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Other QCDSF Talks

@ Nabil Humphrey Today 1710, Benjamin Banneker
e Tensor-polarised structure functions of the rho meson from lattice QCD using the
Feynman-Hellmann method.

o Jordan Mckee Wednesday at 1130, Benjamin Banneker

e Nachtmann moment of the parity-violating structure function from Feynman-Hellmann
@ Mischa Batelaan, Wednesday 1130, Margaret Brent B

e 71 and 7 production in radiative decays of chromium
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Motivation

@ Pion is a pseudo-Goldstone boson

o My R /My
@ Investigate transition from
non-perturbative to perturbative QCD

@ Future experiments at JLab and EIC with
momentum transfers greater than
Q? = 30 GeV?

(m(®)V(0)|n(p)) = ~i(p' + ). Fr(Q?)

Where,

Vu(z) = @(2)vuq(2)
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Our Approach
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The Feynman-Hellmann Method

As in Quantum mechanics, the FH theorem relates small perturbation in the action to change

in expectation value.
OE(\) OH()\)
= ()
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The Feynman-Hellmann Method
As in Quantum mechanics, the FH theorem relates small perturbation in the action to change

in expectation value.
OE(\) OH()\)
= ()

For this work, we use the perturbation

Sqcp — SQCD()\) = Sqcp + )\/d4z(eiq'z + e*"q'z)w(z).
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The Feynman-Hellmann Method

As in Quantum mechanics, the FH theorem relates small perturbation in the action to change

in expectation value.
OE(\) OH()\)
= ()

For this work, we use the perturbation

Sqcp — SQCD()\) = Sqcp + )\/d4z(eiq'z + e*iq'z)w(z).

This allows access to the following matrix element of interest

() Vs O)(p)) = i 5 P F (@)
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The Feynman-Hellmann Method

@ Only Breit frame pairs receive energy shift linear in! A i.e. p' = —p

Consider a momentum transfer of q = (£4,0,0) (2%).

e A sink momentum of p’ = (2,0,0) (2%) couples to source momenta:
op (— 200)( ), and,
= (6,0,0)(F =)
° A smk momentum of p’ = (—2,0,0) (2F) couples to source momenta
p= (2»070)(%) and,
° p=(-6,0,0)(%F)

'Phys. Rev. D 96, 114506
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Momentum Smearing

Method of quark smearing from the RQCD collaboration in 20162

°
@ Modifies existing quark smearing routines with modification to smearing kernel ® for
quark momentum k
Dy — L) = e HOWg
@ Relate quark momentum (k) to hadron momentum (p) using Pmeson = 2k, and
Pbaryon = 3k
@ This significantly improves signal for hadrons with momentum p

2Phys.Rev.D 93 (2016) 9, 094515
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Momentum Smearing
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Figure: Effective mass of pion with momentum p = (2,2, 0)277r
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Momentum Smearing
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Figure: Effective mass of pion with momentum p = (2,2, 0)277r
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Momentum Smearing
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Figure: Effective mass of pion with momentum p = (2,2, 0)277r
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Momentum-averaged Smearing

@ Problematic because of the superposition p £+ q

@ Instead, at source, superimpose two momentum smeared sources smeared with p and —p
respectively.

Consider again a momentum transfer of q = (+4,0,0) (2£).

@ Construct two sources at same location, one smeared for p = (2,0,0) (2£) and one for

p=(-2,0,0) (2%)
© Average these two sources and perform propagator inversion as usual
© At sink then smear as required
@ In our case, smear propagator for p and —p at sink and again average
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Momentum-Averaged Smearing
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Figure: Effective mass of pion with momentum p = (2,2, 0)277r
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Momentum-Averaged Smearing
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Figure: Effective mass of pion with momentum p = (2,2, 0)277r
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Momentum-Averaged Smearing
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Figure: Effective mass of baryon with momentum p = (3,0, 0)2%
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All-Mode Averaging

Correction factor:

Nstrict
C _ 1 ( % e )
corr — N. strict approximate
strict —1
Improved Approximate Correlator:
_ I
Clmproved C'approximate + CCO”’

The AMA3 correlators then are:

strlct Napproxlmate
CAMA = N < E Ctrlct+ E : Cmproved)
approximate

*Nstnct+1

Capproximate are =~ 4 times faster to calculate than Cgrict
3Phys. Rev. D 01, 114511
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Variational Techniques

We construct a GEVP using basis of
interpolating operators

< 0(75, v5) C(%, Y475) >
(7a7v5, 75) C(’m’ys, ~Y475)

After diagonalising time dependence of C' an
improved may be extracted.
See also @

“Phys.Rev.D 112 (2025) 5
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Figure: p = (3,2,1) (2%)
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Simulation Details: Pion Form Factor

ﬁ Rl, Rs NL X NT My (MGV) chg
5.65 0.122005,0.122005 48 x 96 413 550

Table: Configuration Details

Q2 (G6V2) q (Tﬂ-) (fﬂ) Nstrict Napproximate

4.62 (4,4,0) (2,2,0) 1 10
8.08 (6,4,2) (3,2,1) 1 25
10.39 (6,6,0) (3 3 O) 1 25
Table: Simulation Parameters, for tolgict = 10~ olappm,mnate =105
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The Electromagnetic Form Factor of the Pion

Point (m, = 413 MeV, a = 0.068 fm)
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at the SU(3) Symmetric

-~ VMD, m, = 02818
-+ VMD, m, = 0.775 [
— pQCD
X QCDSF 2018
1 JLab
ro——

8
Q*(GeV?)

Electromagnetic Form Factor of the Pion

10 12 14

Lattice 2026

18/32



The Electromagnetic Form Factor of the Pion
Point (m, = 413 MeV, a = 0.068 fm)

at the SU(3) Symmetric
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Flavour Breaking Effects

0.0200
—— M =2m+m,=const.
Y SU(3) symmetric point (5m = 6m; = 0)
0.0175 1
Physical
sotso | m = 2m; + ms = constant
0.0125 Where 0; are defined as
my =266 MeV
" 0.0100 1 1 1 1 1
g smy= -~ — —) = -oms
0.0075 2 K R0 2
mp=360MeV . . .
0.00501 Where kg is k at the SU(3) symmetric point.
0.0025 1 Relate dm; and dm, with
SU(3) sym. m, =413 MeV
0.0000 y (5777,5 = —2577’1[

-0.010 -0.008 -0.006 —0.004 —-0.002  0.000
&m;
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Simulation Details: Flavour Breaking Effects

5 Rl, Rs NL X NT My (MeV) mg (MeV) chg
5.65 0.122005,0.122005 48 x 96 413 413 550
5.65 0.122078,0.121859 48 x 96 360 445 550
5.65 0.122167,0.121682 48 x 96 266 475 550

Table: Configuration Details

Q2 (GGVQ) q (2%) P (2%) Ngtrict Napproximate
808 (6,4,2) (3,2,1) 1 25

Table: Simulation Parameters for tolgrict = 10’12,tolapproximate =10"°
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Pion Form Factor
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Kaon Form Factor
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Kaon Form Factor
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Flavour Breaking Expansion
For multiple m; and mg mass splittings, dm;, along the m-constant line, we can describe the
flavour breaking effects using fan plots*.
- Note AKr;Kf <K‘J”‘K>
JT = %(ﬂf\/u —dvyd) and J"T = ﬁ(ﬂ’yu + dyd — 257s)

1 2 2
F = %(AKnK — Agpi) = ﬁAKnK =2f - ﬁsﬂsml’

Fy = (Akrk + Agri) = 24Kk = 2f + 4s10my,
F3=Armn = 2f + (_281 + \/382)57”[)

1
Fy = E(Aﬂ-KI_{ — Agkn) = 2f — 2s10my,
1 2
Fs = (AnK[_{ - AKKn) =2f - 7(\/§81 — 82)57711.

V3
4Phys.Rev.D 84 (2011) 054509, Phys.Rev.D 100 (2019) 11, 114516
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Flavour Breaking Expansion

Only have access to F} to Fj:

1 2 2
k= ﬁ(AKnK — Agyr) = %AKUK =2f - ﬁsﬂsml’
F2 = (AKﬂK -+ AI_(WI_() = 2AK71-K = 2f + 481(5777,[,
F3 = Apnn = 2f + (=251 + V/3s92)6my,
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Flavour Breaking Expansion

Only have access to F} to Fj:

1 2 2
Fr=—(A —Ap )= —A =2f — —s90my,
1 \/§( KnK RnK) 7 Knk = 2f 73 20mMy
F2 = (AKﬂK -+ AI_(WI_() = 2AK71-K = 2f + 4815777,[,
F3 = Apnn = 2f + (=251 + V/3s92)6my,

As well as a flavour singlet quantity

1
Xp=g(3F + Fy+2F) = 2f + O(dm})
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Flavour Singlet Xp
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Fan-Plot

~ 2
F1 = Fl/XF =1- ﬁagéml,

= Fy/Xp =1+ 4a16my,
Fy=F3/Xp =1+ (—2a1 + vV3az)6m,.

Where a; = s;/2f

Q? =8.08 GeV?, m, = 266, 360.413 MeV
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Summary

@ We have tested and implemented new momentum-averaged smearing technique to our
existing FH method

@ Increase precision of the Fi;(Q?) calculation using AMA and variation techniques

@ Shown preliminary analysis of F;(Q?) behaviour at different quark mass splittings
Future work:

@ Investigate more SU(3) broken configurations and fit f-fan at greater than linear order

e Investigate f-fan at variety of Q>

@ Extrapolate Form Factors to physical point
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Backup Slides
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Environmental Effect
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