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Charged lepton in an electromagnetic field

L Qe 4
i=9(5) 8

e Corrections to the vertex function : Dirac and Pauli form factors

7(q)

= —ieu(p o \T.(p, p)ulp, o)

iauuqy 2
F:
——15(q7) | ulp, o)

— ieu(p, o) [wFl(qQ) T

[ F(0) = a, = 2 }

e Classical result : g = 2 for elementary fermions (Dirac equation)

1(p) w(p)

y
Quantum field theory : a,, = % # 0
< generated by quantum effects
() - & noer
M M G =5 [Schwinger '48]
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Standard Model prediction for (g — 2),

“The anomalous magnetic moment of the muon in the Standard Model "' [Phys Rept. 887 (2020) 1-166]

Contribution a, x 101
- QED (10™ order) 116 584 718.931 4+ 0.104
- Electroweak 153.6 £1.0
- Strong interaction

HVP (LO) 6 931 + 40

HVP (NLO) —98.3+£0.7

HVP (NNLO) 12.4+0.1

HLbL 92 + 18
Total (Standard Model) 116 591 810 £ 43
Experiment 116 592 059 + 22

» Theory error larger than current experimental precisions
» Error budget dominated by hadronic contributions : LO-HVP and HLbL

— HVP : precision of a few permil is needed
— HLbL : precision of 10% would be sufficient
— dominated by low-energy physics where QCD is non-perturbative

Antoine Gérardin 3 Pseudoscalar transition form factors from BMW



Hadronic contributions

[LO HVP (042)] NLO HVP (o?) NNLO HVP (a?) [ HLbL (043)]

e LO-HVP

e NLO HVP and NNLO HVP differ by the QED kernel functions

— NLO HVP : same order as HLbL

—> not negligible, but error under control
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Hadronic light-by-light scattering in the muon g — 2

s
. A

Dispersive framework ('21)  a, x 10"

7 0 93.8 +4

pion/kaon loops —16.4+0.2

S-wave 77 —8El Two approaches on the lattice :
axial vector 6+6

scalar + tensor _ —1+3 7 n, 1’ : accessible on the lattice
g-loops / short. dist. cstr 154+ 10

charm + heavy q 3x1 direct lattice calculation

sum 92+ 19

Mainz '22 109.6 £ 15.9

RBC/UKQCD 23 124.7 +15.2

» both approaches are complementary

» target

Antoine Gérardin

precision for HLbL : <10%
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Hadronic light-by-light scattering in the muon g — 2

s
. A

Dispersive framework ('21)  a, x 10"

70 n, 93.8+4

pion/kaon loops —16.4+0.2

S-wave 77 —8El Two approaches on the lattice :
axial vector 6+6

scalar + tensor _ —1+3 70 n, 0’ : accessible on the lattice
g-loops / short. dist. cstr 154+ 10

charm + heavy q 3+l direct lattice calculation

sum 92+19

Mainz '22 109.6 == 15.9

RBC/UKQCD 23 124.7 £ 15.2 ~y*

mn
» both approaches are complementary
» target precision for HLbL : <10%
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Integrand of the “direct lattice calculation”

I3l

Long distance
4.
S b

~ l'gm

—> 14\

» Noisy long distance dominated by pion-pole
» Finite-volume effects — long-distance physics : pion-pole

[Pseudoscalar—pole plays an important role in the direct calculation]
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hadronic light-by-light : extrapolation to the physical pion mass

Pion-pole subtraction
130 T T
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e Results obtained with the Mainz group [Eur.Phys.J.C 81 (2021) 7, 651]

e Statistical precision deteriorates rapidly at low pion masses

. 0 ph - 0
e Correction : a"" " (a,mz) = af****(a,m,) + (az phys(amy) _ ar (a, mﬂ))
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hadronic light-by-light : extrapolation to the physical pion mass

x 1011

(Conn + 242)
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e Open symbols :
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Pion-pole subtraction

- 1 a=0.050fm — mL=c .
—— a = 0.064 fm __ an=5.818
B —— a = 0.076 fm _ 7
— = a=0086fm - ML=4642
B —e— a = 0.099 fm e mﬁL= 3917 4
1 1 1 1 Il | 1 |
0.02 0.04 0.06 0.08 0.1 0.12 0.14 0.16 0.18
m2 [GeV?]
0
hlbl,cor ___hlbldata 7 ,phys(a,my) 70
a, (a,my) = a, (a,my) + <au ’ T —ay, (a,my)

Chiral extrapolation significantly improved !
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Pseudoscalar-pole contribution to Hadronic Light-by-light diagram

o0 e 1
MOl — / dQl/ ng/ dr wi(Q1,Q2,7) Fprar (—QF, —(Q1 + Q2)*) Fprea(—Q3,0) +
0 0 -

1
w2 (Q1, Q2,7) Fpyer (—QF, —Q3) Fpyer(—(Q1 + Q2)2,0)

[Jegerlehner & Nyffeler '09]

— Product of one single-virtual and one double-virtual transition form factors
— w1 2(Q1,Q2, 7) are model-independent weight functions

— The weight functions are concentrated at small momenta below 1 GeV

< Hadronic input : TFFs for arbitrary space-like virtualities in the momentum range [0 — 3] GeV?
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Momentum cut-off

}lfbl’P as a function of the

e Relative contribution of the pseudoscalar-pole contributions a
momentum cutoff Qyt

cht [Ge\/] 7TO Ui 77,
0.50 71% 50% 38%
1.00 84% 68% 60%
2.00 92% 81% 78%
3.00 94% 86% 85%
5.00 97% 91% 92%
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e pion transition form factor

— first lattice calculation done in collaboration with the Mainz group [Phys.Rev.D 100 (2019) 3]

™l = (59.7 £3.6) x 107! [6%]

D(7° = 49) =7.17+£0.49 eV
— recently : new result by ETM [2308.12458 [hep-lat] |

— this talk : new independent calculation

— warm-up with staggered quarks before moving to n and 0’ TFFs

e 1 and 7/ transition form factors

— calculation at the physical point + continuum limit

— estimates from Canterbury approximants [PRD 95, 054026 (2017)] and Dyson-Schwinger
equations [Phys. Lett. B 797, 134855 (2019)]  [PRD 101, 074021 (2020)]

a, "M 15 x 1071
ali"" ~ 14 x 1071
— much more difficult : 7 — 7' mixing, noisy quark-disconnected contributions

— 25-30% on aELbL”’*”/ precision would suffice to reach 10%
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Correlation functions : disconnected contributions

Ty !
O 4O
to t

1
I8
v

>
> r T >

to ty t; to ty t; f t; to tr t;

Cl(t?/)(T’ tW) - Z <T {J,,((j, tf)Ju(Za ti)P(f, to)} > e'PT I0E

Diagram 1 : contributes to all meson TFFs

Diagram 2 : contributes to all meson TFFs (only disconnected diagram for 7)

— we work in the isospin limit of QCD = single pseudoscalar loop vanishes
— numerically small : O(1%)  [Mainz '19, BMW '23]

Diagram 3 and 4 : contribute to the n and 7/

— third diagram is large, noisy and enters with an opposite sign

— fourth diagram expected to be small : SU(3)-suppressed vector loops
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Gauge ensembles

Calculation based on Budapest-Marseille-Wuppertal (BMW) gauge ensembles

e Goldstone pion/kaon are tuned to their physical pion/kaon masses

— Ny =2+ 1+ 1 dynamical staggered fermions with four steps of stout smearing

e up to 6 lattice spacings from 0.13 fm down to 0.064 fm

different physical volumes from 3 to 6 fm
— pion TFF : based on large 6 fm ensembles only

— smaller boxes also used for the n and 7/’ to boost statistics

More details are given in 2305.04570 [hep-lat]
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[ The pion transition form factor ]
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Lattice calculation

In Minkowski space-time :

M, (q1.¢5) =1 / d*z 17 (0|T{ T, (2) 1, (0)H7°(D)) = €puap 65 @5 Froy (a1, 43)

e J,(z) hadronic component of the electromagnetic current : J,(z) = 2u(z)y,u(z) — $d(z)v.d(z) + . ..

In Euclidean space-time : [Ji & Jung '01] [Cohen et al. '08] [Feng et al. '12]

U / dr e / d e (O {J,(7,7),(0,0) } [7°(p)) = / dr AL (7) e

e Kinematics : ¢; = (w1, q1) Ju,
o |1 = (2r/L)?|A* , |A?=1,2,3,4,5,... 7(p) Ju s @2
e valid below hadronic threshold

- — = .

Euclidean three-point correlation function :

O (7t 51, %) = Y (T {Jy(ﬁ, t1)J,.(Z, ;) P(Z, to)} ) 7 7

T,z
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Kinematic reach in the photon virtualities

Photons virtualities (pion rest frame) :

¢ = w? — |1 = G2 = r/D2A , |[A2=1,2,3,4,5,...
‘2

@ = (Me—w1)” — |@ = wy is a (real) free parameter
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Shape of the integrand at fixed |1|? and |

> = o . 28, _
}",row(qf,qg) x / dr A, (1) e" AEZ;)(T) = lim =ZePxlts tO)CIS?;)(T, tp)
—63 tp——+o00 e
A(l) (7—) 6w5T smr J —
T T T I T woq1
0.045 total F——— 5 ]
0.04 - . . @lP=5(%) | w(® Ju @
— 2 —
0.035 |q2‘2 -5 (2%)
0.03 - * ® i tr T
0.025 - - * 8 On the lattice :
0.02 1 - : i - Discrete sum over lattice points :
0.015 - * * -
0.01 - . - ] / dr — “Z
0.005 . . 1 T
ge===t”" ‘ ‘ ! B L - Finite size of the box :
—15 —10 -5 0 5 10 15
T/a 7] < Timax 7 00

e The small contribution 7 > 7y, is evaluated assuming a VMD (or LMD) parametrization
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‘ 2

Shape of the integrand at fixed |1|? and |

> = = . 2E _
fwow(qf,qg) ox / dr A, (1) e'” Ag{)(r) =, lim —Zebxly tO)Cg’) (1,tp)
—69 p—>+00 e
AW (7) €457 | B
0.08 F ‘ T 1 Jus
total ——— )
0.07 @lP=5(%) 1 7@ Ju s
0.06 - . - 7
) B2 =5(%)
0.05 | * ] n T
0.04 - ] On the lattice :
0.03 | . - Discrete sum over lattice points :
002 ¢ ) ) 1 / dr a0y
0.01 . B | -
() baammramaTr x 2" i ‘ T e - Finite size of the box :
—20 —10 0 10 20
T/a 17| < Timax 7 00

e The small contribution 7 > 7y, is evaluated assuming a VMD (or LMD) parametrization
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Single ensemble - a = 0.0787 fm - physical pion mass

T e
oo o,
e

O 1 1 1

-

e

1 15
Q” [GeV?]

2

[GeV]

0.2

0.15

0.1

0.05

— Black/blue points : two different pion frames

Q2 F7T’Y*’Y* (_Q27 0)

zZ-exp

02 04 06 08 1
Q* [GeV?|

— Reminder : lattice data are not restricted to these kinematics

— OPE / Brodsky Lepage : TFF decays as 1/Q? for large virtualities

Antoine Gérardin
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Model-independent extrapolation to the physical point

» Model independent double z-expansion for space-like momenta  [Mainz '19]

Zc 27 2y 2z = Vte+ Qi = Vi — Ty
nm ~1 ~2 ) 1T
n,m=0 \/tc—l'Qz?_'_vtc_tO

fPfy oy QlaQZ

— t. = 4m?

max]

— to chosen to reduce the maximum value of |z;] in the range [0, @
— truncation of the sum (finite V)
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Model-independent extrapolation to the physical point

» Model independent double z-expansion for space-like momenta  [Mainz '19]

Vie+ Q7 — i, —t
fPfy*y QlaQQ Z Cnmzl Z2 ) i — < - . .

.=
n,m=0 \/tc—l'Q?_'_vtc_tO

— t. = 4m?

— to chosen to reduce the maximum value of |z;] in the range [0, @

— truncation of the sum (finite V)

max]

» Analytical 4+ short-distance constraints (Brodsky-Lepage behavior and OPE )  [Mainz '19]

N-1 __ 1\N+n N _ 1\N+m N
PIGGD) Forrr (@ @) = X ean (o - S (o - )

n,m=0 N N
with PO 02) — 1 Qi + Q3 1
(@1, Q3) =1+ Mz = Frnoyin ™ o

» Discretization effects : ¢,,(a) = ¢ + %%,)1 a’ + %(737)1 at

» Uncorrelated fits. Systematic error by varying N
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Continuum limit of the pion transition form factor

[GeV]

0.07 \ \ \ 0.16
0.06 u 0.14
0.05 I » — =i 0.12
0.1
0.04 4 —
g 0.08
0.03 1 =
0.06
0.02 This work |
Mainz 0.04
0.01 Dispersive 1 0.02
OPE ——
0 1 1 1 1 1 | 0
0 0.5 1.5 2 2.5 3 3.5 4
Q? |GeV?|
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=
I

This work
BESII (prelim.) i
CLEO +——+—
CELLO +—=—
Mainz
Dispersive

1 L |

0.5 1 1.5 2
Q2 [GeV?]

D(7 — y7) = 7.11(0.44) 542t (0.21)syst, €V

alPlm — 57.8

I

(1.8)stat (0.9)gyst x 107
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Pion-pole contribution : status (1)

This work
. ' ETM 23
. ! Mainz 19
 —e—  Displs
g CA 17
—e—i DS 19
———i DS 20
************************************ —  WP20
56 60 64 68

> Lattice

[M. Hoferichter et al. |
[P. Masjuan et al. |

[G. Eichmann et al. |

[K. Raya et al. ]
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Pion-pole contribution : status (2)

2
» two-photon decay width : [ L% = yy) = Ta mﬂo}fow( 0) }

° BMW 23
o ETM 23
° Mainz 19

—— NNLO ChiPT

—e— PrimEx

6.5 7.5 8.5

e lattice results tend to be smaller than exp. value ... but compatible within 1 - 1.5 o

— error dominated by statistics

0 . . . 0
o I'(7" — 47) and ay, are correlated : low-Q? region dominates in aj,

Pseudoscalar transition form factors from BMW
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[ The 1 and 7’ transition form factors ]
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How to extract the  and n’ TFFs?

e In principle, the same techniques work for 7

CL(L?(T’ tp) = Z<Ju(57 ti)Jy(ﬁ, tf)Oz‘(f, t0)> e P Tl z

Z,Z

with the ng and 7, interpolating operators :

O(w) =~ (5u(a) + Trsd(x) = 25755(x)).
Oy(x) = % (wvsulz) + drsd(z) + 5755(2))

For the 7, the spectral decomposition reads

- -

CR(r.tr) = 20OV, B, O)lF)e ™ 2}E<<ﬁ>|0|o> Fito-ty

—

+Z 0.J,(2,7)J,(0,0)|7 (7)) e~ 2; (0 (9)|O;]0)eEntto=ts)

+ hlgher excited states

— 1’ is just an excited state : contribution vanishes exponentially with tp

— but the mass gap AE = E,, — E, ~ 400 MeV is not so large
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Excited state contribution

o ALl = E, — FE, ~ 400 MeV not so large

e large excited state contribution :

0.1

0.08

0.06

0.04

0.02

large statistical error at large tp

ﬁ(l)(7=0)
- laP=5(%)
- pPk=5(%)
1}1} ]
i 3 f %l l
5 #
> 4 6 8 10 12 14 16 18

e Large time separations tp are needed

e Does not work for the ’ — excited state

Solution :

Generalized eigenvalue problem to deal with excited states.

Antoine Gérardin 23
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Improved estimators

Spectral decomposition :

' 4 0 gz, L -
O te) =3O, 1) L) e xS (7| 0,0)e

e 2E,
— R 1 /
F 0L E D)D) (e x o (o ()] OJ0) 40 4+
z "
Matrix notation : © © _
8
e\ _ (1o T\ (A
co ) = \ro 70 )\ An )
with 0
. AS ~ - S
TO = ﬁe—wf—to) , AD(T) = (0]J,(Z,7),(0,0)|n(p)) e
Inverting the system :
N c® co
AL’Z/) = cos® ¢; ﬁ + sin® ¢, ?0)
1 1
o _ 2, G , O
ALl = sin” ¢; e + cos” ¢y ~0
n n

with tan® ¢; = —(Z ,S)Zéo))/(qug)Zé?)) (mixing angle)

Antoine Gérardin
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Excited state contribution

o AE =FE, — E, ~ 400 MeV not so large

e |arge excited state contribution : large statistical error at large tp

AW (7 = 0)

o1l lak=5(%)" |
ol ra(z) |
0.06 | |

‘iIEHHIHL i
o e PR T
0.02 ! } | |
0 s

0 2 4 6 8 10 12 14 16 18
tp/a

e Black point : new estimator

We obtain a plateau for short time separation tp
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Masses of the 1 ans 1’ meson : taste-singlet operators

Two staggered operators with correct quantum numbers (taste-singlet pseudoscalar) [Altmeyer et al. '93]

Os3(z) = é > e X@) A A mAx@) (e 1)
1,7,k
Os(z) = m(e) [R()Osx+ () + X (@Osx(@)]  (35.91)

e Symmetric shift operator : A, x(z) = 3[U,(2)x(z + afi) + U;ﬂ(a: —ap)x(z — afi)]

e Time shifted fields : v (z) = Us(z)x(z + at) and X () = X(z + af)Ul(x)

e Staggered quark operators : parity is not a “good quantum number " :

C(t;7) = Acosh (EL(P)[T/2 — t]) + (—1)"/*B cosh (B (p)[T/2 — 1]) ,

AMefr AMeeff
014 014 T T T T T T T 014 T T T T T T T T
amy st 3-link +——— 3-link ——
0.12 - i 0.12 + B 0.12 + 4-link ————
0.1 = 1 o1r * ] 01r- * .
. 0.08 E 0.08 |- = B 008 F ° = B
Pion : . . .
* ] e ® ¥
0.06  « g 0.06 |- Iiiﬁwﬁﬂﬁﬂ 0.06 |- =
"3\‘ . II II
0.04 + “ 0.04 - B 0.04 E
K3 K3
0.02 |+ 4 0.02 - b 0.02 - b
Y5 ® V5 Y45 @ 1 75 ® 1
L L L | | | | | | | | | | | | | | | | | | | | |

Antoine Gérardin

5 10 15 20 25 30 35 40 45

t/a

1
5 101520 25 30 3540 45

t/a

1
51

1
015 20 25 30 35 40 45

t/a
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Masses of the 1 ans 1’ meson : taste-singlet operators

Two staggered operators with correct quantum numbers (taste-singlet pseudoscalar) [Altmeyer et al. '93]

1

O3(x) = 6 Z €ijk X (@) i [0 8 e Ak)]]x (@) (7475 ® 1)
ig.k

1 L .
O(z) = 5mm(2) [X(2)O3x+(z) + X1 (2)O3x ()] (5®1)
e Staggered quark operators : parity is not a “good quantum number " :

C(t;7) = Acosh (E1(5)[T/2 — 1]) + (—1)"/*B cosh (B2 (p)[T/2 — 1]) ,

AMefr aMeft
0.14 0.14 T T T T T T T 0.14 T T T T T T T T
amy st 3-link +——— ° 3-link ———
0.12 + q 0.12 + B 0.12 + 4-link ———— B
0.1 = 1 o1r * ] 01r- * .
. 0.08 E 0.08 |- = B 008+~ = B
Pion : . . .
*s ) e * )
0.06 - . - 0.06 |- I;ﬁM;@ﬂ 0.06 |- =
"3\‘ . II II
0.04 + | 0.04 - B 0.04 B
T T
0.02 - E 0.02 - B 0.02 |- B
75 @ V5 Y475 © 1 Y5 ® 1
1 1 | | | | | | | | | | | | | | | | | | | | Il | | | L
5 10 15 20 25 30 35 40 45 5 101520 25 30 3540 45 5 101520 25 30 3540 45
t/a t/a t/a

— 4-link operators : efficient methods to compute the the disconnected loops [Venkataraman & Kilcup '97 |

— we only use the 4-link operator for the TFFs
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Pion mass splitting at our coarsest lattice spacing

e Pion spectrum with staggered quarks (16 tastes)
e Staggered ChiPT : (m2)? = pu(my +my) + a*Ax  [Lee & Sharpe '99]

amX
0.35
0.3 F s, I
0.25 | T v
02t T o
e e o =
0.15 A
01+ b
0.05

e from rSxPT is [Bernard 2007] :
1 2
m72]8,I - _miu,I + _mis,f

3 3

e expect discretization effects ~ 140 MeV for the 1 meson mass at our coarsest lattice spacing

Antoine Gérardin 27 Pseudoscalar transition form factors from BMW



n and ' on the lattice

Consider two operators that interpolate the 7 and 7' mesons :
1 ,_ = _
Os(x) = —= (wysu(z) + dysd(x) — 25755(x))
V6
1

Oo(z) = — (ﬂyw(w) + drysd(x) + 5753(30))

S

and build the correlation matrix

f o)
Cilt) — <<og<t>o?<o>> (Os( )O$<o>>>
8 0

In this isospin basis, the correlators are given by

1
<08(t)0£(0)> = g (Cl +2Cs + 2Dy + 2Dss — 2Dy — 2D5l)
V2
<08(t)02[)(0)> = ? (Cl —Cs+ 2Dy — Dss + Dis — 2Dsl)
V2
(0o(1)OL(0)) = 5 (€= Ca+ 2Dy — Das + Dy — 2D)
1
(O0()O}(0)) = 5 (26, + Cy + 4Du + Das + 2D, +2Dy)
(a) (b)* (a) (b)*
7507 Zp) Ly
T _“n “n  _—FEnt n T —Egt .
(Oa(t)O(0)) = Zgt—e™ ! 4 —Foi—ef! 4

Pseudoscalar transition form factors from BMW
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n and ' on the lattice

e Extraction of the 7°, 1 and i’ masses from two-point correlation functions

0.14 a ~ 0.094 fm
amﬂ, e 055 T T T T T
0.12 - n 0.5 4 a/mn/
& %z %o &g
0.1 = 4 0.45 - B
0.4 E
0.08 B
- 0.35 - E
0.06 - « B L i
. e e e rrrer anmy
e : 0.25 - |
0.04 - ’ amy, n=0 r—e—
amy, n=1 r—=—
0.2 - am,, comb F—+— -
0.02 - i amy, n=0 r—o—
' 0.15 - amyy, n =1 :
am,y, comb
| | | | | | | | L O~1 L | | | L L L
5 10 15 20 25 30 35 40 45 3 4 5 6 7 8 9
t/a tmin/a

— signal deteriorates rapidly for the 1 and 7’ O0ult) O 0,(0)

— need to study the mixing between the n and 7/

— noisy disconnected diagrams Oul?) Q Q O:(0)
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Continuum extrapolation

e Preliminary - no systematic error

700

650

m, |MeV]
D
S

550

500

I
N~
HC?] _
= o
ES
| | |
0 0.005 0.01 0.015 0.02

a? [fm?]

1100

1050

1000

myy [MeV]
Ne)
S

900

850

800

ETM 17
C’LSI20

e

0

0.005 0.01 0.015 0.02
a? [fm?]

— We reproduce the experimental values in the continuum limit

— Blue points are obtained using large volume ensembles (L = 6fm)
— Orange points correspond to smaller volumes (L = 3/4fm) (not included in the fit)

Antoine Gérardin
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n and n’ TFFs

e 3-point correlation functions for the n and 7/

CO(T,tp) = Y (T2 1) (0,1 O, 1)) €7 Fe

-
Z,Z

with the ng and 7, interpolating operators :

Ou(a) = —z (wsuta) + () ~ 2535a(2)

O(z) = 7 (Efy5u(a:) + drysd(x) + 5753(.1:)) :

For the 7, the spectral decomposition reads

C;S?(Tatl’) —Z<O|J (5 7') (6 ())|77(ﬁ)>e—id'12 22 < (ﬁ)|(’) |0> En(to—ty)
+ 20012 7). O (e 2; (0 (7) 00y totr)

+ hlgher excited states

— 1’ is just an excited states, its contribution vanishes exponentially with ¢p
— but the mass gap AE = E,, — E,, = 400 MeV is not so large
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Amplitudes for the n and 7’

J/
7 4; : Jy : 7, : P
EP JuEP JuiP I
r T ! :
to ty ti to ty ti to ty t; to Ly t;
1 s
AW(T) €47 | e AW(T) 7 |
T T T T T
i
01 r total ——i ) 7 0s | total ———i L iz
0.08 - conn ——— P ox |71|? =3 (%T) | ’ conn —=— [I] 7> =3 (fﬂ)
PV et 0.2 p.vv e P E 9
0.06 | . . . 2 4 02F .
pv.v (x50) B2 =3 (2%> pv.v (x50) * L G2 =3 (2%)
0.04 L p-v.v (x50) = = ] p.v.v (x50) o . .
" IEI “ 0.1 II = E
0.02 - = 5* L. 4 ==
",*"I 53T g I‘xgt'- 0 Iiiiixf}t!t;i;;;;;igi§§1II§§i;;;;;;;i;titx:;iiiil
() peo===s== ;;it§§§f¥f§11ii IIII§¥¥5§$§§i§i ,,,,, Y DS S S A A
§§;;:;“‘ “‘;;;;gsx mmmm ‘‘‘‘‘‘‘ Im“"m
—0.02 R {01t T e i
—0.04 | o | L.
[ —0.2 - i J
L i /
—0.06 77 i 77 i
7008 L L 1 L L _03 C L L 1 1 L |
—20 —10 0 10 20 —20 —10 0 10 20
T/a T/a
m o~
2 2 w1 T
]:Pw(qla @) X dr AIW(T) €
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Single ensemble - a = 0.0787 fm - physical pion mass

e Double-virtual TFFs

Q2 an*w* (—QZ, _QQ) Q2 Fn’w*v* (_Q27 —Q2>
0.1 T T T T 0.2 T T T T
Z-exXp Z-€Xp
0.08 + i
0.15 - T - -
0.06 |- 1.1 k1l L;-L: j(’
—_— i ] i — 1] L
¢ i T 2 o0at e
0.04 -
0.05 F i
0.02 i
O 1 | | 1 1 0 | 1 | | I
0 0.5 1 1.5 2 2.5 3 0 0.5 1 1.5 2 2.5 3
Q? [GeV?] Q? [GeV?

e Next step : continuum extrapolation
—» same strategy as for the pion : z-expansion parametrization

— Cmn (@) = Cpn + ’y,(ﬁf)l a?
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Model-independent extrapolation to the physical point

0.07

0.06

0.05

0.04

[GeV|

0.03
0.02

0.01

0 0.5

1
1.5

Q*F,

This work
DSE = |
CA
2 2.5 3 3.5 4
Q? [GeV?]

W*’Y*(szv *Qz)

0.1 [

0.08 -

[GeV|

0.06 -

0.04 |-

0.02 H

This work

DSE s

CA

Antoine Gérardin

15

2
Q* [GeV?]

2.5 3 3.5 4

[GeV|

[GeV]
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L Ta’m?
» two-photon decay width : [ D% = yy) = 1 Wo}—gow( 0) }

FW"/(O’ 0)
0.35 ‘ ‘ 0.6 ‘ |

0.25 - i 0.4+ % ) i 4
T | L /,,/'// /,/'/' |
L o0zf //T |k os } L
U ' d g /,/'/
- 7 02 .
0.15 I — 3fm e I — 3fm —e—
L=06fm = L = 6fm —=—
0.1r Extrapolation —e— 0.1 Extrapolation ——e— 7
Global fit —e— Global fit —e—
0'05 1 1 1 | 0 | | | L
0 0.005 0.01 0.015 0.02 0 0.005 0.01 0.015 0.02
a’ [fm?] a? |fm?|

T(n — 77) = 338(94)stat(35)syst €V — PDG: T'(n — 77) = 516(18) &V

L(n' = vy) = 3.4(1.0)stat (0.4)syst keV — PDG : I'() — ~y) = 4.28(19) keV
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Contribution g — 2 HLbL

00 00 1
T = / dQl/ dQ2/ dr wi(Q1,Q2,7) Fprar (—QF, —(Q1 + Q2)*) Fprear (—Q3,0) +
0 0 -

1
w2(Q1, Qzﬂ') }—Pw*w*(_Q%a _Q§> }—Pw*w*(_<Ql + Q2)2, 0)

a, a
30 \ - 45 \
p y B 40 ) //_
25 B ,// /'/ 1 ",/
& 35 ¥ 4
3 /,,// /'/ ,' d
20 i{ _ 30 x > A
/// /'/ 25 //'(}/T// > |
P 4 ; 20 Py §
L =3fm e ol L =3fm e
L =6fm —=— 10F L=6fm —=* -
5r Extrapolation ~— Extrapolation e
Global fit +—e— 5 Global fit —e—
0 | | | | O | | | |
0 0.005 0.01 0.015 0.02 0 0.005 0.01 0.015 0.02
a? [fm?| a’ [fm?|

Canterbury approximants [PRD 95, 054026 (2017)]

MIPLN — 11,6(1.6) st (0.5)syst (1. 1) x 10711 — a, P =16.3(1.4) x 1071
alf"PHT = 15.7(3.9)stat(1.1)syst (1.3)psE x 1071 S PN — 14.5(1.9) x 1071
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/

n P
s a n
a, m a, a,
1T T T T 17T 1T T T T T1 T T T T 171 I I I I I
This work
—e— Mainz 19
—e— Disp 18
—e— e —e— —e— CA 17
= e e [n DS 19
—eo— —eo—| o —e— DS 20
—e— e —eo— —eo— WP 20
I I N Y N | I S S | I N S | | | | | |

56 60 64 68 10 14 18 22 10 14 18 22 80 90 100

e Our final estimate

ay USROS — (851 + 4 Ty £ 2.3) X 1071

e Pion transition form factor

— good agreement with Mainz'19, ETM'23 and with exp. data for Fro.,(Q?,0)

— calculation of Fr0.,(0,0) might help to reduce the error (+ comparison with PrimEx)
e 1) — 1) transition form factors

— first ab-initio calculation - error dominated by statistics

— some tensions for the 7 TFF at very low virtualities

e Spectroscopy of the 1/n' with rooted staggered fermions
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Thank you !
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Status after runs 1-3 at Fermilab (August 2023)

BNL
' ® ‘
1.8 0 FNAL| (run 1)

L

FNAL (run 1-3)
5.0 o
L @
BMW Exp. Avg.
Lattice QCD
@
White Paper 1.5 ¢

Standard Model

17.5 18.0 18.5 19.0 19.5 20.0 20.5 21.0 21.5
a, x 109 — 1165900

» Can be measured with very high precision (~0.2 ppm!)
» Can be computed with similar precision within the Standard Model of particle physics

[ Good probe to test the SM and to look for possible new physics ]
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