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 Compute moments of  the transverse density

Moments of  ρ can be determined from generalised form factors (GFFs)
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Status of  current simulations

Ensembles generated by ETMC:

Wilson-type

Staggered
Domain wall

Plenary, Sat. by J. Finkenrath

B-ensemble: 643x128 a=0.08 fmC-ensemble: 803x160, a=0.07 fm

D-ensemble: 
963x192, a~0.06 fm 

We use 3 ensembles generated with physical values of  the u, d, s, and 
c quark masses

C. A. et al. (ETMC),  Phys. Rev. D98 (2018) 054518 

Talk, Tues. by B. Kostrzewa
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ensemble (L/a)3.T/a a (fm) m⇡ (MeV) L (fm) m⇡L
cB211.072.64 643 · 128 0.07961 (13) 140.2 (2) 5.09 3.62
cC211.060.80 803 · 160 0.06821 (12) 136.7 (2) 5.46 3.78
cD211.054.96 963 · 192 0.05692 (10) 140.8 (2) 5.46 3.90



Mellin moments
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Moments for small n are readily accessible on the lattice from matrix elements of  local operators


 Computation of the low Mellin moments has a long history, G. Martinelli and Ch. Sachrajda Phys. Lett. B217 

(1989) 319


 Only recently we have results directly at the physical point (i.e. simulations with mπ ~ 135 +/-10 MeV)


 To access the transverse spin densities one needs to compute the twist-two matrix elements of  the 

chiral-even unpolarized and chiral-odd transversity GPDs 
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 Consider moments of  GPDs at zero skewness, e.g.   
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M. Diehl and P. Haegler, Eur.Phys.J.C44:87-101,2005, arXiv:hep-ph/0504175 
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 Moments for small n are readily accessible on the lattice from matrix elements of  local operators


 Computation of the low Mellin moments has a long history, G. Martinelli and Ch. Sachradja Phys. Lett. B217 

(1989) 319


 Only recently we have results directly at the physical point (i.e. simulations with mπ ~ 135 +/-10 MeV)


 To access the transverse spin densities one needs to compute the twist-two matrix elements of  the 

chiral-even unpolarized and chiral-odd transversity GPDs.

gV = h1iu�d

gA = h1i�u��d

gT = h1i�u��d

• gV= 1

• gA= 1.2723     0.0023          reproduce

• gT= 0.53    0.25   M. Radici and A. Bacchetta. PRL 120 (2018) 192001

± ☞
±

Nucleon isovector charges (first Mellin moments)
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Tensor form factors 
  Nucleon matrix elements of  the tensor operator 
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AT10(0) = gT

anomalous tensor magnetic moment

Boer- Mulders function

<latexit sha1_base64="ye97d+qSzqRa4GunlFezgmYKE2M="></latexit>

B̄q
T10(0) = T ⇠ �h?

<latexit sha1_base64="mcMbLS3GdCglT+tuWIo/pzWWsp4=">AAADF3icbVJNj9MwEHXC11I+tgtHLiMqpFaUKqlWCxek5ePAqepK292V6jRyXSe11k5S2wFV2fwLLvwVLhxAiCvc+Dc4bZAguyNZepp573lm7HkmuDae99txr12/cfPWzu3Wnbv37u+29x6c6DRXlE1oKlJ1NieaCZ6wieFGsLNMMSLngp3Oz99U9dP3TGmeJsdmnbFAkjjhEafE2FS45zzDgiSxYDCCbjbDmeKS9XUNeheA50 QVqxKw5rEkswLLHCd5CauLjaKve1htDV62Nty8DEdXOGHBIjNtuOA+vJqtwuLY98ru0WzYaz0FDjhShBY4JrKiTi23xG+ZMJUuyYOyhGIIMhyVALj/uqn/K0/t2NVWYFx7QNPEWsyGUDWBP/AFM1wsWKMfwIrHSxPk1Ux21rDd8QbeJuAy8GvQQXWMw/YvvEhpLlliqCBaT30vM0FBlOFUsLKFc80yQs9JzKYWJkQyHRSbdy3hic0sIEqVPYmBTfZfRUGk1ms5t0xJzFI3a1Xyqto0N9GLoOBJlhuW0O1FUS7ApFB9ElhwxagRawsIVdz2CnRJ7FqN/UotuwS/OfJlcDIc+AeD/aP9zuFBvY4d9Ag9Rl3ko+foEL1DYzRB1PnofHa+Ot/cT+4X97v7Y0t1nVrzEP0X7s8/zwv4ug==</latexit>

hN(p0, s0)|q̄�µ⌫q|N(p, s)i = ūN (p0, s0)
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 Important to probe large ts values keeping error approximately the same to reliably eliminate contributions 
from excited states

Isovector tensor charge 

9

B-ensemble: 643 x 128, a~0.08 fm

C-ensemble: 803 x 160, a~0.07 fm

D-ensemble: 963 x 192, a~0.06 fm

on-going



Isovector tensor charge 
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B-ensemble: 643 x 128, a~0.08 fm

C-ensemble: 803 x 160, a~0.07 fm

—> precision era of  lattice QCD

0.25 0.50 0.75 1.00 1.25

ETM22

PNDME18

NME21

Mainz19

Radici

Kang

Goldstein

Pitschmann

gu°d
T

Continuum limit 
directly at physical 
pion mass

D-ensemble: 963 x 192, a~0.06 fm

 We find gT=0.924(54) more accurate than what extracted from phenomenology.



Tensor charge for each quark
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Nf=2+1+1 twisted mass fermions with a clover term 

• Lattice size 643 x 128

• a=0.08 fm determined from the nucleon mass

• mπ=139 MeV

• Lmπ=3.6 


ts/a Ncnfs Nsrcs Nmeas

8 750 1 750
10 750 2 1500
12 750 4 3000
14 750 6 4500
16 750 16 12000
18 750 48 36000
20 750 64 48000
2-pt 750 264 198000

0.64 fm

1.6 fm

Needed for studying

 excited states

Increase statistics to keep approx. 

constant error

Statistics for connected contribution 

Statistics for disconnected contribution no. of   Hadamard vectors

no. of   stochastic vectors

<latexit sha1_base64="u4J49w4gpkoXm/7N+wYxz2YVZGI="></latexit>

2pt (u+d)-quark loop s-quark loop c-quark loop
600000 750⇥512 750⇥512 9000⇥32

+deflation of 200 modes

Use hierarchical probing

O
µ⌫



Disconnected small but non-zero

Isoscalar and flavour diagonal tensor charge

12
C. A., S. Bacchio,  M. Constantinou, J. Finkenrath, K. Hadjiyiannakou, K. Jansen,  G. Koutsou  and A. Vaquero Aviles-Casco, 
Phys.Rev.D 102 (2020) 5, 054517, arXiv:1909.00485 

B-ensemble: 643 x 128, a~0.08 fm
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u-d u d s c
gT 0.936(25) 0.737(23) -0.217(23) -0.0041(12) -0.0060(37)

https://arxiv.org/abs/1909.00485


Second Mellin generalized unpolarised and tensor form factors
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Unpolarized Mellin moment
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Momentum fraction - best measured 

O
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Momentum fraction - best measured 

O
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Second Mellin of  generalized tensor form factors
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C-ensemble: 803 x 160, a~0.07 fm

Isovector

In the continuum limit we predict:
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Continuum extrapolation of  Q2=0 generalised form factors 
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For the first we extrapolate to the continuum limit using 3 gauge ensembles directly at the physical pion mass


All quantities shown from now on are for the isovector combination

C. A.,  S. Bacchio, M. Constantinou,P. Dimopoulos, J. Finkenrath, R. Frezzotti, K. Hadjiyiannakou, K. Jansen, B. Kostrzewa, G. 
Koutsou, G. Spanoudes, and C. Urbach, arXiv:2202.09871 

 We find for the anomalous tensor magnetic moment κT=1.05(9) —> Boer-Mulders functions negative and sizeable

https://arxiv.org/abs/2202.09871
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18

For the first time, we extrapolate to the continuum limit using 3 gauge ensembles directly at the physical pion mass


For a fixed value of  Q2 we extrapolated to a=0 and then fit to 

C. A.,  S. Bacchio, M. Constantinou,P. Dimopoulos, J. Finkenrath, R. Frezzotti, K. Hadjiyiannakou, K. Jansen, B. Kostrzewa, G. 
Koutsou, G. Spanoudes, and C. Urbach, arXiv:2202.09871 
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Contours of  the first moment (n=1) of  the probability density, as a function of  bx and by
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Contours of  the second moment (n=2) of  the probability density, as a function of  bx and by
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Distortion is milder than for n=1 due to the milder dependence of  A20(Q2) compared to A10(Q2)
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 Precision era of  lattice QCD: Moments of  PFDs can be extracted precisely and directly at the physical 
pion mass including the continuum limit


The calculation  of  sea quark contributions is feasible providing valuable input demonstrated here with 
the tensor charge 


Large deformation is predicted especially for the first moment of  the transverse quark spin density
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The calculation  of  sea quark contributions is feasible providing valuable input demonstrated here with 
the tensor charge 


Large deformation is predicted especially for the first moment of  the transverse quark spin density
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