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CML	Mission

“Understand	the	complex	phenomena	governed	by	the	strong	interacNon	
in	the	non-perturbaNve	regime	of	Quantum	Chromodynamics	(QCD)”

• Understand the properties of 
matter arising from the strong 
interaction

• Explain the nucleosynthesis of 
the elements in the Universe

• Search for physics beyond the 
Standard Model through low-
energy precision experiments

Our mission
Understand the complex phenomena governed by the strong interaction
in the non-perturbative regime of Quantum Chromodynamics (QCD)
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Compact 
stellar 
objects

Quarks    Hadrons    Nuclei
Gluons

From microscopic to macroscopic scales 
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Theoretical	framework

Make	model-independent	predicNons	for	hadronic	observables	starNng	from	the	
QCD	Lagrangian	or	its	EFT	representaNon
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Figure 1: One-loop diagrams describing the annihilation of �cJ into an e
+
e
� pair.

3 Factorization of decay amplitudes in NRQCD

The leading-order in ↵s diagrams describing the e
+
e
� decay of C-even charmonia are shown in Fig. 1.

These one-loop diagrams are constructed from the photon, lepton and heavy quark (double lines). The
diagrams in Fig. 1 can be computed in the heavy quark mass limit m ! 1, performing an expansion
in the small parameter �/m ⇠ v. Let us to start from a naive guess that the dominant contribution is
only provided by the hard region where the loop momentum kµ ⇠ m, and therefore all propagators are
far of o↵-shell. The leading-order contribution in 1/m is provided by projections onto the leading-order
operators O(3PJ) described in Eqs.(18)-(20). The technical details are well known in the literature, see
e.g. [1]. The resulting expressions can be presented as
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ūn�↵( l/1 � /k)��vn̄h
(k � l1)

2
i
[k2]

h
(k � P )2

i 1
4
Tr

⇥
P

⌫
2�

↵�µ(k)
⇤
, (31)

where the square brackets for the propagators denote the standard Feynman prescription [A]�1
⌘

[A+ i"]�1. The corresponding contribution to the amplitude �c0 ! e
+
e
� vanishes and therefore is

suppressed by a power of v and will not be considered it in this work.
The total structure of the integrands in expressions (30) and (31) can be divided into the lepton and

heavy quark parts. The lepton part has ūn . . . vn̄ in the numerator and includes the photon and lepton
propagators in the denominators. The heavy quark part is given by Tr
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⇤
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Figure 4. An example of the diagram in pNRQCD describing the ultrasoft matrix element of
eq. (3.33). The doted lines denote potential gluons with momenta given by eq. (3.13).

These expressions are the main result of this section. We observe that the soft scale cancel

in eqs. (3.52) and (3.53) as it must be. Hence the factorization formula described by

eq. (3.28) describes properly the ultrasoft region of the one-loop diagram.

The coefficient function C(2)
γγ has an imaginary part which originates from the two-

photon cut. Such mechanism can not work for χc1 state, therefore C(1)
γγ is real.

The hard coefficient functions depend on the factorization scale µF . Therefore
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γγ (µF ) i
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+ Cγ ūnγ
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and the independence of the amplitude AJ on µF yields the evolution equation
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The solution of this equation depends on the initial condition defined at some scale µ0.

Performing numerical estimates one has to fix a value of this scale. By derivation this scale

separates the hard region (two hard photons) from the ultrasoft region (hard and ultrasoft

photons). Therefore it is natural to associate this scale with the virtuality of the ultrasoft

photon and to set µ0 to be of order 300−500MeV. Then the matrix element of the operator

Oσ
γ (

3S1) on the r.h.s. of eq. (3.54) describes only the ultrasoft nonperturbative contribution

which can be only estimated within some low-energy effective theory or model. Similar to

the well known color octet mechanism, the operator Oσ
γ (

3S1) can also be associated with

the electromagnetic mechanism. The corresponding matrix element can be interpreted as

an overlap with the higher Fock state |QQ̄γ⟩ which includes a dynamical photon while the

matrix elements of the operators O(3PJ) describe the coupling to the dominant quark-

antiquark state. Therefore the full description of the leptonic decay requires a knowledge

on the subleading structure of the quarkonium state.

In the large mass limit m → ∞ one can consider a specific situation known as the

Coulomb limit when the binding energy is larger then the typical hadronic scale E ∼
mv2 ≫ ΛQCD. In this case the strong coupling is quite small αs(mv) ∼ v and ultrasoft

contribution can be estimated within the pNRQCD. Then one has to compute the diagram

as in figure 4 resumming the interactions with Coulomb gluons. Such calculation has been

carried out for the radiation function in ref. [15]. Perhaps, such calculation might also be

interesting here in order to get an idea about the relative value of this matrix element in

the Coulomb limit. In present paper we will obtain an estimate of the ultrasoft matrix

element using the so-called heavy hadron chiral perturbation theory (HHχPT) framework

in the next section.
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QCD	factorisaNonHartmut	Wittig

PLQCD	Research	Goals
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Calculate	key	quan--es	that	play	a	pivotal	role	in	the	quest	for	new	physics,	with	
unprecedented	precision,	using	numerical	simula-ons	of	QCD	on	a	space--me	la>ce

Quantum	Chromodynamics	(QCD)
• Gauge	theory	of	the	strong	interac7on	
• Perturba7on	theory	not	applicable	at	low	energies

La*ce	QCD
• Ab	ini-o	treatment	on	discre7sed	space-7me	
• Compute	observables	via	Monte	Carlo	integra7on

:		Gluon:		Quark

a

Challenges	for	La*ce	QCD	calcula9ons
• Noise	problem:	exponen7al	growth	of	sta7s7cal	fluctua7ons	
• Bias	from	unsuppressed	excited-state	contribu7ons	
• Extrapola7on	to	con7nuum	limit:		a → 0

LaZce	QCD

117/13/22

Chiral Effective Field Theory

Weinberg, van Kolck, Kaplan, Savage, Wise, 
Epelbaum, Kaiser, Machleidt, Meißner, Hammer ...

(2 LECs)

(7 LECs)

(12 LECs)

(2 LECs: 3N)

Holt et al., PPNP 73 (2013)

EffecNve	Field	Theory
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This	talk

Hadronic	contribuNons	to	precision	observables	
• Muon	 ;	Running	of	fine-structure	constant	and	weak	mixing	angle	

Hadron	Structure	
• Form	factors;	Proton	and	atomic	radii;	Nucleon	charges	and	 -terms	

Hadron	Spectroscopy	
• Baryon-baryon	interacNons	

Nuclear	Astrophysics	
• MulNmessenger	signals	for	neutron	star	mergers;	QCD	phase	diagram

g − 2

σ



5

Hadronic	contributions	to	precision	observables

Muon	 		Major	acNvity	of	theorists	and	experimentalists	at	HIM	/	JGU:	
• Measurement	of	hadronic	cross	secNons	at	BESIII	—	data-driven	SM	predicNon	
• LaZce	QCD	calculaNons:	vacuum	polarisaNon	and	light-by-light	scaiering	
• Direct	measurement	of	

g − 2 :

aμ = (g − 2)μ/2
<latexit sha1_base64="fgiM75PUCqwRxx5p9peqYmiCv24="></latexit>
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4.5.1 RA-A: The intensity frontier at MESA

Figure 4.10: Left: Scale dependence of the weak mixing angle. Red points denote existing measurements, while
the blue points refer to P2@MESA and ATLAS@LHC (see RA-B Section 4.5.2). The SM calculation is shown
as the light blue curve. Right: PRISMA++ improvements regarding the precision of the weak mixing angle from
ATLAS (shown in red is the current LHC combination), from ep scattering (relative to the result from Qweak@JLab)
and in the running (the current uncertainty in deep-red is from the data-driven approach while the larger light-red
uncertainty is indicative of the related discrepancy between the data-driven and theory-driven evaluations of the
anomalous magnetic moment of the muon (see RA-B Section 4.5.2).

asymmetry in polarised electron-proton scattering (BERGER, BOONEKAMP, KUTZ, MAAS). The
success of the experiment depends crucially on the close interplay between accelerator, po-
larimetry (AULENBACHER, HUG), experiment design, construction and operation, data analysis
(BERGER, MASS, SFIENTI) and theoretical input (ERLER, MEYER, WITTIG). PRISMA++ brings
together leading experts in all these fields on a single campus, making it possible to host this
extremely challenging experiment at our university. The parameters of the MESA accelerator
were optimised to facilitate the weak mixing angle measurement; the low momentum trans-
fer reduces corrections from proton structure: the low beam energy of 155 MeV suppresses
contributions from simultaneous photon and Z-boson exchanges (so called γ-Z-box-graphs)
which are hard to compute. The high beam current of MESA together with a 60 cm long liquid
hydrogen target are required to accumulate the statistics needed to reach the desired preci-
sion of 0.14% on sin2 εW within 11,000 hours of beam time, as the parity-violating asymmetry
at the chosen kinematics is only about 40 parts per billion (ppb). One of the biggest theoretical
uncertainties in the extraction of the weak charge comes from the axial form factor of the pro-
ton, which can be measured with P2 at backward angles (BOONEKAMP5, MAAS). This auxiliary
measurement will reduce this uncertainty by a factor of three.
For the interpretation of the measurement, PRISMA++ theorists in the group of ERLER are cal-
culating radiative corrections to accurately extract the weak mixing angle from the asymmetry
data. They are also improving the predictions using both data-driven approaches and state-
of-the-art lattice calculations (MEYER, WITTIG), and will translate the experimental findings into
constraints on SM Effective Field Theory (EFT) operators.
The measurement on hydrogen puts very strong constraints on certain combinations of these

5For a project combining new precision measurements at ATLAS above the Z mass towards energies of the
order of a TeV, with these challenging new precision measurements at P2 in collaboration with ERLER and MAAS,
he has been awarded an ERC Advanced Grant.
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Running	of	electromagneNc	and	electroweak	mixing	angle	
• 		crucial	input	parameter	for	FCC-ee	
• 			allows	for	precision	test	of	SM;	
complements	experimental	programme	at	P2@MESA

α(M2
Z) :

Δhad sin2 θW :
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Hadronic	contributions	to	muon	 	from	Lattice	QCDg − 2
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• Significant	tension	with	data-driven	method	at	comparable	precision	
• LaZce	QCD	esNmate	for	HVP	confirms	validity	of	SM:		
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Hadronic	running	of	electromagnetic	coupling
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Value	of	fine-structure	constant	is	energy-dependent

• Crucial	input	quanNty	for	future	colliders;	
Precision	limited	by	hadronic	contribuNons	

• Employ	combinaNon	of	laZce	and	perturbaNve	QCD	
(“Euclidean	split	technique”)		
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Hadronic	running	of	electromagnetic	coupling

• Two	Nmes	more	precise	than	phenomenological	esNmates	
• Tension	with	data-driven	evaluaNons;	mild	tension	with	global	electroweak	fits	
• Improve	precision	further	to	meet	requirements	of	FCC-ee
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Hadronic	running	of	electroweak	mixing	angle

Employ	combinaNon	of	perturbaNve	QCD	and	laZce	simulaNons	to	determine	the	hadronic	running	
of	 	free	from	experimental	ambiguiNes	
SensiNvity	of	Standard	Model	test:

sin2 θW

Hadronic	uncertainNes	much	smaller	than	present	and	future	experimental	error	on	sin2 θW

BSM searches
Precision tests of fundamental symmetries at low energy

11

Goal: Search for BSM particles emitted in 
stellar mergers, with a trigger provided by 
the gravitational wave interferometer LIGO.

HI Mainz – part of the 
worldwide Global 
Network of Optical 
Magnetometers for 
Exotic physics

PoF V

PoF IV
PRX 15 (2025) 
031048

ELF pulse

GW / EM trigger

Goal: Determination of sin!$" at low-energy 
with highest precision (%‰). Test SM by 
comparing to ab-initio theoretical predictions.

Combination of low-energy and measurements at the 
Z pole mass (LHC) ⤳ probe new physics with 
sensitivity to mass scales ranging 70 MeV – 50 TeV

New in PoF V

Beamline

Scattering
chamber

Liquid hydrogen
target loop

Lead shielding

Tracking
detectors

Integrating Cherenkov-
detector ring

Luminosity
detectors

Superconducting solenoid

Vacuum
window

P2 detector
at MESA
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Hadron	Structure

Form	factors:	electromagneNc,	axial,	strange,…	
• Proton	radius	and	nuclear	radii	
• Hadronic	background	in	precision	experiments	
• Input	for	long-baseline	neutrino	experiments

Nucleon	charges	and	matrix	elements	
• Constrain	/	characterise	BSM	interacNons:	 	
• Provide	informaNon	on	nucleon	structure:	 	

	 		input	for	LHC,	EIC

gS, gT, σπN

⟨x⟩u−d, ⟨x⟩Δu−Δd, ⟨x⟩δu−δd
→

Methodology:		EffecNve	Field	Theory;		LaZce	QCD



[Sobczyk,	Bacca	et	al.,		Phys	Rev	C	106	(2022)	034310;	Phys	Rev	C	109	(2023)	044314]
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Neutrino-nucleus	cross	sections	from	nuclear	EFT

DUNE,	T2HK:	Knowledge	of	neutrino-nucleus	cross	secNons	for	
energy	transfers	 	required∼ 100 MeV − GeV
• Compute	lepton-nucleus	cross	secNons	within	ab-iniTo	EFT	
framework	

• First	step	for	modelling	this	process	at	higher	energy	transfers	

Goal: Intermediate	step:
μ−

π+

n

νμ e
e′ 

Spectral	funcNon	for	electron	scaiering	on	16O	via	
coupled-cluster	theory	with	expansion	of	integral	transforms

Good	agreement	with	measured	cross	secNon	data	
for	 		(T2K)νμ + 16O → μ− + X

Nuclear theory for neutrino oscillations

Neutrino oscillation experiments require knowledge of 
neutrino-nucleus cross section for the energy transfers 
~hundreds MeV—GeV

Possible guidance from ab initio nuclear theory

1

Most important nuclei for DUNE and 
T2HK: 12C, 16O, 40Ar

source: www-sk.icrr.u-tokyo.ac.jpsource: www.dunescience.org

First step: benchmarking with electron data
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Axial	form	factors	of	the	nucleon	in	lattice	QCD

Goal:	complete	decomposiNon	of	nucleon	axial	form	factors	in	SU(3)-flavour	basis	
		(isovector):	sensiNve	to	 -boson	exchange	 	T2HK,	DUNE	

	 	(isoscalar	octet):	 -boson	exchange	—	background	in	measurement	of	 	with	P2@MESA	
	 			(singlet):	relevant	for	cross	secNon	in	various	dark	maier	models

Gu−d
A W →

Gu+d−2s
A Z sin2 θW

Gu+d+s
A , Gs

A

Here, Γp denotes the polarization matrix of the
nucleon and we have set the source position x to zero
for simplicity. In our setup, the nucleon at the sink is at rest,
i.e., for a momentum transfer q the initial and final states
have momenta p ¼ −q and p0 ¼ 0, respectively. Our
interpolating operator for the proton is the same as in
Refs. [47,62,63], which is built using Gaussian-smeared
[64] quark fields with spatially APE-smeared [65] gauge
links and tuning the parameters so that a smearing radius
rG ≈ 0.5 fm [66] is realized.
For the three-point functions (9), the pertinent Wick

contractions yield a connected and a disconnected contri-
bution, hC3;Oi ¼ hCconn

3;O iþ hCdisc
3;Oi. They are depicted dia-

grammatically in Fig. 1. To calculate the connected part, we
employ the “fixed-sink” variant of the extended propagator
method. This requires additional inversions for each
source-sink separation while allowing the momentum
transfer to be varied via a phase factor at the point of
the current insertion [67]. The disconnected part of the
three-point functions is constructed from the quark loops
and the two-point functions according to

hCdisc
3;Oðp0;q; tsep; tÞi ¼ hLO;discðq; tÞC2ðp0; tsepÞi; ð10Þ

LO;discðq; z0Þ ¼ −
X

z

eiq·ztr½D−1
q ðz; zÞΓO&: ð11Þ

The all-to-all propagator D−1
q ðz; zÞ appearing in the quark

loops Eq. (11) is computed via stochastic estimation using a
variation of the frequency-splitting technique [68]. To that
end, we employ a generalized hopping-parameter expan-
sion [69] combined with hierarchical probing [70] for one
heavy quark flavor and subsequently apply a split-even
estimator, i.e., the one-end trick [68,71,72], for the remain-
ing flavors. For further details, we refer the interested
reader to Ref. [73].
To reduce the cost of the inversions, we apply the

truncated-solver method [74–76] with bias correction.
Details on our setup of sources are contained in Table I,
alongside the available source-sink separations tsep. On
ensembles with open boundary conditions in time, the
sources are generally placed on a single timeslice in the

middle of the lattice. Additional measurements of the
two-point function are used on all oBC ensembles except
S201 to extend the statistics for the disconnected
contribution. For these additional measurements, we
put the nucleon sources on different timeslices in the
bulk of the lattice. We have checked explicitly that the
observables studied in this work are not significantly
influenced by boundary effects for the chosen source
positions. No such issues arise for ensembles with
periodic boundary conditions in time. Here, one can
distribute the sources randomly on edges of subblocks of
the entire lattice volume, as dictated by even-odd [77]
and Schwarz [78] preconditioning. On all ensembles, we
employ iterative statistics for the different source-sink
separations. This means that with rising tsep, the number
of sources used for the computation of the connected
part is increased. The scaling of measurements is tuned
in such a way that the behavior of the effective statistics
as a function of tsep more closely resembles a constant
instead of showing an exponential decay of the signal-to-
noise ratio. For the disconnected part, the highest
statistics at our disposal is always utilized, in order to
obtain the best possible signal.
Instead of the local current Eq. (1), we use the conserved

vector current in the same way as in Ref. [47], so that no
renormalization is required. The OðaÞ improvement is also
performed analogously to Ref. [47], with the improvement
coefficient computed in Ref. [79].
As a first step towards extracting the effective form

factors, the nucleon two-point functions from Eq. (8) are
averaged over equivalent momentum classes. We call all
three-momenta p which share the same modulus jpj
equivalent and assign them the equivalence class p ¼
fp̃∈P3∶ jp̃j ¼ jpjg. Here, P3 is the set of possible lattice
momenta, P3¼fp¼2π

L np∶np∈Z3g⊂R3. The momentum-
averaged two-point functions are then defined as

hC̄2ðp; tsepÞi ¼
X

p̃∈ p

hC2ðp̃; tsepÞi
.X

p̃∈p

1: ð12Þ

Afterwards, we calculate the ratios [80]

FIG. 1. Diagrammatic representation of the two- and three-point functions of the nucleon. Only quark lines are shown, while all gluon
lines are suppressed. The red squares in the three-point functions represent the operator insertion, and the wavy red lines the external
photons.
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Here, Γp denotes the polarization matrix of the
nucleon and we have set the source position x to zero
for simplicity. In our setup, the nucleon at the sink is at rest,
i.e., for a momentum transfer q the initial and final states
have momenta p ¼ −q and p0 ¼ 0, respectively. Our
interpolating operator for the proton is the same as in
Refs. [47,62,63], which is built using Gaussian-smeared
[64] quark fields with spatially APE-smeared [65] gauge
links and tuning the parameters so that a smearing radius
rG ≈ 0.5 fm [66] is realized.
For the three-point functions (9), the pertinent Wick

contractions yield a connected and a disconnected contri-
bution, hC3;Oi ¼ hCconn

3;O iþ hCdisc
3;Oi. They are depicted dia-

grammatically in Fig. 1. To calculate the connected part, we
employ the “fixed-sink” variant of the extended propagator
method. This requires additional inversions for each
source-sink separation while allowing the momentum
transfer to be varied via a phase factor at the point of
the current insertion [67]. The disconnected part of the
three-point functions is constructed from the quark loops
and the two-point functions according to

hCdisc
3;Oðp0;q; tsep; tÞi ¼ hLO;discðq; tÞC2ðp0; tsepÞi; ð10Þ

LO;discðq; z0Þ ¼ −
X
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eiq·ztr½D−1
q ðz; zÞΓO&: ð11Þ

The all-to-all propagator D−1
q ðz; zÞ appearing in the quark

loops Eq. (11) is computed via stochastic estimation using a
variation of the frequency-splitting technique [68]. To that
end, we employ a generalized hopping-parameter expan-
sion [69] combined with hierarchical probing [70] for one
heavy quark flavor and subsequently apply a split-even
estimator, i.e., the one-end trick [68,71,72], for the remain-
ing flavors. For further details, we refer the interested
reader to Ref. [73].
To reduce the cost of the inversions, we apply the

truncated-solver method [74–76] with bias correction.
Details on our setup of sources are contained in Table I,
alongside the available source-sink separations tsep. On
ensembles with open boundary conditions in time, the
sources are generally placed on a single timeslice in the

middle of the lattice. Additional measurements of the
two-point function are used on all oBC ensembles except
S201 to extend the statistics for the disconnected
contribution. For these additional measurements, we
put the nucleon sources on different timeslices in the
bulk of the lattice. We have checked explicitly that the
observables studied in this work are not significantly
influenced by boundary effects for the chosen source
positions. No such issues arise for ensembles with
periodic boundary conditions in time. Here, one can
distribute the sources randomly on edges of subblocks of
the entire lattice volume, as dictated by even-odd [77]
and Schwarz [78] preconditioning. On all ensembles, we
employ iterative statistics for the different source-sink
separations. This means that with rising tsep, the number
of sources used for the computation of the connected
part is increased. The scaling of measurements is tuned
in such a way that the behavior of the effective statistics
as a function of tsep more closely resembles a constant
instead of showing an exponential decay of the signal-to-
noise ratio. For the disconnected part, the highest
statistics at our disposal is always utilized, in order to
obtain the best possible signal.
Instead of the local current Eq. (1), we use the conserved

vector current in the same way as in Ref. [47], so that no
renormalization is required. The OðaÞ improvement is also
performed analogously to Ref. [47], with the improvement
coefficient computed in Ref. [79].
As a first step towards extracting the effective form

factors, the nucleon two-point functions from Eq. (8) are
averaged over equivalent momentum classes. We call all
three-momenta p which share the same modulus jpj
equivalent and assign them the equivalence class p ¼
fp̃∈P3∶ jp̃j ¼ jpjg. Here, P3 is the set of possible lattice
momenta, P3¼fp¼2π

L np∶np∈Z3g⊂R3. The momentum-
averaged two-point functions are then defined as
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Afterwards, we calculate the ratios [80]

FIG. 1. Diagrammatic representation of the two- and three-point functions of the nucleon. Only quark lines are shown, while all gluon
lines are suppressed. The red squares in the three-point functions represent the operator insertion, and the wavy red lines the external
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• Mild	tension	with	 	experimental	data	νD
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Proton	radius	puzzle

First	laZce	calculaNon	of	electromagneNc	form	factors	of	proton	and	neutron	with	complete	error	budget	
Precision	at	small	momentum	transfers	compeNNve	or	beier	than	 	scaiering	
Low	value	of	the	electric	charge	radius	preferred	–	impact	on	the	proton	radius	puzzle
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Figure 43: Lattice results and FLAG averages for the isovector scalar charge gu→d
S for

Nf = 2 + 1 and 2 + 1 + 1 flavour calculations. Also shown is a phenomenological result
obtained using the conserved vector current (CVC) relation [982] (circle).

The final FLAG values for gu→d

T
are

Nf = 2 + 1 + 1 : gu→d

T
= 0.981(21) Ref. [90, 98], (426)

Nf = 2 + 1 : gu→d

T
= 0.993(15) Refs. [93–96], (427)

which implies that the isovector tensor charge is determined at the level of 1.5–2.0%
relative precision.

10.4 Flavour-diagonal charges

Three examples of interactions for which matrix elements of flavour-diagonal operators
(q!q where ! defines the Lorentz structure of the bilinear quark operator) are needed are
the neutral-current interactions of neutrinos, elastic scattering of electrons o” nuclei, and
the scattering of dark matter o” nuclei. In addition, these matrix elements also probe
intrinsic properties of nucleons (the spin, the nucleon sigma term and strangeness content,
and the contribution of the electric dipole moment (EDM) of the quarks to the nucleon
EDM) as explained below. For brevity, all operators are assumed to be appropriately
renormalized as discussed in Sec. 10.1.3.

The matrix elements of the scalar operator qq with flavour q give the rate of change in
the nucleon mass due to nonzero values of the corresponding quark mass. This relationship
is given by the Feynman-Hellmann theorem. The quantities of interest are the nucleon
ω-term, ωωN , and the strange and charm content of the nucleon, ωs and ωc,

ωωN = mud→N |uu+ dd|N↑ , (428)

ωs = ms→N |ss|N↑ , (429)

ωc = mc→N |cc|N↑ . (430)

260

Figure 44: Lattice results and FLAG averages for the isovector tensor charge gu→d
T for Nf =

2+1 and 2+1+1 flavour calculations. Also shown are phenomenological results using measures
of transversity [987, 988, 1004–1010] (circles). To maintain the independence of lattice QCD
and phenomenological results, the JAM22 (private communication supplementing [987]) and
JAM23 [988] values shown are those obtained without including input from lattice QCD.

Here, mud is the average of the up- and down-quark masses and ms, mc are the strange-
and charm-quark masses. The ωωN,s,c give the shift in MN due to nonzero light-, strange-
and charm-quark masses. The same matrix elements are also needed to quantify the spin-
independent interaction of dark matter with nucleons. Note that, while ωb and ωt are also
phenomenologically interesting, they are unlikely to be calculated on the lattice due to
the expected tiny signal in the matrix elements. In principle, the heavy sigma terms can
be estimated using ωu,d,s by exploiting the heavy-quark limit [1011–1013].

The matrix elements of the axial operator qεµε5q give the contribution !q of quarks
of flavour q to the spin of the nucleon:

→N |qεµε5q|N↑ = gq
A
uNεµε5uN ,

gq
A
↓ !q =

∫ 1

0
dx(!q(x) +!q(x)) . (431)

The charge gq
A

is thus the contribution of the spin of a quark of flavour q to the spin
of the nucleon. It is also related to the first Mellin moment of the polarized parton
distribution function (PDF) !q as shown in the second line in Eq. (431). Measurements
by the European Muon collaboration in 1987 of the spin asymmetry in polarized deep
inelastic scattering showed that the sum of the spins of the quarks contributes less than
half of the total spin of the proton [1014]. To understand this unexpected result, called
the “proton spin crisis”, it is common to start with Ji’s sum rule [1015], which provides a

261
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Nucleon	charges	and	sigma-terms

BSM	models	contain	addiNonal	scalar	and	tensor	interacNons	—	constrained	by	nucleon	charges	 	

Pion-nucleon	sigma-term	 	characterises	coupling	of	dark	maier	parNcles	to	nucleon
gS, gT

σπN

Figure 46: Lattice results and FLAG averages for the nucleon sigma term, ωωN , for the
Nf = 2 + 1, and 2 + 1 + 1 flavour calculations. Determinations via the direct approach are
indicated by squares and circles, and the Feynman-Hellmann method by triangles. Results
from recent analyses of ε-N scattering [1028–1030, 1040, 1041] (filled blue circles) are shown
for comparison. Note that the charged pion is used to define the isospin limit in these
phenomenological analyses, while the neutral pion with Mω → 135 MeV is usually used to
define the physical point in lattice simulations. We adjust the results to be consistent with
the latter, applying the correction for the di!erent conventions determined in Ref. [1041].

the fitting procedure; however, the shift is much less pronounced. Although progress is
being made in terms of improving the statistical precision of the correlation functions and
realising more source-sink separations (with the maximum separation currently around
1.5 fm), more work needs to be done in order to control excited-state contributions at
close-to-physical pion masses. We caution the reader that as more results for both ωωN

and ωs become available the averages may change.
Also shown for comparison in the figures are determinations of ωωN from recent anal-

yses of ε-N scattering [1028–1030, 1040, 1041]. The Nf = 2 + 1 + 1 lattice average is in
agreement with Hoferichter et al. [1041] (Hoferichter 23 in Fig. 46), while there is some
tension, at the level of around three standard deviations, with the lattice average for
Nf = 2 + 1.84

For the strangeness sigma term, the four-flavour average is unchanged from the pre-
vious FLAG report, while the three-flavour average has decreased by 1ω and there is a
small reduction in the error. There is a slight tension between the Mainz 23 and MILC
12C Nf = 2 + 1 results, however, both FLAG averages are consistent with each other.

Finally we remark that, by exploiting the heavy-quark limit, the light- and strange-

84We adjust the result of Ref. [1041] such that it is consistent with defining the isospin limit using the mass
of the neutral pion.
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• Consistent	and	precise	laZce	results	for	 	and	 	
• 	Mild	tension	between	laZce	results	and	 	scaiering	
• Detailed	analysis	of	laZce	data	within	EFT	framework	consistent	with	dispersion	theory

gS gT

σπN : πN
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Hadron	Spectroscopy

Finite-volume	quanNsaNon	(aka	“Lüscher	formalism”)	
• First-principles	approach	to	study	hadronic	interacNons	and	resonances	in	QCD

Complementary	to	phenomenology	/	dispersion	theory

<latexit sha1_base64="IqsXh6zkrwRbZRek1ojC4tnEe20="></latexit>

det
[
F(E, P, L) +K(Ecm)→1

]
= 0 , Ecm =

√
E2 → P2

S-wave:

<latexit sha1_base64="KXYvZr1kyMmvtYYS7v68YXH71Ck="></latexit>

[
K→1
]s+
0,0
=

p cot ωI
0

8εEcm

laZce	input

• Applied	to	baryon-baryon,	baryon-meson	(e.g.	 )	and	meson-meson	(e.g.	 )	
interacNons	

• Extension	to	three-parNcle	interacNons

Λ(1405) ρ, Tcc, …



[Green	et	al.,	Phys	Rev	Lett	127	(2021)	242003;	BaSc	Collab.,	in	prep.]
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The	H	Dibaryon	in	Lattice	QCD

H	dibaryon:	Conjectured	bound	state	of	two	 -hyperons	—	double	hyper-nucleus	
Large	discretisation	effects	in	the	binding	energy	

Lattice	artefacts	enhance	strength	of	 -interactions	
Cross-check	using	different	discretisations	of	the	
quark	action:
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• Weakly	bound	H	dibaryon	confirmed	for	a	broad	variety	of	discretisations;	
consistent	with	findings	by	ALICE	determined	using	“femtoscopy”	

• No	deeply	bound	six-quark	state	observed	as	required	for	dark	matter	scenario
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[Baeza-Ballesteros	et	al.,	arXiv:2610:23332]
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Nucleon-nucleon	interactions

Disagreement	over	existence	of	 -bound	states	at	heavier-than-physical	pion	mass	
• Study	pion-mass	dependence	of	 	scaiering	amplitudes	in	the	
	 	(deuteron)	and	 	(dineutron)	channels

NN
NN

I = 0 I = 1
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Nucleon-nucleon	interactions

Disagreement	over	existence	of	 -bound	states	at	heavier-than-physical	pion	mass	
• Study	pion-mass	dependence	of	 	scaiering	amplitudes	in	the	
	 	(deuteron)	and	 	(dineutron)	channels
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NN
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• Find	virtual	bound	state	in	the	deuteron	and	dineutron	channels	at	 	and	 	
• Nucleon-nucleon	interacNon	increases	as	pion	mass	is	lowered

mπ = 280 200 MeV
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Nuclear	astrophysics

Experimental	programme	at	GSI/FAIR		
• High-density	maier	probed	by	CBM	/	HADES	and	NuSTAR	
• Structure	and	reacNons	of	neutron-rich	nuclei	studied	at	NuSTAR

GravitaNonal	waves	and	mulN-messenger	astrophysics	
• Search	for	a	criNcal	endpoint	in	the	QCD	phase	diagram	
• Signature	of	first-order	transiNon	contained	in	post-merger	signal	

[Bauswein	et	al.,		Phys	Rev	Lett	122	(2019)	061102]
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Electromagnetic	signals	for	 -process	r

NuSTAR	will	provide	data	for	masses	and	beta-decays	for	exoNc	nuclei

• Predict	electromagneNc	spectra	based	on	merger	
simulaNons,	nucleosynthesis	network	calculaNons	
and	radiaNve	transfer	simulaNons

[Shingles	et	al.,		Astrophys	J	Lett	954	(2023)	2,	L41]

• Reduce	uncertainNes	in	predicNng	
abundances	for	nucleosynthesis

• IdenNfy	individual	elements	in	ejecta	of	kilonovas
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Summary

Broad	and	vigorous	programme	in	theoreNcal	parNcle,	hadron	and	nuclear	physics	

Hadron	physics	has	entered	the	precision	stage:	
• Model-independent	predicNons	that	have	direct	impact	on	experiment	
• Understanding	of	fundamental	processes	in	term	of	QCD	
• Tensions	between	different	theoreNcal	approaches	remain	to	be	understood	

Nuclear	astrophysics	calculaNons	crucial	for	interpretaNon	of	FAIR	data		

Availability	of	sufficient	compuNng	resources	crucial
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Thank you
…and may the strong force be with you…


