (4667) (represented by triangles), the transition width is the sum of the spin-conserving transition width in
Table V and the spin-flipping transition width in Table VII. For all other hybrid states (represented by squares), the
transition widths are just given by the spin-flipping transition widths in Table VII as the spin-conserving transitions
violate the condition (3.3).

•  (4230) (also known as Y (4260)): The mass and quantum numbers of this state are compatible with the
hybrid state H1 [1��] (4155) within uncertainties. The experimental determination of the inclusive decay width
of  (4230) is 50± 9 MeV [4]. Our estimate for the lower bound on the total decay width of H1 [1��] (4155) is
104+74

�45
MeV, which is almost twice the experimental value. This disfavours the interpretation of  (4230) as a

pure hybrid state. It should be mentioned, however, that our estimate could be consistent within errors with
the recent measure of 73± 32 MeV for the inclusive decay width of  (4230) by the BESIII experiment [41].

•  (4360): The mass and quantum numbers of this state are compatible with the hybrid state H1 [1��] (4507)
within uncertainties. The experimental determination of the inclusive decay width of  (4360) is 115±13 MeV [4].
Our estimate for the lower bound on the total decay width of H1 [1��] (4507) is 75+37

�22
MeV, which is lower,

although overlapping within errors, with the experimental determination. Within present uncertainties, the
state could therefore have a H1 [1��] (4507) hybrid component.

•  (4390): The mass and quantum numbers of this state are compatible with the hybrid state H1 [1��] (4507)
within uncertainties. The experimental determination of the inclusive decay width of  (4390) is 139+16

�20
MeV [4].

7
We have computed masses and transition widths assuming that the states are either pure quarkonium or pure hybrid states. We

are aware, however, that mixing between quarkonium and hybrid states may influence the phenomenology of the physical states [9],

eventually a↵ecting some of their interpretations

BOEFT predictions for the hybrids to quarkonium decays  in comparison  to  
the total decay widths of the neutral exotic charmonium states Results are obtained also for bottomonia exotics

This opens the way to a treatment of ALL  XYZ exotics  
in the BOEFT framework: we are currently addressing  

Tetraquarks





Project A7: H. Dreiner & C.D. Lü
• Supersymmetric light long-lived neutralino: novel proton decay mode
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⇡ + (µ, ⌫)

Detector

p

• Light long-lived neutralinos at colliders:
(1) Phys.Rev.D 103 (2021) 7, 075013; (2) JHEP 03 (2021) 148; (3) JHEP 04 (2022) 057; 

(4) SciPost Phys. 14 (2023) 134; (5) JHEP 02 (2023) 120; (6) e-Print: 2306.11803
•  

• Proton decays to Kaon + light long-lived neutralino via UDD
• Neutralino !ys and decays in detector via LQD
• Signature: Kaon + Neutralino decay

(to appear shortly)



A.8 Charmless Exclusive B Decays — Highlights M. Beneke (TUM)

I Factorization theorem for charmless and B to charm hadronic two-body decays

B → M1M2(γ) including QED effects + analysis of branching fractions and CP

asymmetry sum rules in πK final states

[2008.10615 (charmless) and 2107.03819 (heavy-light + semi-leptonic)]

II Definition, renormalization and evolution of light-cone distribution amplitudes in

QCD+QED for light mesons (π, . . .) and heavy mesons (B)

[2108.05589 (light mesons) + 2204.09091 (heavy mesons)]

Γ(u, v;µ) = −

αemQM

π
δ(u− v)

(

QM

(

ln
µ

2E
+

3

4

)

−Qd ln u + Qu ln ū

)

−

(

αsCF

π
+

αem

π
QuQd

)

[ ERBL ]+ (Evolution kernel)

III Mass-dependent LCDA of a heavy meson

from the universal leading-twist HQET

LCDA

[2305.06401]

0.0 0.2 0.4 0.6 0.8 1.0

0

1

2

3

4



A9: EFT for Nuclear Electroweak Currents

4He charge radius: effective field theory and experiment
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1.69

4H
e
ch
ar
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ra
di
us

[fm
]

Experiment Theory

extraction from
e- scattering

Sick ’08

 μ 4He
Krauth et al. ’21

this work
(preliminary)

χEFT
Marcucci et al. ’16

‚conventional‘
Marcucci et al. ’16

χEFT, N2LO
Muli et al. ’21

Our prediction for 4He charge radius

rC(4He) = (1.6798 ± 0.0035) fm
preliminary, using CODATA 2018 rp and own determination of rn

rstr(4He) = 1.4784 ± 0.0030trunc ± 0.0013stat ± 0.0007num fm

rC(4He) = r2
str(4He)+(r2

p+ 3
4m2p )+r2

n

Our prediction for 4He charge radius is fully consistent with the muonic-atom spectroscopy

22

N3LO EM current operator: isoscalar part     : isovector part work in progress

Applica4on:

Preliminary, using CODATA 2018 rp and own determination of rn PDG22



A10: Parity-violating Pion-Nucleon coupling h1π from Lattice QCD

N

Soft Pion

Theorem

N
4q, P

soft π

N
4q, /P

N

〈N | q̄ Γ q q̄ Γ q |N〉〈N π | q̄ Γγ5 q q̄ Γ q |N〉

Exploratory Lattice QCD computation towards Parity-Violating NNπ coupling h1π
first-time calculation of all diagrams, including quark-loops “B” and “D”,
from all light and strange flavored 4-quark operators

B D W

N N N N N N

bare coupling from connected “W ” diagram at Mπ ≈ 260MeV, lattice
spacing a ≈ 0.9 fm and box size L ≈ 3 fm

h1π (W , bare) = 8.08 (98) · 10−7 arXiv : 2306.03211 [hep− latt]

A10 HPV CRC110 Rizhao 1 / 1



A.11: Dispersion relations for B−
→ ℓ

−
ν̄ℓℓ

′
ℓ̄′

Kürten, Zanke, Kubis, van Dyk, Phys. Rev. D 107 (2023) 053006

• B− → ℓ−ν̄ℓγ: access B-meson LCDA e.g. Beneke, Rohrwild 2011

• B− → ℓ−ν̄ℓℓ
′ℓ̄′: off-shell dependence of B → γ∗ form factors LHCb

• goal: relate B → γ∗ to B → ρ, ω via dispersion relations

−→ need form factor basis free of kinematic singularities / zeros
Bardeen, Tung 1968; Tarrach 1975

−→ BTT generalised from electromagnetic to weak form factors

• z-expansion of B → V form factors Bharucha, Straub, Zwicky 2016

• branching ratios, forward–backward asymmetry, form factors:

Process B × 108 AFB

B− → e−ν̄eµ
−µ+ 3.19(43)N (25)Vub

−0.358(31)N

B− → µ−ν̄µe
−e+ 3.78(47)N (30)Vub

−0.398(38)N

B− → τ−ν̄τe
−e+ 2.75(27)N (22)Vub

−0.500(18)N

B−
→ τ−ν̄τµ

−µ+ 1.77(23)N (14)Vub
−0.458(15)N

A.11: Dispersion relations for B−
→ ℓ

−
ν̄ℓℓ

′ ¯
ℓ′ – p. 1



B1. New insights into the interpretation of hadronic form factors
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(6.59),

ρ(r) = ∫ d3q F(−q2) e−iq⋅r The standard „Breit-frame“ density can not 
be interpreted as a charge density for light 
hadrons Burkardt, Miller, Jaffe, …. 

  no consistent definition of local spatial densities possible?⇒

e−i(p′ −p)⋅r (E + E′ ) F(q2)

ρϕ(r) = ⟨ϕ, 0 | ̂ρ(r,0) |ϕ, 0⟩ = ∫
d3p d3p′ 

2(2π)3 EE′ 
ϕ⋆(p′ ) ⟨p′ | ̂ρ(r,0) |p⟩ ϕ(p)

Define the charge density of a spin-0 system in terms of a generic wave packet state: 

For localized packets,  becomes independent of the wave packet state :ρϕ(r) ϕ

ρ(r) = ∫
d3q

(2π)3
e−iq⋅r ∫

+1

−1
dα

1
2

F [(α2 − 1) q2] valid in the frame with ⟨p⟩ = 0

Epelbaum, Gegelia, Lange, Meißner, Polyakov, PRL129 (2022)

The new definition is valid for any particle’s mass, is consistent with special relativity and 
coincides with the known 2d-densities in the infinite-momentum frame.

Higher-spin systems and gravitational FFs:  Panteleeva, Epelbaum, Gegelia, Meißner, PRD 106 (2022) 056019;   
e-Print: 2211.09596 (to appear in EPJC);  e-Print: 2305.01491; Alharazin, Sun, Epelbaum, Gegelia, Meißner, JHEP 02 (2023) 163.



B.3: Tcc(3875)

!-D+D+

0-0.36-5.9 1.4 MeV3.8
Tcc+

Goals of our study 

!+D0D0 !+D0D+                                     D0D*+     D+D*0

-5.6

3-body  cuts open ~ 6 MeV below the D0D*+ threshold

●

Study the properties of Tcc+ with full two- and three body unitarity ⇒
3-body cut stems from one-pion exchange (OPE) and self energies in the Green funct.⇒
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FIG. 4. Diagrams contributing to the ⌥(10860) ! �B(⇤)B̄(⇤)

decay amplitude: diagrams (a), (b1) and (b2) (in the first
line) form a gauge invariant subset of tree level contribu-
tions, while diagrams (c1), (c2), (d) and (e) correspond to a
gauge invariant subset of contributions at the one-loop level.
The vertex in diagrams (a) and (d) comes from gauging the

⌥(10860) ! B(⇤)B̄(⇤) vertex; the photon vertices in (b1),
(b2), (c1) and (c2) are from gauging the kinetic terms of the
heavy mesons. The diagram (d) is needed to account for
gauging the regulator used in the loops and for a nonpoint-
like character of the amplitude in the final state.

TABLE II. Ratios of the coupling constants, �
(J++)
↵ , respon-

sible for the production of the WbJ states in the radiative
decays ⌥(10860) ! �WbJ .

BB̄(1S0) B⇤B̄⇤(1S0) BB̄⇤(3S1, +) B⇤B̄⇤(5S2)

1 1/
p

3 2
p
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(a coupled-channel version of this relation is provided in
Ref. [? ]). In the heavy quark limit the functions A
and B do not depend on the channel. Moreover, since
the momentum dependence of the functions A(p↵) and
B↵(p↵) is controlled by the left-hand cuts of the produc-
tion operator and the scattering amplitude, respectively,
we expect that near thresholds both are well approxi-
mated by constants, which are also independent of the
channel in the heavy quark limit. Based on this one can
predict the ratios of the partial widths for di↵erent de-
cay channels of the WbJ ’s, up to spin symmetry violating
corrections.

It is proposed in Ref. [? ] that the most prominent
production mechanism for the Zb states in the ⌥(10860)
and ⌥(11020) decays involves B0

1B̄ or B0B̄ intermediate

states, with B0 and B0
1 being the broad members of the

quadruplet of the positive P -parity B mesons. If this
proposal is correct, the decay mechanism through the
B(⇤)B̄(⇤) pairs considered above will give only a small
contribution. However, it should be stressed that the
mechanism proposed in Ref. [? ] should not change the
line shapes but only the total rate of the production cross
sections, which is not a subject of the current study.

B. Coupled-channel system

The set of the allowed quantum numbers for the
B(⇤)B̄(⇤) system is encoded in the basis vectors quoted
in Eq. (??). Inclusion of the OPE interaction enables
transitions to the D and even G waves [? ].

For a given set JPC the system of the partial-wave-
decomposed coupled-channel Lippmann-Schwinger-type
equations reads

T↵� = V e↵
↵� �

X

�

ˆ

d3q

(2⇡)3
V e↵
↵� G�T��

T↵�(M, p, p0) = V e↵
↵� (p, p0) (62)

�
X

�

ˆ

d3q

(2⇡)3
V e↵
↵� (p, q)G�(M, q)T��(M, q, p0),

where ↵, �, and � label the basis vectors defined in
Eq. (??), the e↵ective potential is defined by Eq. (??),
and the scattering amplitude T↵� is related with the in-
variant amplitude M↵� as

T↵� = � M↵�p
(2m1,↵)(2m2,↵)(2m1,�)(2m2,�)

, (63)

with m1,↵ and m2,↵ (m1,� and m2,�) being the masses

of the B(⇤) mesons in the channel ↵ (�). The two-body
propagator for the given set JPC takes the form

G� =
�
q2/(2µ�) + m1,� + m2,� � M � i✏

��1
, (64)

where the reduced mass is

µ� =
m1,�m2,�

m1,� + m2,�
. (65)

It is convenient to define the energy Ei relative to a par-
ticular threshold, namely,

M = 2m + E1 ⌘ m + m⇤ + E2 ⌘ 2m⇤ + E3. (66)

Finally, to render the loop integrals well defined we
introduce a sharp ultraviolet cuto↵ ⇤ which needs to
be larger than all typical three-momenta related to the
coupled-channel dynamics. For the results presented be-
low we choose ⇤ = 1 GeV but we also address the prob-
lem of the renormalisability of the resulting EFT and es-
timate and discuss the theoretical uncertainty from the
cuto↵ variation.

on shell ⇒ 3-body 

Predict HQSS partners of Tcc

●

Faddeev-type 3-body Eqs.
VB et al. PRD84 2011

Du et al. e-Print: 2110.13765 [hep-ph]
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T+cc

δ

M. L. Du et al., PRD105(2022)014024; [arXiv:2303.09441 [hep-ph]], submitted to PRL

=⇒ Three-body dynamics and isospin violation must matter

We solve T = V + VGT with VLO =

Calculation scheme

C0

3S1 3S1+

OPE

3S1
3D1

3S1
3D1

VLO = →  
<latexit sha1_base64="mFjzUTs5LD7frB8AcX4jl2MNPsU=">AAAB+XicbVDLSgNBEJyNrxhfqx69DAbBU9gVUY9BLx4j5AXZZemddJIhsw9mZgNhyZ948aCIV//Em3/jJNmDJhY0FFXddHeFqeBKO863VdrY3NreKe9W9vYPDo/s45O2SjLJsMUSkchuCAoFj7GluRbYTSVCFArshOOHud+ZoFQ8iZt6mqIfwTDmA85AGymw7WaQeyDSEVAvRA2zwK46NWcBuk7cglRJgUZgf3n9hGURxpoJUKrnOqn2c5CaM4GzipcpTIGNYYg9Q2OIUPn54vIZvTBKnw4SaSrWdKH+nsghUmoahaYzAj1Sq95c/M/rZXpw5+c8TjONMVsuGmSC6oTOY6B9LpFpMTUEmOTmVspGIIFpE1bFhOCuvrxO2lc196Z2/XRdrd8XcZTJGTknl8Qlt6ROHkmDtAgjE/JMXsmblVsv1rv1sWwtWcXMKfkD6/MHU4STeQ==</latexit>

T↵�

D⇤+
D0, p̄(p)

⇡+

D0, p(p̄)

=
D⇤+

D0, p̄(p)

⇡+

D0, p(p̄)

⇥ �

D⇤+

D0

D⇤+
D0, p̄(p)

⇡+

D0, p(p̄)

⇥ �

D⇤0

D+

D⇤+
D0, p̄(p)

⇡+

D0, p(p̄)

⇥
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T11
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T21

! Production amplitude:

! Only two parameters to be fitted to the D0D0!+  mass spectrum: C0  and overall Norm

! LO potential:

27

@ LO: One free parameter (for each cut off) → Width fixed by mass

• Excellent description of the data

• Precision needs 3 body dynamics (problem: experimental resolution)

• r = −2.4 ± 0.9 fm, but r0 = +1.4 ± 0.9 fm (corrected for isospin viol.)

=⇒ T+
cc qualifies as isoscalar DD∗ molecule

• OPE gives prominent left-hand cut @Mπ = 280 MeV

Effect should be visible in recent lattice data

June 1, 2023 Slide 1 1



B4: Three-particle analog of the Lellouch-Lüscher formula

F. Müller and A. Rusetsky, JHEP 03 (2021) 152,
F. Müller, J.-Y. Pang, A. Rusetsky and J.-J. Wu, JHEP 02 (2023) 214.

A three-particle analog of the Lüscher-Lellouch formula has beed derived, relating
the finite- and infinite-volume three-particle decay matrix elements.

π
+ · · ·

K π

π
π +

K π

π

+
K

π

π

π

The irregular volume-dependence in the matrix element is studied within the
non-relativistic EFT. Short-distance effects are encoded in the effective couplings
that feature only exponentially suppressed finite-volume corrections. The lattice
calulations enable one to extract these couplings from the fit to the data.
The framework can be formulated in a manifestly Lorentz-invariant form by
choosing the quantization axis along the total four-momentum of the
three-particle system: important for moving frames.

1 / 1



Hoai Le et al., PRC107, 024002 (2023)

B.6: Charge-Symmetry Breaking of A=7 and 8 hypernuclei

Haidenbauer et al., FBS62, 105 (2021)

Large CSB contributions due to long-ranged pion exchange

• use   to determine LECs 

• first prediction of   scattering lengths 
• significant uncertainty in input data

4
ΛHe − 4

ΛH
Λn

• benchmark confirms reliable predictions for 
SRG-evolved interactions  
up to 3-baryon level 

• spin-dependence of CSB differs for   
• comparison of two scenarios CSB/CSB* 
• consistent description of   
• hypernuclei provide constraints on  

A = 7,8

A = 4,7,8
YN

Application to   and  A = 7 8



Evidence against a first-order phase transition in neutron star cores CRC110, Project B7
Len Brandes, Wolfram Weise and Norbert Kaiser [arXiv:2306.06218]

Ï Bayesian inference of sound speed c2
s = ∂P/∂ε inside neutron stars based on available data: [Brandes, Weise and Kaiser, PRD 107 (2023)]

Ï Shapiro time-delays

Ï NICER X-ray measurements

Ï Gravitational waves (GW) of binary neutron star mergers

Ï ChEFT results at small densities

Ï Perturbative QCD calculations at asymptotically high densities

Ï New heavy-mass measurement (M = 2.35±0.17M⊙) of black-widow PSR J0952-0607

Ï Posterior credible bands for sound speed (left) and mass-radius relation (center)

& Bayes factor against small sound speeds (c2
s ≤ 0.1) in neutron star cores (right):
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Shapiro + NICER + GW
+ ChEFT + pQCD

+ black widow

Ï With black-widow pulsar: strong evidence for c2
s > 0.1 in core of neutron stars with masses M ≤ 2.1M⊙

→ First-order phase transition unlikely



B8: Quarkonium production cross sections @ LHC,
√

s = 7 TeV

Using pNRQCD factorization, the inclusive J/ψ, ψ(2S), Υ(2S), Υ(3S) production cross

sections can be fitted with only 3 nonperturbative unknown instead of the 12 in NRQCD.

The quality of the fit is very good. Also computed: photo-, EW ass. production, polarization.

◦ Brambilla Chung Vairo Wang PRD 105 (2022) 11, JHEP 03 (2023) 242



  

  page 2U. Wiedner – Project B. 10: Partial Wave Analysis

Investigation of the Lightest Hybrid Meson Candidate p1 

Kopf et al, Eur. Phys J. C(2021) 81, 1056

pp → p0 p0 h (Crystal Barrel)p-p → p- h(‘) p (COMPASS)

1.4 GeV

1.6 GeV

p1-wave a2-wave p1 – a2  phase difference

data

stat. uncertainty.

sys. uncertainty.



Highlights B.�� “Coupled-channel dynamics”:
PLs: D. Rönchen and B.-S. Zou

Extension of JüBo dynamical coupled-channel model to
K⌃ photoproduc�on on the proton: EPJ A ��, ��� (����)

Simultaneous analysis of ⇡N ! ⇡N, ⌘N, K⇤, K⌃ and
�p ! ⇡N, ⌘N, K⇤, K+⌃0 & K 0⌃+

almost ��,��� data points in total, Wmax = 2.4 GeV
Resonance analysis:

all �-star N and� states up to J = 9/2 are seen + some
states rated less than � stars (excep�on: N(1895)1/2�)

no addi�onal s-channel diagrams had to be included, but
indica�ons for new dyn. gen. poles

=) resonance parameters to be included in PDG averages

Selected �t results
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Further highlights:
Predic�on of dynamically generated states in coupled D̄(⇤)⇤c � D̄(⇤)⌃

(⇤)c system Zheng-Li Wang et al.
EPJ C �� (����)
Observa�on of several bound states, some close to LHCb pentaquarks

Inclusion of the ⇡N ! !N channel in JüBo DCC model Yu-Fei Wang et al. PRD ���, ������ (����)

In progress: JüBo DCC analysis of K̄N system (PhD S. Rawat): S = �1 hyperon resonance spectrum



B12
Computing transverse momentum dependent PDFs

𝑓𝑇𝑀𝐷 (𝑥, 𝑏⊥, 𝜇, 𝜁) = 𝐻 𝜁𝑧 , 𝜇 𝑒
− ln

𝜁𝑧
𝜁

𝐾 𝑏⊥,𝜇 𝑆𝑟

1
2 (𝑏⊥, 𝜇)𝑓

𝑞𝑇𝑀𝐷(𝑥, 𝑏⊥, 𝜇, 𝜁𝑧),

Computed in lattice QCD, with staple-shaped link

Reduced Soft function, 
computed in LQCD

Perturbative  matching kernel

Missing ingredient: the quasi-TMD PDF,    𝑓𝑞𝑇𝑀𝐷(𝑥, 𝑏⊥, 𝜇, 𝜁𝑧) 

Its computation is underway, arXiv: 2305.11824

𝜁 : Collins-Soper scale

𝐾 𝑏⊥, 𝜇 : Collins-Soper kernel

PRL 128 (2022) 062002
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