Lattice QCD for Hadron Structure and Interactions

Y. Chen, X. Feng, C. Liu, T. Luu, M. Petschlies, A. Rusetsky, F. Steffens, and C. Urbach



Beratungsgesprach in Beijing 2010

Supercomputer in Jiilich

e first European Petaflop Computer

[(c) FZ Jiilich]

C. Urbach: Lattice QCD for Hadron Structure and Interactions

page 2



Beratungsgesprach in Beijing 2010

Supercomputer in Jiilich My Smartphone

e first European Petaflop Computer

B

Enne
h.\ . 4

(© F2 sitich] ... and the year of @phone 4

C. Urbach: Lattice QCD for Hadron Structure and Interactions page 2



... where we started in 2012

Lattice QCD

¢ |soQCD simulations

® Ny =241+ 1dynamical quarks
o M, > 250 MeV

e lattice spacingsa > 0.06 fm

Finite Volume Formalism

® two-particle, single channel formalism
developed

® attractive and repulsive interactions
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Hadron Interaction Results

e 77 at maximal isospin and p for at most
a few pion masses and lattice spacings

® scalar mesons with unphysical
approximations

® 7% or Kp meson-baryon with no
control of systematics

® baryon-baryon scattering with no
control of systematics
(at very unphysical pion mass values)
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... where we started in 2012

Parton Distribution Functions

¢ only Mellin moments (z™) were
accessible

¢ r dependence cannot not be calculated
directly

® even moments computed mostly with
approximations
(quenched, no disconnecteds, ...)

® nucleon well covered

e little available for pion / kaon
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... where we started in 2012

Supercomputer in Jiilich My Smartphone

¢ Juqueen: 5.9 Pflops

... and the year of @phone5

[(c) FZ Jislich]
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Luischer Method on One Page
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Luischer Method on One Page

e ) s )
Lattice Energy Levels F Determinant Equation
0.7
—_— w/ thermal state removal dEt I:MF7d(E) - COt(é)} - 0
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Luischer Method on One Page

e M)
Lattice Energy Levels I
0.7
—_— w/ thermal state removal
0.644aM, w/o thermal state removal
En”””’}”—k ,,,,,,,,,,,,,,,,,,,,,,, %‘L:?\{K,
]
o —_—
] x T
N = = *
0.4 - = - * T 1z
* - z
Y
ol 1
039 2aM;
| ) . ) . . . .
0Tlu 1AL LE 2A1 2Bl 2B2 3A1 3E 4Al 4F
d
o S

Determinant Equation

det [M"4(E) — cot(5)] =0

(M Lischer function,
§ continuum phase shift)

Continuum Interaction Parameters
obtained via fits to § at n discrete scattering energies FE;
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Liischer Method: The Simplest Case

e consider only S-wave, no mixing, and assume finite range expansion

_ 2mag a}

2 3
AE = ML3 <1+61L+62LQ+C;§L3...>

® The scattering length ag can be determined by inverting this equation!
® ¢; known, L the box extent, i the reduced two particle non-interacting mass

e works excellent e.g. for 77 scattering with I = 0,2
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rr-Scattering |

e rmatl =2 = benchmark system

. ] --- LO ChiPT
* weakly repulsive 2 NLO ChiPT
s
e parameter free LOChiPT prediction |
¢ three lattice spacings, different S = 7
volumes S i
0
e found only very small deviations from S 1 @ A ensembles
LO chiral perturbation theory _| = B ensembles
* D45
[ETMC, C. Helmes et al., JHEP 09 (2015) 109] £ A extrapolated
e similar results for 7K and K K < T T I T ]
scattering 1.0 1.5 2.0 2.5 3.0

M/ fr
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... arriving at the physical point in 2015

4 O B =3.90 w/o clover
¢ inclusion of clover term in ETMC 0 § = 4.05 w/o clover
O B =4.20 w/o clover L
ensembles A B =210 w/ clover . e
3 XX Experiment it
4 i’ @
e further reduction in lattice artefacts <& .8
. . . _— ,®
made physical point possible ”g 2 A
<
¢ proof of conceptin Ny = 2 flavour QCD | -
at single lattice spacing value
[ETMC, Abdel-Rehim et al., Phys.Rev.D 95 (2017) 9, 094515]
0 —

® actualgoal: Ny =2+ 1+ 1 physical
ualg I L+ lphysi 00 02 04 06 08 1.0 1.2

point
(7’0]\/17,)2
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mr-Scattering Il

e | = 0two pion scattering

®* much more challenging due to
fermionic disconnected contributions

® mixed action due to flavour symmetry
breaking in Wilson twisted mass

[Liu et al., Phys.Rev.D 96 (2017) 5, 054516)]

Mral™' = 0.198(9)(6)

¢ significant systematic effects expected

[Draper, Sharpe, Phys.Rev.D 105 (2022) 3, 034508]
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Balls with Glue? Radiative J /¢ Decays

® can one identify one of the ten scalar

mesons as predominantly a glueball? ’
I/ (\ G
® highly non-trivial question _:E}* o

(and maybe not well defined)

* radiative decays of J/¢ might be a e E aq
good place to look for scalar glueballs — 0(a?)

* decay into gq naivly suppressed by a?

® not based on Liischer method
® here: exploratory quenched study, two
lattice spacings
[L.Gui, et al. (CLQCD), Phys. Rev. Lett. 110, 021601 (2013)] x <G‘j“|J/1/J>

® matrix element

[ ] . . .
for tensor glueballs see estimated from three-point function
[V.B. Yang et al .(CLQCD), Phys. Rev. Lett. 111,091601 (2013)]

C. Urbach: Lattice QCD for Hadron Structure and Interactions page1l



Balls with Glue? Radiative J /¢ Decays

® can one identify one of the ten scalar

mesons as predominantly a glueball? :
J/p [ G

e hi 1)

highly no Main conclusion

(and may
e radiative L(J/Yv = v — Go+)/Trot = 3.8(9) x 10~ from LQCD

2

good plac consistent with f,(1710) PDG production rate &
e decay intg BR(J/Y — v — ~fo(1710)) = 1.9 x 1073 q
e here: expl and inconsistent with rates of other scalar mesons.

lattice sp

[L.Gui, etal. (CLQCD), Quenched, so systematics are uncontrolled!

v

e fortensor glueballs see estimated from three-point function

[V.B. Yang et al .(CLQCD), Phys. Rev. Lett. 111,091601 (2013)]
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... second funding period 2016

Supercomputer in Jiilich My Smartphone

e still Juqueen: 5.9 Pflops

(© FZ iich] ... and the year of @phone 7
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rr-Scattering Il

® Ny = 2results for the I = 2 scattering

length

® and mass dependence

[Fischer et al., Eur.Phys.J.C 81(2021) 5, 436]

® physical point ensemble significantly

noisier

C. Urbach: Lattice QCD for Hadron Structure and Interactions

confirm the previous extrapolation

Mzraq
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this work TN
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A Third Particle Enters the Game

® Three particle decays highly relevant Lattice Energy Levels £

Finite Volume, discrete, real
® Three-pion decays of

K,n,w,a1(1260), a;(1420)

® Decays of exotica, e.g.:
X (3872) — D*D — DD,
Y (4260) — J /¢ 7w

® Roper resonance — w N and 7t N

® Few-body physics: reactions with the
light nuclei
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A Third Particle Enters the Game

® Three particle decays highly relevant Lattice Energy Levels £

Finite Volume, discrete, real
® Three-pion decays of

K,n,w,a1(1260), a;(1420)

® Decays of exotica, e.g.:
X(3872) — D*D — DD, EFTs
Y (4260) — J /¢ 7w

® Roper resonance — w N and 7t N

® Few-body physics: reactions with the Interaction Properties
light nuclei Infinite Volume, possibly complex
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A Third Particle Enters the Game

® Three particle decays highly relevant

® Three-pion decays of

Th ivalent EFT:
K, n,w, a1(1260), a1 (1420) ree equivatent tr1s

e RFT (Relativistic Field Theory)

¢ Decays of exotica, e.g.: [Hansen, Sharpe, 2014]
X(3872) = D*D — DD, e NREFT (Non-relativistic EFT)
Y(4260) - J/w T [Hammer, Pang, Rusetsky, 2017]
e Roper resonance — 7N and 77 N * FVU (Finite Volume Unitarity)
[Mai, Déring, 2017]
® Few-body physics: reactions with the ~ <
light nuclei

C. Urbach: Lattice QCD for Hadron Structure and Interactions page 14



The Quantization Condition in Non-Relativistic EFT

H)RANAVARV RN

Bethe-Sa lpeter equation [Hammer, Pang, Rusetsky, 2017]

A Bk
Mp.aiE) = Zp.aiE) 57 [ o

Paui) 20k E)r(k )Mk, 0; E)

1
2u(p + a)(w(p) + w(@) + w(p+a) - B)

Z(p,q; E) =

data: 3-particle sector

2-body amplitude: 4w(k*)r (k;E) =  k*cotd(k*)  +y/22 —m?
N——— 4

data: 2-particle sector T

- 2 . .
Finite volume: p = % n, n € Z3, poles of the scattering matrix = spectrum
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i, 4o
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Three Pions at Maximal Isospin

® Three pionsin Ny = 2incl. physical

point

[Fischer et al., Eur.Phys.J.C 81(2021) 5, 436]
® analysis using RFT
® det equation

det(Fy '(E*, L) + K3 4s(E*)) = 0

® KC3 q4f related to physical scattering
amplitude M5 via integral equations

® jsotropic approximation

K3,df _ ’Cgsfl?é0+lci50,lA, A =

df,3

C. Urbach: Lattice QCD for Hadron Structure and Interactions
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Three Pions at Maximal Isospin

® Three pionsin Ny = 2incl. physical
point

[Fischer et al., Eur.Phys.J.C 81(2021) 5, 436]
® analysis using RFT
® det equation

det(Fy '(E*, L) + K3 4s(E*)) = 0

® KC3 q4f related to physical scattering
amplitude M5 via integral equations

® jsotropic approximation
K3,df _ ’Cgsfl?é0+lci50,lA, A =

df,3 9M3
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First (and last?) LOCD attempt at the 3-neutron system

08 Pion Nucleon
,8\\07 i
¢ 3-neutrons: the really hard stuff! 7| as J
exponentially error growth %505 i I
s i
® Developed interpolating operators and § ool }

contraction codes for p-wave S = SR LT ®
and % three-neutron system

3 1
WU=h=35=5=3)

® Measurements performed on 483 x 96 N F{
Clover lattices with m, ~ 370 MeV 5 " \Si.
8 s 1 3my_(estimate))
® No signal due to noise (not surprising) ®

[Wynen, Luu, et al., https://doi.org/10.22323/1.334.0092 (2018)]
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The 3-particle analog of the Lellouch-Liischer formula

® Final-state interactions lead to anirregular L-dependence of the matrix element

DR TR O

® The non-relativistic Lagrangian

[Miiller & Rusetsky, 2020]

2 = ¢ w)u)o+ L oleoo 4+ L0 o611 p00
+ K'(i0, —wi) 2wk ) K + g(K'¢p¢ + h.c.) +

¢ (Calculate the decay matrix element in a finite and in the infinite volume, extract g
® Matrix elements are related through

[(n|Hw|K)L| = Ls(L) (s out| Hy | K ) oo |
——
depends on pion interactions
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Nucleon EDM and the Gradient Flow

d,, Literature

0.025
e Gradient flow (GF) protects us from 0,020 :
systematic errors associated with the ' %
lattice spacing 0015 5
’E‘ 0.010
¢ Used GF + LQCD+#-term to calculate 008
induced nucleon EDM % ;
~S 0.000 ! T
® Performed chiral + continuum -0.005
extrapolations —o0t0l T 1
¢ Accounted for finite-volume mixing of ~0.01% 160 200 300 400 500 600 700
form factors My [MeW

times 0!
[Dragos, Luu, Shindler, de Vries, Yousif, https://doi.org/10.1103/PhysRev(.103.015202 (2019)]

C. Urbach: Lattice QCD for Hadron Structure and Interactions page 19



Nucleon EDM and the Gradient Flow

d,, Literature

. OIOZS‘ - Ny=2+1+1, TMF
® Gradient o _
H Ny=0, 8GeV?, DWF
systemati limit on 0 :
lattice s = B )10 b fn
P 6] < 1.98 x 10710
e Used GF + ) ,
. using the experimental bound on d,,.
induced n - .
more predictions in the paper... 7o
® PerformedTrmrat+ corurouarm ~0.005
extrapolations
p —-0.010 T 1
¢ Accounted for finite-volume mixing of ~0.01% 160 200 300 400 500 600 700
form factors m,[MeV]

times 0!
[Dragos, Luu, Shindler, de Vries, Yousif, https://doi.org/10.1103/PhysRev(.103.015202 (2019)]
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... third funding period 2021

Supercomputer in Jiilich My Smartphone

® Juwels: 85 Pflops

¢ including 73 Pflops GPU booster module

[(©) FZ Jitich] ... and the year of @phone12
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Understanding Systematics of 3pt Quantisation in ¢*-Theory

e )
® two scalar fields ¢g, ¢1
[Garofalo, Romero-Lépez, Rusetsky, Urbach, 2023]
® include interaction term
g 3
Sint = +§¢0¢1
¢ allows decay ¢¢g — 3¢
N\ v,
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Understanding Systematics of 3pt Quantisation in ¢*-Theory

e two scalar fields ¢, 1

[Garofalo, Romero-Lépez, Rusetsky, Urbach, 2023]

® include interaction term

Sint = +%¢0¢?

allows decay ¢y — 3¢
® at g = 0 no coupling

C. Urbach: Lattice QCD for Hadron Structure and Interactions

e M)
0.05- =,
*////,// * ¢-particle
/”///,/’ = 2¢p-particles
= * 3¢g-particles
0.04 7., 0°P
- e A A
=) ‘ e ‘ ot ‘
E(J 03 : : i .
<
0.02
-
,,,,, .
,,,,, o
0.01 e n
5.1 5.4 5.7 6.0
LM,
o v,
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Understanding Systematics of 3pt Quantisation in ¢*-Theory

e M)
- ~ 0.04 ,
Z Ezium& = 2-particles
X c.ajt{.R + 3-particles
* two scalar fields ¢, ¢1 P '
[Garofalo, Romero-Lépez, Rusetsky, Urbach, 2023] g O/""';/«,,,/
= S
. . X < g s,
® include interaction term S Ay e
"""""" 5
g 3
Sint = +§¢0¢1 001"
~ [ ] = a
® allows decay ¢o — 3¢ 60 S 68
o
® at g = 0 no coupling N J
® at g > 0 avoided level crossing - N
. J First observation in
a Lattice calculation
. .
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Understanding Systematics of 3pt Quantisation in ¢*-Theory

e M)
C A ! 9=1443
“@\.
® can go further in this model ) <
[Garofalo, Mai, Romero-Lépez, Rusetsky, Urbach, 2023] %,2
® reconstruct complex mass ES
® compare FVU and RFT approaches = _
e we find good agreement! mrvvE R
L4 but SyStematICS V|S|ble 3.020 3.021 3.022 3.023 3,024
Re(E3/Mo)
o J
o v,
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Understanding Systematics of 3pt Quantisation in ¢*-Theory

® can go further in this model

[Garofalo, Mai, Romero-Lépez, Rusetsky, Urbach, 2023]
® reconstruct complex mass
® compare FVU and RFT approaches
* we find good agreement!

® but systematics visible

r

~
0
g=443
%
<
4 =]
E
x -2
<
IS
&
4
I FVU £ RFT
3.020 3,02 3.022 3.023 3.024
Re(E3/Mj)
J

[ Equivalence of FVU and RFT shown in practice in controlled model }

C. Urbach: Lattice QCD for Hadron Structure and Interactions
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J /1y decays in N; = 2 Flavour Lattice QCD

J /¢ — n, decay

¢ similar methodology as the quenched
radiative J /1 decay study

® result
T(J /1 — yn2) = 0.385(45) keV
[X.Jiang et al,, Phys. Rev. Lett. 130, 061901 (2023)]

e assume U4(1) anomaly and particular
value of the mixing angle 6:
predictions for /7’ consistent with
PDG

® see also other n, CRC110 study

[Dimopoulos et al., Phys.Rev.D 99 (2019) 3, 034511]
C. Urbach: Lattice QCD for Hadron Structure and Interactions

J /v — 3y decay
® rare decay as precision QCD test

® calculation involves Euclidean 4-point
function

® only decay width calculated
'~ 1.5(3) eV
[Meng et al., Phys.Rev.D 102 (2020) 5, 054506])

® agreement with experiment within
errors

e Lattice Dalitz plot can be directly
compared
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p-Meson to the Limits

® p-resonance a poster Breit-Wigner

resonance
3 -+ Protopopescu et al.
. . PR = < 2
® best studied resonance from Lattice M, =135 MeV o
LN — 5 2" 4
QCD | Me =220 Mev &
= - M, =305 MeV -2 ;
_ ) . £ M, =300 MV * )/
¢ first continuum extrapolated analysis < &+
. 1 * y
performed in CRC110 o
[Werner et al, Phys.Lett.B 819 (2021) 136449] - * T o
04 TEo-oTTI T
e chiral extrapolation based on VMEFT s 0 - -
Ecn [MeV]

e still: large systematic effects expected
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p-Meson Summary

900—1 i
= ol
. . . = 850 % = ;
® comprehensive comparison in CRC110 CR % ; ; i :

. I e e e & -
review paper = 750 N 7% T ¢
[Mai, Meiner, Urbach, Phys. Rept. 1001(2023) 1-66] 700 — % @

® uncertainties shrink over time 200
= % e
® but there are still discrepancies 2 10 poocporrogroooo oo {r-‘?-----@- ------
L? ® %’ °:d
. . . . 100 —H
e calculation at physical pion mass with

several lattice spacings needed!
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Elastic 7/V-scattering and the A Resonance

e A: lowest lying baryon resonance
e determination at physical pion mass . n, e
v Gy
. Gy
e single lattice spacing / volume G
- Fy
F

rad)

includes S- and P-wave mixing

B30

® example P-wave phase shift

they obtain

Myal* = 0.13(4)
Mg = 1269(45)MeV [Alexandrou et al., Phys Rev.D 109 (2024) 3, 3]
I'r = 144(181)MeV
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Elastic 7/V-scattering and the A Resonance

) . M, [MeV]
e lattice overview for A
0 138 200 300 380
[Mai, MeifRner, Urbach, Phys, Rept, 1001 (2023) 1-66] = | | | 1 1
® resonance mass in reasonable g | ¢
agreement with experiment — =
E = F ¢
=)
¢ width (or coupling) more problematic a2 o Verduet
= - % 0 Alexandrou et al.(2013)
. . . . Alexandrou et al.(2015)
e scattering lengths still await precise 5 A Andersen ot al.
. . v Alexandrou et al. (2021)
determinations g = ppG o Silvi ct al.
- T T T T
e note: Alexandrou 2021and 2024 are e o o o
M2 [GeV?

different analysis stages on the same
data

[Mai, Meif3ner, Urbach, Phys. Rept. 1001 (2023) 1-66; ]
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Elastic 7/V-scattering and the A Resonance

) . M, [MeV]
e lattice overview for A
0 138 200 300 380
[Mai, MeifRner, Urbach, Phys, Rept, 1001 (2023) 1-66] = | | | 1 1
® resonance mass in reasonable g | ¢
agreement with experiment — =
E = F ¢
= _
¢ width (or coupling) more problematic < 2] % o et al(201%)
= é Alexandrou et al.(2015)
. . . . A Andersen et al.
e scattering lengths still await precise 5 @ Alexandrou ot al. (2021)
. . ® Silvi et al.
determinations = |arnc * Alosandron et al. (2024)
- T T T T
e note: Alexandrou 2021and 2024 are e o o o
M2 [GeV?

different analysis stages on the same
data

[Mai, Meif3ner, Urbach, Phys. Rept. 1001 (2023) 1-66; plus update]
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n. — 27 decays

® important in quarkonium physics

® challenging to measure experimentally . . phys —
3 ¥ Hl_y’r, :m‘I’;lzf\'S PDG-aver |

e first principle, fully controlled -

theoretical estimate missing =

g 25¢

* new N; = 2 calculation b i

[Meng et al., Sci.Bull. 68 (2023) 1880-1885] 2 Fe

* -
¢ three lattice spacings 1.5¢ ‘
0 2 4 6 8 10

a® (fm? x 10°)
® based on a novel method with vastly
reduced finite volume effects

[Feng, Jin, Phys.Rev.D, (2019) 100:094509]
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n. — 27 decays

® important in quarkonium physics
® challenging to measure experimentally

e first principle, fully controlled
theoretical estimate missing

® new Ny = 2 calculation

[Meng et al., Sci.Bull. 68 (2023) 1880-1885]
¢ three lattice spacings

® based on a novel method with vastly
reduced finite volume effects

[Feng, Jin, Phys.Rev.D, (2019) 100:094509]
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Decay width (keV)

T'(n. — 2y
40 T T T \( T ) T T T
d EXP I PDG-fit
PDG-aver  This work
30
@ I —
(o] [} 2 o - (o] =
20
o o] % ] % ]
3 OF I o
il QIP T I §L$§ i 12—
07 o
= o w0 < j
EN 9f o Bd% B
-10
1985 1990 1995 2000 2005 2010 2015 2020

Publication year
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Dr-scattering and the Dj(2300)

e opencharm, J¥ = 0%t and I =1/2, M, [McV]
decay to Dr 0 138 200 300 400
. 1 1 1 1 1
) i ® Moller et al.
¢ slightly above D= threshold = = Moir ot ol
3 v 4 Gayer et al.
=R v PDG
® expect two pole structure = UCKLPT, Du et al.
[Du et al., PRD 98 (9) (2018), 094018] j s |
q &
:
=
&
=~
T e e il B--
T T T T
0.00 0.05 0.10 0.15
M2 [GeV?]
[Mai, Meif3ner, Urbach, Phys. Rept. 1001 (2023) 1-66; 1
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Dr-scattering and the Dj(2300)

e opencharm, J¥ = 0%t and I =1/2, M, [McV]
decay to Dr 0 138 200 300 400
- | | | | |
. El ® Mohler et al.
¢ slightly above D= threshold = = Moir ot ol
3 4 Gayer et al.
2 8 A v PDG
® expect two pole structure = UCKLPT, Du et al.
= O Yan et al.
[Du et al., PRD 98 (9) (2018), 094018] j s | o
37 :
® new Lattice results by H. Yan (CLQCD) T . ¢
[Yan et al, arXiv:240513479] é: -
=
. S et T """~~~ - -
e virtual state below M, ~ 300 MeV T T =F T
0.00 0.05 0.10 0.15
® inconclusive at MPVs! M2 [GoV?
o requires d coupled channel analysis! [Mai, MeiRner, Urbach, Phys. Rept. 1001(2023) 1-66; plus update]
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The elusive 7Z.(3900) (maybe now called 7.,(3900)??)

closed charm, I¢ = 1t, JP¢ = 1t-
® rather narrow I' =~ 30 MeV

e decay channels
J 7, merm, DD*, DD*

e CLQCD work on Z.(3900)

[Chen et al., Chin.Phys.C 43 (2019) 10, 103103, Chen et al., Phys.Rev.D 89 (2014)

9, 094506, Liu, Liu, Zhang, Phys.Rev.D 101 (2020) 5, 054502]

® LQCD conclusion so far:
no evidence for the Z. was found

only HAL QCD finds a state at threshold
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The elusive 7Z.(3900) (maybe now called 7.,(3900)??)

e closed charm, I¢ =11, JP¢ =1+~
( M
e rather narrow I' ~ 30 MeV We have to control systematics!
e decay channels Need to:
J /Y, nerm, DD*, DD* ® investigate pion mass
dependence

e CLQCD work on Z.(3900)

® study lattice spacing
[Chen et al., Chin.Phys.C 43 (2019) 10,103103, Chen et al., Phys.Rev.D 89 (2014)

dependence
9, 094506, Liu, Liu, Zhang, Phys.Rev.D 101 (2020) 5, 054502]

e perform a full coupled channel
e LQCD conclusion so far: investigation
no evidence for the Z. was found \ J

only HAL QCD finds a state at threshold
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Physical Point Ensembles at 4 Lattice Spacing Values

® ensemble generation requires 0.008
significant effort

(0]

® major code development and

optimisation &,0.006

|

I

|

l

8

|

[ETMC, Kostrzewa et al, PoS LATTICE2022 (2023) 340, ...] :
s & A

® significant investment within CRC110 0.0044 1

|

® many physics results produced and in
the pipeline!

150 175 200 225 250
* highly competitive set of Lattice QCD M, [MeV]

ensembles

[B. Kostrzewa)
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Physical Point Ensembles at 4 Lattice Spacing Values

e 7
Ensemble Landscape |
® ens : : : : : 4
sign o O @ ETMC, Ni=2+1+1
. mai or 1 ® emMeNe=2 -
opti — gl 1 ¢ cLs N=2+1
e £ o) YV BMW, N=2+1
- 6 .‘1 <]<] < | O PACS Ni=2+1 A
® sign d‘%c < BMW, Ng=2+1+1
o mar at ] MILC, Ni=2+1+1 0
L L O  RBC/UKQCD, Ny=2+1
the 0057 0082 0107 0.122 0.142 CLQCD, Ny=2+1 [ |
* high a*(fm) o
ensy [G. Koutsou]
. J
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Parton Distribution Functions from Lattice QCD

Two approaches available:
Mellin moments of PDFs

® compute moments (z")

[Martinelli, Sachrajda, Phys.Lett.B 196, (1987)]

® based on local operator matrix
elements

¢ limited to lowest few moments

¢ full reconstruction of PDF difficult

C. Urbach: Lattice QCD for Hadron Structure and Interactions

Quasi/Pseudo PDFs

compute pseudo/quasi/... PDFs directly

[Ji, Phys. Rev. Lett. 110, 262002 (2013), ...]

access to full z-dependence

intricate renormalisation procedure
need to match quasi to physical PDFs

make sure LaMET converges
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Pion and Kaon Momentum Decomposition

® ETMC Ny =2+ 1+ 1 calculation of (z)

¥ cB211.072.64 ¢C211.060.80 ¥ ¢D211.054.96
[ETMC, Alexandrou et al., arXiv:2405.08529 and Phys.Rev.Lett. 127 (2021) 25, 08 B om0 T 061832
252001] = 0.7 i .
}%30 6 %7 =
¢ three lattice spacings ”]m%am~~~W"Y ”””””””” 4 -
. . 0.7 T T t t t t
L d O 0.388(4¢ u] 8(6
physical pion mass values o 038849 0.408(61)
<3
® non-perturbative renormalisation % _______________ 3 5
f g e %
® mixing perturbative L4
O 0.926(68) O 1.046(90) =
ES12 i?
¢ sum-rule fulfilled within errors for Nt O 2 43
pion/kaon o i E <3
5 5
0.6
° marginal difference between pion and 0.001 0.003 0.005 0.001 0,003 0.005
a?[fm?) a*[fm?)

kaon
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Transverse Momentum Dependent PDFs

e frelated (Fourier Trafo) to purely

e go beyond 1d picture of partons spatial correlator
® relevant in semi-inclusive DIS ll_i>ngo<H(PZ)|O(ba l,2)|H(P.))
® 3d picture via transverse momentum * with staple shaped operator O

kr (or transverse separation b) 7 + bivy + I, P+ In,

fTMD(ajﬂ b? /’l’7 C)

¢ additional scale ¢ to regulate soft F+ bivy + 2h.

radiation
e lattice calculation via quasi PDF f

7 - zn,
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Transverse Momentum Dependent PDFs

e Soft function, Collins-Soper kernel,
perturbative matching all available

[ETMC, Alexandrou et al,, Phys.Rev.D 108 (2023) 11;

12
i

114503, Li et al., Phys.Rev.Lett. 128 (2022) 6, 062002] o ® b=0.09fm

- e b=0.18"fm

. . . - b =027 fm

e exploratory investigation 3 7 N\ b=0.36 fim

e 243 x 48 lattice at 350 MeV

b, 1.2

0.4

e P, =1.7GeV

® more on GPDs and twist-3

0.0

[Bhattacharya et al.: PRD109 (2024) 3, 034508; PRD106 (2022) 11,114512; -05 0.0 0.5 10 15

PRD104 (2021) 11, 114510; PRD108 (2023) 5, 054501]
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Hadronic Parity Violation: The A/ = 1 Coupling /..

h defined via effective Lagrangian

1
—__* 5 +
hy = i pErlﬁm()(mr |Lpv|p)

® involves 4-quark operator matrix
elements

® one exploratory lattice calculation
[Wasem, Phys.Rev C85, (2012)]

e proposed (again) in the CRC:
use P even matrix elements and PCAC

V2i

<”7T+ |Lpv|p) ~ “E (p|Lpc|p)

lim
pr—0
[Feng, Guo, Seng, Phys.Rev.Lett. 120 (2018)]
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Hadronic Parity Violation: The A/ = 1 Coupling /..

h defined via effective Lagrangian

he = g lim (07" |Lovlp)
® involves 4-quark operator matrix
elements
® one exploratory lattice calculation
[Wasem, Phys.Rev C85, (2012)]
e proposed (again) in the CRC:
use P even matrix elements and PCAC

V2i

<”7T+ |Lpv|p) ~ “E (p|Lpc|p)

lim
pr—0
[Feng, Guo, Seng, Phys.Rev.Lett. 120 (2018)]

C. Urbach: Lattice QCD for Hadron Structure and Interactions

pros
matrix elements of stable states
technically less involved

less noise

cons

mixing with lower dimensional
operators in twisted mass

strictly valid only in the chiral limit
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Hadronic Parity Violation: The A/ = 1 Coupling /..

h defined via effective Lagrangian

?
— __ " +
h. = 5 Npl:_)m()(mr |Lpy|p)

® involves 4-quark operator matrix
elements

® one exploratory lattice calculation

[Wasem, Phys.Rev (85, (2012)]

e proposed (again) in the CRC:

use P even matrix elements and PCAC

lim V2i
pr—0 F

[Feng, Guo, Seng, Phys.Rev.Lett. 120 (2018)]

C. Urbach: Lattice QCD for Hadron Structure and Interactions

(nm*|Lpvlp) ~ ———(p|Lec|p)

/1077

1
hy

&
=
o |
=
o - L]
o -
=== NPDGamma (2018)
< our work, cA211a.15.48
our work, cA211.30.32
— = our work, cA2 4
a7 our work, ¢ .53.24
—— Wasem (2012) —
= 4
I T I T I T I T
0.00 0.05 0.10 0.15
(M, /GeV)?

® exploratory investigation

[Petschlies et al., Eur.Phys.J.A 60 (2024) 1]

® renormalisation still missing

flat pion mass dependence
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... final Meeting June 2024

Supercomputer in Jiilich
e fall 2024
® Jupiter: ~ 1 Exaflops

¢ so far only Jedi development partition

[(c) FZ Jiilich]
C. Urbach: Lattice QCD for Hadron Structure and Interactions
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... final Meeting June 2024

Supercomputer in Jiilich .. and a new era has begun

e fall 2024 ® quantum annealer

® Jupiter: ~ 1 Exaflops e first calculations as part of CRC110

[e.g. Kim, Luu, Unger, https://doi.org/10.1103/PhysRevD.108.074501 (2023)]

¢ so far only Jedi development partition

[(c) FZ Jialich]
[(c) FZ Jiilich]
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