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Flavor physics ST
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non-perturbative hadronic parameters are the
principal source of theoretical uncertainty!
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Motivations and QED corrections




Why QED Corrections?
CKM matrix element extraction

1) Pushing precision under percent level I from leptonic decays
Di Carlo et arXiv:1904.08731 (2019)] and

real photon emission has always to be included when
Boyle et Al arXiv:2211.12865 (2022)] for K and 7

considering O(«,,,) corrections [Block&Nordsiek mechanism]

2) Removal of helicity suppression despite a,,, there is an

. 2
through photon emission 7 enhancement of (mP/ml)

& 9)
X A,,,

d NP is more likely to
be detected

3) Indirect search of New Physics

Operators that parametrize new physics

are involved in processes where also
QED has to be included.




To Sum Up

dynamical enhancement
O(a,,,)  Virtual corrections (a) despite «,,, suppression

e
corrections /

* Real photon emission (b)

2 2

NP * Virtual photon emission (c) X

constraints em
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Pt — ¢,y decays
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» (Virtual) photon interacts with the

| | internal hadronic structure of P
» Can be computed in perturbation

theory, by simply knowing fp - Non perturbative strong dynamics
encoded in the hadronic tensor

Pt — T v, 7" decays




Hadronic Tensor and Form Factors

H™ (k. p) / d*ze™ (0|T[JE, () (0)]|P(p))

7
S em

HM = HY + HY Point-like, IR contribution

v v (QP o k-)ﬂ(p o k)y-
Hy, =9” (p—k)2—m2 |’  SDform factors

(k-p—k*)k* — kK (p — k)"

H¢Y = (kQQ’“’ — k“k”) + @ (p— k)"

mp (p — k)2 — 'rn21D
2\ v vl B Non perturbative functions
S Lt S auadh e "aPB- of k2 and (p — k)

For real photon only F, and F, contribute!

Pt — T v, 7" decays




Goal of the Work

» Accounting for QED in lattice
simulation

- Extraction of the SD form - Accounting for momentum
factors from suitable lattice === dependence

Euclidean correlators
» checking on validity of analytic

continuation to Euclidean time

+ Separating point-like contribution
+ Reconstruction of the Branching

Ratios for different final states

Pt — T v, 7" decays




Euclidean Correlator

we do not consider the photon on
the lattice, only the e.m. current ||»

that carries momentum k

Hy' (k,p) = d4y d’x ﬂoljw )b (Y
Jom

Euclidean extraction of

the photon momentum k
P~ J)

finite volume effects are
exponentially suppressed (the
lighter state is the massive pion)

source of the
pseudoscalar meson

with momentum p

Lattice Strategy




Two Delicate Issues

= k2<4m

For real photon emission Wick
Rotation is always safe

a = 0.0815fm

dlvergent if
Analytical continuation to Euclidean time _ £, <
(0[5, (0)|n) (n|Jy (0)|P)
3 Z_k . W
Subtraction of point-like term

0.25 |

Residual discretization errors reflect in SD estimators as enhanced

by inverse powers of the photon momentum (IR divergent) |

- Three-point function at zero photon momentum is
implemented to subtract f at all orders in the lattice spacing

0.05 r

- Pathological IR behaviour of correlator due to vanishing )

<015 |

0.1

i
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mass gap has been properly studied

Lattice Strategy




A look at the past: P™ — 7 v,y decays

[A. Desiderio et Al ArXiv:2006.05358 (2020)]

Continuum extrapolated results
for P* =7x%, K™, ® Restricted to less than

a half of phase space

020 77— 71 035 77— 77

Comparison of lattice results with experimental S l‘m'gl“blﬁt : 030 |\|| e k _-

0.18 |- - - i global fit aon E

measurements for P* = gzt KT o /T oo 025 E | or oot :
[R. Frezzotti et Al arXiv:2012.02120 (2021)] -.°" \\\ ' 1 oz
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Numerical Results




Channels our Lattice Tuo et al.* ChPT** experiments

A IOOk at the PaSt: Br(K — pvyete”]  8.26(13) x 107°  10.59(33) x 10~° 9.8 —8.2x 107°  7.93(33) x 107 °***

Br[K — evep™n™]  0.762(49) x 1078 0.72(5) x 1078 1.1 —0.6 x 1078 1.72(45) x 10~ 8%

/ /
K T —> f T L / f T f "~ Br[K —eveete”] 1.95(11) x 1078 1.77(16) x 107° 3.4 —1.7x107°  2.91(23) x 107 °***

Br([K — pv,utp~] 1.178(35) x 1078 1.45(6) x 107®  1.5—-1.1x10"% —

T = 0.28

7k = 0.28 _“X.Y. Tuo et Al arXiv:2103.11331 (2022).

I ' I

0.07 , , |

| : : 0.14 , i , i

1**J. Bijnens et Al arXiv:9411311 (1993)
= A, A. Poblaguev et Al arXiv: 0204006 (2002) (0@sed on one gauge

g | *** H. Ma et Al arXiv:0505011(2006) ensemble only)
= | [G.Gagliardi et Al arXiv:2202.03833 (2022)]
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(Very soon on ArXiyv, stay tuned!)

D — " v,y new results

ensemble B V/a® a (fm) M, (MeV) | L (fm)
ETMC ensembles at cA211.12.48 || 1.726 | 48%-128 |0.09075 (54)| 174.5 (1.1) | 4.36

physical pion mass cB211.072.64 || 1.778 | 643-128 |0.07957 (13)| 140.2 (0.2) | 5.09

cB211.072.96 || 1.778 | 96°-192 [0.07957 (13)| 140.2 (0.2) | 7.64
cC211.060.80 || 1.836 | 80%-160 |0.06821 (13)| 136.7 (0.2) | 5.46
cD211.054.96 || 1.900 | 96%-192 [0.05692 (12)| 140.8 (0.2) | 5.46

-+ 2+1+1 dynamical Wilson-Clover twisted mass fermions
» Electro-quenched approximation

- 11 momentum configurations via twisted boundary conditions
covering the whole phase space

Numerical Results




D + H f + y X}, — > > - Ensemble: B64 . Ensemble: B64
S f y mDS mDS 006 T [ .

o Ty :'1.0 e ol ] Cl:'fy = 1.01»—9—. | _

ST ) T—

Deterioration of the signal for large x, > 0.8 oo 1] 1 | el | }Hﬁ -
Statistical error R S T I

B oo g R 1l
GR#(t,k,O): _W oS exp{(E},—Mgg)(T/2—t)}+...§;§§§E %{) % |
Q Er = Mo — R = v %HHHM-

ngs from lightest S M,?SS, ~ 0.69 GeV 5; °’@ : :%::0.4; — i; 7, =04 ._
pseudoscalar gy°gstate x}fh ~ (0.7 @%%% % :2:22::*% HH
oo | %‘I"I"}‘I’HHHH% S MHHHWHH |
Enhanced by large T et M-y ey e
Lower x, threshold for D and B %%% i
3d method can help (D. Giusti et Al oi:::‘°%o@mwmmmmw--""': o ‘{“{’HMHHHM?T
ArXiv:2302.01298 (2023).) S e s
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> vy FVES  offa) | aF) Ao
F W(X},) I W(X},, B64) \/_ comb(x )

0.06 —— . , . . , . 0.023
o}
0.055 | B64, 2 = 0.5 - bl B64, 2 = 0.5 -
0,025} & |
0.05 . B96, x»y e 05 —e— | 20.026 - % B96, 337 = 05 —e— |
ooss| } R o0rr Tel] ] '
. m@,%%% % %ﬁh l@() s -0.028 + ‘1’1’49 %%%% 6 9 ¢ 4 <5l}<><>
0.04 | %%%%Wﬂﬂﬁ% ‘}’ %*{#Qﬁc]H -0.029 | #{‘bﬁth{ﬂmmu | } - aImOSt no
| 0.03} % -
0.035] 1~ %%%%%
: Fom) | dependence
<C . T T T T T T T > -U. T T
m <L L
0.11} B64, .y = 0.1 - - 00, B64, 2y = 0.1 - on
006 %
0.1 BY6, zy = 0.1~ BE ol b B96, zy = 0.1 —e~
0.09} (>' - 0.08}
Thtl 0 0.09}
0.081 Ul s
mﬂm%qb%@ %%% H(}{Hhﬂ)“”’l, ol oo ? 0.1+
0.07} %F%j%i?éFﬁfﬁﬁﬁj% ol (11 o1l
0.06 0.12

10 15 20 30 35 40 15
t/a t/a
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D — £* v,y continuum extrapolation

0.06 -

Fy(x,,a) = FW(xy)(l + Dy(x,)(aN)’ a A)4)

0F

Tested, but leads to overfit, set
equal to zero

- systematic effects estimated by extrapolating
with or without ens A48 (coarsest),

f=wa fa + wg fp wa+wp=1.
: :
SYSt Z W (f f) 0065_‘ | | | T, = 0.3 0
i=A,B '
W e—(x,-2+2N1§2rs— NG, )72 | ; —

0 0.002 0.004 0.006 0.008 0.01
a? [fm?]

Numerical Results




D+
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A separate study of the charm and strange

contribution was suggested to us by R. Zwicky

Numerical Results
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%) Spline interpolation ===
+ This work -e-
%» ({j Phys. Rev. D 103, 014502 (2021) ~&-
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+ +
D — e™ v,y decay rate
dT'(Ds — £v) _ Oem (o) {dRp’“ dRint dRSD}

dz- 41 dx - dz- dz-
le-05
Spline interpolation e

Be-06 Phenomenological parameterization === For f_inal electron it
= dominates the rate
3 6e-06
X
5 dols Large
~|§ contributions

206 | from high

0 values of X,

01 02 03 04 05 06 07 08 09 1

Numerical Results




D — e™ v,y branching fraction

Br(AE, =10 MeV) =4.43)x 107 <« 1.3 x 1074
4 BESIII exp upper bound

le-05 Fi ' ' ' . . . | ' =
- Quark Model Predictions
4 | . Lo 107> — 107+
< 1e06  Dominated by SD contribution
+ . (ptbelow percent) pQCD+HQEFT predictions
Q -3
E Spline interpolation == 1() o
le-07 :—: Phenomenological parameterization =
_(l)l I 0.1 I 0.2 I O.|3 I 0.|4 l O.|5 I 0.|6 I 0.7 l O.|8 I O.|9
OAE,/Mp, *[C.Q. Geng et Al ArXiv:0012066 (2000)]

and [C.D. Lu et Al ArXiv:0212363 (2003)]

*% »

cyet Al ArXiv:99114 00C
Numerical Results 18/22



0.1

Form Factors Phenomenological

= = Cw oos |
Parametrization ri@,)- 2 2 -
T T T 0.07
2 e 2 Yo Y |
. B} \/RW —I_ 4 \/RW I 4 I 2 1 < 0.06 |
Vector Meson Dominance Inspired! S
0.05
. Ry~ Rp: R, #Rp - Vector channel characterized by near, oos |
’ " isolated resonance 003 |
0.5 T T ‘ -0.1 T T T T T T
] 0.02
0.45 F é , - | o © o2
Single pole plus constant fit === _ 0.2 | o .
04 O
-0.3 ©
0.35 0O o 0
\%E 0.3 ] ‘%—0-4 5 ~0.02
o o — —0.5 | Single pole plus constant fit === - —0.04 |
0.2 o .
o) —0.06 |
0.15 | © o | Bl ] LT?
: ° 5 o | ' ' ~0.08 |
"0 0.2 0.4 0.6 0.8 1 T 0.2 0.4 0.6 0.8 1
wq xW —&15
Fop (1) = Cw By However constant background 02|

correction is needed to parametrize Fy,

individual contribution (it cancels in their
sum)

-0.14
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Single pole fit ===

é é é % % 0
d2 d4 Ob Oé i
Ly
I -
O o
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Single pole fit ===
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Relating I'yy = &p p+),  Mydigon,

2Mp,

Properly reproduced by lattice data

Striking agreement with direct
HPQCD calculation

no compatibility with LCSR
calculation, traced down to g(S)

39 150 COmpatlb”lty LCSR * |HPQCD **| This work
RD;k 9p+p, [GeVT']| 0.60(19) | 0.10(2) | 0.118(13)
9, [GeVT'][ 1.0 0.50(3) | 0.532(15)
g5 . [GeVTY| —0.4 | —0.40(2) | —0.415(16)
*IB. Pullin et Al ArXiv:2106.13617 (2021)] - =
g S
**IG. C. Donald ArXiv:1312.5264 (2014)] 4@ —25 | ~1.25(10) | —1.282(61)

Numerical Results




Conclusions

High-precision, continuum-extrapolated lattice results for D, — vy radiative form
factors F4, and Fy, over the whole kinematical range are provided

For £ = e process is

— sensitive tests on NP are allowed!
dominated by SD contribution

Improved experimental

Branching fraction well below experimental o |
precisions is needed!

upper bound from BESII|

Results are different with respect to previous calculations (LCSR,
pQCD+HQEFT, quark models)

Vector Meson Dominance

S — Valid only for total £, !
parametrization has been checked

Conclusions
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Thanks for your attention!
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