Real Photon emission for K — /5 decays

f\/\/\’[\/ ’

INFN

Istituto Nazionale di Fisica Nucleare

Francesco Sanfilippo, INFN, Roma Tre

SM&FT Workshop, Bari, 11-13 December 2019



Summary

Introduction
@ Motivation to include QED in QCD
o Why lattice QCD+QED
e If Lattice QCD is though, including QED is even harder!
@ Include QED: the perturbative approach

| A\

Hadron decay
@ |Infrared divergence
@ Virtual QED corrections to K — /5

© Real emission of a photon

| A\

Some final words

@ Work in progress

@ Future developments




Dealing with photons

Hard photons - £ ~ many GeV Ultrasoft photons - £ ~ few MeV

Perturbation theory Point-like hadrons




Dealing with photons

Hard photons - E ~ many GeV Ultrasoft photons - F ~ few MeV

Perturbation theory Point-like hadrons

What to do with soft photons?

...Here lattice come to the rescue...




Example: CKM matrix elements from semileptonic and leptonic K and 7 decays
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in the isospin symmetric limit.




Example: CKM matrix elements from semileptonic and leptonic K and 7 decays
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in the isospin symmetric limit.

— At current precision ( 0.5-1%), QED corrections not negligible <




Example: CKM matrix elements from semileptonic and leptonic K and 7 decays
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fr/fx = 1.193(5)
’ — At current precision ( 0.5-1%), QED corrections not negligible <
Indeed ChPT estimates of these effects are:
_ QCD D
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A. Kastner, H. Neufeld (EPJ C57, 2008) V. Cirigliano, H. Neufeld (Phys.Lett.B700, 2011)




More complications from QED

The target: Fully unquenched QCD + QED

L= Z ’(Zz [mz - ZD’L] P + ['gluons + ‘Cphotorw Di,,u = aﬂ + igAZTa + ieiAu
@

Simulate each quark with its physical mass and charge




More complications from QED

The target: Fully unquenched QCD + QED
L= Z ’(Zz [mz - ZD’L] P + Egluons + ‘Cphotonv Di,,u = a,u + igAZTa + ieiAu

Simulate each quark with its physical mass and charge

| A

Theoretical problems
Power-like Finite Volume Effects due to long range interaction

Zero mode from photon propagator: [ %T”d‘lk: = > 6,;‘7”
massive photons, removal of zero mode, C* boundary conditions...

Renormalization pattern gets more complicated
Additional divergencies arises!

UV completeness: Nobody knows how to tame QED to all orders!

| A

Practical problem
e Traditionally, gauge configuration datasets include only gluons
@ Dedicated simulations with huge cost

@ Even greater cost due to additional zero modes.




The Roman approach - RM123 collaboration

Pioneering papers
@ “Isospin breaking effects due to the up-down mass difference in Lattice QCD", [JHEP 1204 (2012)]
@ “Leading isospin breaking effects on the lattice’, [PRD87 (2013)]
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The Roman approach - RM123 collaboration

Perturbative expansion

Work on top of the isospin symmetric theory £ = Lrs0 symm + LIsobreak

9 4m

~ 137.04°
QED + isospin breaking pieces are treated as a perturbation.

Lisobreak = 6‘CQE‘D + 5m£massa € om = (md — mu) /2




The Roman approach - RM123 collaboration

Perturbative expansion

Work on top of the isospin symmetric theory £ = Lrs0 symm + LIsobreak

4
Lisobreak = 6‘CQED + 5m£massa e’ = 137.04°

QED + isospin breaking pieces are treated as a perturbation.

Which on the lattice means...

Si = [/dex ] /de ) A2 (z)
i e

o V2: Two photon-fermion-fermion vertices (as in the continuum)

om = (mg—my) /2

@ T: One photon-photon-fermion-fermion vertex (tadpole: lattice special).




Leptonic decays of mesons (at tree level in QED: e = 0)

Full process Eff. weak hamiltonian QCD side

W s
7T+
— ——
Vy Uy




Leptonic decays of mesons (at tree level in QED: e = 0)

Full process Eff. weak hamiltonian QCD side

W s
Tt
— ——
Vy Uy

Two point correlation functions

Pion 2pts. correlation function
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Leptonic decays of mesons (with QED)

Zero photons in the final state, O (€?)

Oph o
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IR DIVERGENT &




Leptonic decays of mesons (with QED)

Zero photons in the final state, O (¢?)
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One photon in the final state, O (¢?)
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Again, IR DIVERGENT &
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Leptonic decays of mesons (with QED)

Zero photons in the final state, O (e

Oph o
F7T+ —lty T

A2 + 262 4041 | + O (&)

IR DIVERGENT &

One photon in the final state, O (¢?)

I e |BO|? By =

=
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Again, IR DIVERGENT &

Solution [Bloch and Nordsieck, PR52 (1937)]
[ = I'%" 4 TP" is finite - we need to compute both




Pion and Kaon decay virtual QED corrections
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Real photon on the lattice

Remarks
A\ = projection on photon of momentum & (2 physical helicities)
no photon is actually present (no power volume corrections)
Kinematics
27 .
p=7 (6o — 0s) , pion momentum
27
kE=—(01—0o), photon momentum

L




Real photon on the lattice

Remarks
)\ = projection on photon of momentum & (2 physical helicities)
no photon is actually present (no power volume corrections)
Kinematics
27 .
p=7 (6o — 0s) , pion momentum
27
k= T (01 — ), photon momentum

\

Cost and reach

2Ny, Nino No, + No, Ny, propagators involved for each mass/momenta

Ny, Ny, Ny, kinematic combination for each meson




Matrix element extraction

Correlators decomposition and kinematics

C‘i/i;" (t:p, k) = HII/I; (p, k) K (p, k), E, = Energy of photon
K (p, k) _ <P(p)| P |0> e—tEpe—(T/2—t)E-y EP = Energy O'f meson
4EpE, x, = 2E,/Ep in mesonrest frame




Matrix element extraction

Correlators decomposition and kinematics

C‘i/i; (t:p, k) = HII/I; (p, k) K (p, k), E, = Energy of photon
K (p k) _ <P(p)| P |0> e—tEpe—(T/2—t)E-y EP = Energy of meson
’ 4EpE, z, = 2E,/Ep in meson rest frame

A30.32, K meson, Hj4 D20.48, D meson, Hy,
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Form factors

With ON SHELL photon, polarizations e,

. 2fp i +N(E~p—Epk)].
Y (0h) = 4520, |Fa(en) + qpt |0 HY (k) = EEEEEELEY (oK)
IR divergence

Axial matrix element is divergent, coefficient fp exactly known (WI)




With ON SHELL photon, polarizations e,

. 8 2fp i +N(E~yp—Epk)].
Y (0h) = 4520, |Fa(en) + qpt |0 HY (k) = EEEEEELEY (oK)
IR divergence

Axial matrix element is divergent, coefficient fp exactly known (WI)

<

TWO form factors, F4 and Fy,

@ Contain the structure-dependent part of the amplitude

o Exactly zero if meson were point-like
@ Ch-PT prediction for light pseudoscalar meson

@ Enhanced when excited states are close in energy (D, B mesons)




With ON SHELL photon, polarizations e,

. 8 2fp i +N(E~yp—Epk)].
HY (0,k) = “¥2a, | Fa(my) + Mpz, HY (p,k) = BBl By (p, k)
IR divergence

Axial matrix element is divergent, coefficient fp exactly known (WI)

TWO form factors, F4 and Fy,

@ Contain the structure-dependent part of the amplitude

o Exactly zero if meson were point-like
@ Ch-PT prediction for light pseudoscalar meson

@ Enhanced when excited states are close in energy (D, B mesons)

<

TWO MORE form factors out-shell
@ ...and problems with analytic continuations

@ but would allow to study additional processes...




Axial form factor
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Axial form facto
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Differential rate to be integrated

4 dF{fD _ m?,
ol de,  6f3r2(1—r})

[FV(xW)Z + FA(xv)Q] fSD(x'Y)

4dr  dIINT 2m
1 _ P INT INT
T = T [PV Y () + Fala) £ ()]
0 ~ fe(1—=1f)
1T => vy TT=> pvy
0.0035F 0.04
0.0030}
0.0025} 003
0.0020}
0.02
0.0015}
0.0010} 001
0.0005}
Xy Xy
0.1 0.2 0.3 04 0.1 0.2 03 04
T->evy T->evy
3000} 14
12
2500}
10
2000f
8
1500f .
1000f .
500f 5
Xy Xy
0.2 0.4 0.6 08 10 0.2 0.4 06 0.8 10




Next steps

Finalize the calculation

@ Finalize the analysis with improved statistics

@ Complete the chiral/continuum/infinite volume extrapolation

@ Convolve F with the kernel.

v

Extend the work

o Extend the xz, range to cover the D physical range

@ B physics (needs dedicated smearing run)

@ Use the kernels to select the most important part of the x., range.

@ Virtual photon processes

@ Disconnected diagrams...?

@ Semileptonic decay... for nucleons?!




Next steps

Finalize the calculation

@ Finalize the analysis with improved statistics

@ Complete the chiral/continuum/infinite volume extrapolation

@ Convolve F with the kernel.

v

Extend the work

o Extend the xz, range to cover the D physical range

B physics (needs dedicated smearing run)

@ Use the kernels to select the most important part of the x., range.

Virtual photon processes

Disconnected diagrams...?

Semileptonic decay... for nucleons?!

THANK YOU!




Backup slides




Can't we compute this with the “to all order” approach?

Stochastic = Put the photons in the links UZS " — USSP exp (teAgp)

O Perturbative
O To all orders, but TINY ¢

-3e-06 —

-4e-06 —

-5e-06 —

-6e-06 —

-7e-06 —

In the quenched QED approximation

@ Can be used to isolate o e2 contribution
O(+e)+0(—e) e—0

o —5r— — 020 (e)|—
“numerical calculation of derivative”

@ strictly the same cost, for 2pts

@ easier & cheaper for higher correlations!?

@ needs some more investigations

What if you don’t take e — 07 Unquenched QED

@ Higher orders are kept in the
calculation

@ Can be fine if the observable is not
pathological

o Extrapolating has little cost...

reweighting: can be used to compute

simulations: no easy way to to keep

disconnected diagrams

correlation of two
independent runs




What to do with zero mode?

5}11/ 4 5;u/
k



What to do with zero mode?

Opv 14 Opuw
k

O
k24+m?2

Sy

¥2

Give a mass to the photon:

v pole shifted to imaginary momentum, not a problem anymore

X need to extrapolate m — 0.




What to do with zero mode?

Opv 14 Opuw
k

6/,1 v
k24m?

1 N2
Give a mass to the photon: %5 —

v pole shifted to imaginary momentum, not a problem anymore

X need to extrapolate m — 0.

Remove “some” zero modes

| A\

4D zero mode only: >, — >, 3D zero modes: >, — >4
v pole removed, irrelevant when V' — oo v’ no divergence anymore
X nonlocal constraint, 7'/L? divergence X still nonlocal constraint

~ not tragic when working at fixed 7'/ L. ~ renormalizable at O (agrp)?




What to do with zero mode?

)
[ pv
R =)

k2
k

Give a mass to the photon: i:—) —

0 Qv
k24m?

v pole shifted to imaginary momentum, not a problem anymore
X need to extrapolate m — 0.

Remove “some” zero modes

| A\

4D zero mode only: >, — >,
v pole removed, irrelevant when V' — oo

3D zero modes: >, — >4
v/ no divergence anymore
X nonlocal constraint, 7'/L? divergence X still nonlocal constraint
~ not tragic when working at fixed 7'/ L.

~ renormalizable at O (agrp)?
Use C* Boundary conditions

v local

X needs dedicated simulations

PR |
CONDTIONE

~ flavor violation across boundaries




Matching to the “real world"

Correlation functions computed with bare operators

Needs renormalization: O = Z;; 0%

RI-MOM (no QED)

o Compute amputated green functions:

Ao (p) = 57" (p) <Z e~ (2) 0 (0) (y)> 7 (p)

x?y
@ Impose RI-MOM condition at given p? (average all equivalent momenta)
Zq

T |20 (@) A5 (p) ']

o Chiral extrapolate m — 0




Matching to the “real world” (continued)

RI-MOM with QED

@ As a first step [D.Giusti et al., PRL '18]: RI-MOM for QCD + perturbation theory for QED
@ In the coming-soon paper: RI-(S)MOM for QCD + QED

v

RI-MOM, perturbative expansion: ratio with QCD and QED

5Z8FP+ACD 5 700D+QED T [5AZ°P 9P (p) A ()]

CD ., QED CD ,QED _ _
78 Z8""  23PZET0 T [A3CP (p) Algee ()] Tr [ASPP (p) A ()]

Large cancellation of cut-off effects, anomalous dimensions, noise, etc

Measure of the non-factorizability of the renormalization constants.

Vertices (with or without gluons, not drawn)




An example: QED correction to 71 1

O Interacting theory




An example: QED correction to 71 1
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Non-interacting theory
(all QCD links set to 1)

Difference (uncorrelated)
Difference (correlated)

e

e0O O O

-0.04 - -




An example: QED correction to 71 1

-0.02

-0.04

lﬁﬁﬁé%ééfé ééiebéobltééoé

e0O O O

Interacting theory

Non-interacting theory
(all QCD links set to 1)

Difference (uncorrelated)
Difference (correlated)

QCD+QED

@ Non-factorizable part of Z
o Add back ZQED,EXACT

@ Matching to M S assumes factorization...







