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Outline

Tree semileptonic decay — parametrisation
Rare semileptonic decay — howto
Radiative decay — new

_eptonic decay — disconnected



Form factors

*

(Ps(pf)|OIPi(Pi))|QCD s qen

initial and final states P; , with momenta p; ,

current can be elm, weak, non-local, ...
can be single or multiple hadrons, e.g. (P, /| = (0|, (z|, {7z |, ...

states can be stable or unstable in QCD, e.g. (P; ¢| = (p [, (K*][, ...

form factors parametrise hadronic matrix elements



Form factors

Form factors are of crucial interest:

277

e For CKM: Fexp. = VoM (WEAK)(EM)(STRONG) illustrations from

Laurent’s Les Houches

: v Lectugg a1?(iv:1104.5484

e For finding the unknown:
Flavour anomalies, light-by-light
scattering, non-SM matrix elements, ...

* For understanding structure:
Parton-picture, momentum distribution, sea/valence effects, ...



A form factor calculation

Generate ensembles (or use existing ones):

e good coverage of parameters: L, a

we require continuum- and infinite-volume extrapolations

note that p = T n with implications for accessible kinematics

e welltuned:m;, m.,my, ... physical
(not yet) possible in practice, requiring extrapolations or help
from effective theory

 maybe include QED/strong IB



Assumptions

In QCD-only simulations we assume factorisation of SM:
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Fexp. = Vern (WEAK)(EM)(STRONG)

Strong contribution given in terms of hadronic form factors (lattice)

Weak & EM & strong treated separately — although in real world
all three SM sectors talk to each other

In particular EM:
Note that O(aem) =~ 1% — so OK as long as we keep it in mind



Challenges

A multi-scale problem

a' << physics of interest << L-7

finite cutoff finite box size

finite lattice spacing finite lattice volume

* hard to discretise b-quarks e physical pion mass
(slowly getting there but need ‘expensive’ to reconcile with
to play and control tricks like above bounds — we often
effective theory, improve- dial heavier (cheaper) m;and
ment, extrapolation in my...., then extrapolate
which are not needed for (model or EFT)

light quarks)



Challenges

a' << physics of interest << L-7

finite cutoff finite box size

Kinematics — e.g. semileptonic decay
q” = (E; — Ef)2 — (P — 7f)2

lattice does best with mesons at rest wf 4 ;
(statistical error and cutoff effects smaller) oo :
T 2ol ﬁ Trnar]
E.g. for heavy-light SL this is at tension with the | . '
suppression of the decay rate at large q2 | —— e -

Kinematical reach limited in lattice QCD —
extract value of Vckm from
simultaneous analysis of exp. and lattice data

RBC/UKQCD PRD 91, 074510 (2015)2018



Challenges

a' << physics of interest << L-7

finite cutoff finite box size

Kinematics — e.g. semileptonic decay
2 _ 2 _ (57 2 50 [t e e e
q- =L —E) —(p;— Dpy) | g

[ =] I,(‘)H.'l

e.g. B — rlvdecay q-,, = (my —m_)* ~ 26.4GeV?> 30

3

2.0 |-

E.g. on L = 4fm lattice lowest Fourier modes lead to oF
|W|2 O 1 2 3 4 ; 0'00‘.“:5“”110.;,2.|;;i5\/.2|.HZIOHHZ:SH“
E_/GeV 0139 0338 0457 0551 0.631 RBC/UKQCD PRD 91, 074510 (2015)2018

g*/GeV? 264 243 231 221 212

There is limited reach for small lattice momentum!
(Chris Bouchard et al. are pushing to large momenta souchard@Lattice2019)



https://indico.cern.ch/event/764552/contributions/3421238/attachments/1863339/3063092/Bouchard_Lattice2019.pdf

Extrapolation of
lattice data
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a, L, m;, m; extrapolations

extrapolate into into kinematic
region inaccessible by lattice data
(model/EFT/z-parametrisation)

ldeally want model-independent
parametrisation of form factor
with QFT constraints



B — DOy
an instructive example

e |V_, |— unitarity, indirect CP-violation in K mixing —
CKM ME constitutes dominant error, not matrix element!
~30 tension between inclusive and exclusive
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B — DOy
an instructive example
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B(B — D*TVT) T o4

Belle Had BTag, T—=lvv
Belle Had BTag, T—=hv

2-30 tension exp. vs. SM (54
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Loads of speculation.....


https://arxiv.org/pdf/1904.08794.pdf

Experimental prospects for
B — D*|lv

Belle Bellell (5ab-1) Bellell (50ab-1)

Year 2021 2025
Veb excl. 3.3% 1.8% 1.4%
Veb INCl. 1.8% 1.2%

R(D) 16.5% 6% 3%

R(D) 7.5% 3% 2%

Belle Il Physics Book arXiv:1808.10567

LHCb B — D) predictions aims at 2.5% for R(D*) with Upgrade Il (2030ish)


http://arxiv.org/abs/arXiv:1808.10567

Ve X 103

B — DOy
an instructive example

Recent analysis of BaBar/Belle + theory for V ,;;:
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Form factor parametrisation

Consider transition Q — ¢ as mediated by current J# = QI'g

The corresponding vacuum polarisation tensor is

q"q"”

. 1
g =i Jd“x (0| TJ*(x)J*(0)" | 0) = ) (9"q" — q%¢") ;(q°) + —- HL(qz)
q
And related subtracted dispersion relations
Ot 1 ImITk) 1AL 1 [ ImIE@)
2__:_ At J T ZE J:_[d J
L) oq*> m J (t — g*)* 1) =3 og?)* = t(t— q°)°
0 0

y can be evaluated in PT for suitable q2



Form factor parametrisation

1
Spectral functions  ImIT!*(g”) = 5 Z 2m)*8(q — px) 1{0|J| X} |

X /\/’

e.g. X = BD*— (0|J|BD*) — (D"|J|B)

cross. symm. — FB=D7
This allows us to constrain form factor:
00 00 5
rooy o L0 1 Il L [ WOIFOI” _
X(q7) = - = ! e t —— <
205 =) (t—q°) ryl (t — g?)>
0

Ly

,=WM= m)?



Form factor parametrisation

1 [ WOIEG)
» ()| F(g?)] <1
myl . (t—g?%)°
t+
tiz(Mim)2




Form factor parametrisation
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Form factor parametrisation

(&)

1 [ WOI|F(g>|
» ()I(q)l<1

myl . (t—q?)
t+

tj_Lz(Mim)2 .

AIm(z)

Conformal mapping

1Re(z)

Physical semileptonic region,
can be chosen symmetric around 0

5 _\/t+—q2—\/t+—t0
Vis — ¢+ Vi =1




Form factor parametrisation

(&)

L [, WOIFHI 1 sz )
d <1 — | — | p@P()F() | < 1
pll K e — [ S 1POFE)]
I, C
= (M = m)*
& ( ") 4 Poles “absorbed” Im(z)
into P(Z) Conformal mapping

/

1Re(z)

Physical semileptonic region,
can be chosen symmetric around 0

9 _\/t+—q2—\/t+—t0
Vis — ¢+ Vi =1




Form factor parametrisation

z real in physical SL B — D*[v region:

g% € {0,10.7}GeV? - 7z € {—0.028,0.028)
Suited for polynomial expansion in 7



Form factor parametrisation

z real in physical SL B — D*[v region:

g% € {0,10.7}GeV? - 7z € {—0.028,0.028)
Suited for polynomial expansion in 7

Q) Q)

1
= a z(t; )" unitarity constraint a’ <1
| P(O)P(t: 1) | ) /

n=0 n=0
Boyd, Grinstein, Lebed (BGL) PRL 74 23 1995

F(1)




Form factor parametrisation

z real in physical SL B — D*[v region:

g% € {0,10.7}GeV? - 7z € {—0.028,0.028)
Suited for polynomial expansion in 7

1 0 0
F(t) = . 2 a,z(t; 1p)" unitarity constraint Z ay <1
| P(t)¢(t9 t()) | n=0 n=0
Boyd, Grinstein, Lebed (BGL) PRL 74 23 1995
* BGL “original” Boyd, Grinstein, Lebed (BGL) PRL 74 23 1995

e CLN with HQET constraints (B(*) — D(*)) Caprini, Lellouch, Neubert (CLN) NPB 530 1998
O(ag,1/m) Sum rules

e BCL like BGL with fixes for finite truncation

Bourrely, Caprini, Lellouch, (BCL) PRD 82 099902 2010



Two questions

1. Are there still unresolved issues with BGL/CLN/BCL?
(Lattice simulations for B — D*[v should come out shortly and help

shed light on the slightly messy recent past of exclusive | V., | results)

So far only zero-recoil published FnauMILC PRD 89 2014, HPQCD 97 2018

Results at non-zero recoil will shed light on the parametrisation puzzle
JLQCD Kaneko@Lattice 2019, FNAL/MILC Vaquero@1 attice2019, LANL-SWME arXiv:1711.01786, 1812.07675

O Vaquero@Lattice2019 for FNAL/MILC
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https://indico.cern.ch/event/764552/contributions/3421210/attachments/1863160/3062762/Lat19-Talk.pdf

Two questions

2. Two extrapolation philosophies are being followed:

A. First extrapolate lattice data to a = 0 and L = oo, to physical m_, efc....
and only then do z-fit (BGL, CLN, BCL, ...)(

B. Combine z-fit and above extrapolations in “modified z-expansion” (HPQCD):

1) = ————— ey (e 1"
POt ) | SRR

Is it clear that it still works given conformal map, Blaschke-factor and
outer function depend on QCD spectrum?



Quick summary of other
CKM channels



Other FF calculation
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N¢ =

Ne=2+1

=2

non—latt. N¢

Lattice results for \Vub , \Vcb\

3
- . B—1v (BaBar)
S B—1v (Belle)
- B—1v (average)
- FLAG estimate for Ny =2+1
A B—ntv
- B—1v (BaBar)
N S - B—1v (Belle)
- B—1v (average)
- B—1v (BaBar)
——— B—1v (Belle)
— B—1v (average)

~—e— HFLAV inclusive (GGOU)

3.0 35 4.0 45 50 55 6.0

3
bttt B—D tv (BGL)
e S B—D #v (CLN)
N
;_ - A B—Dftv
——t B—(D.D )¢v (BGL)
—ret B—(D.D )¢v (CLN)
N
I B—-Dftv
- 4
£
1 —e— HFLAV inclusive
O
c
36 38 40 42 44 46




New directions

Rare Kaon decays



Rare kaon decays

loop suppressed in the SM (FCNC via
W-W or y/Z-exchange diagrams)

hard to observe in nature deep probe
into flavour mixing and SM/BSM

J-PARC’s KOTO and CERN’s NAG2 are
measuring these decays

results expected on the time scale of 5 years

25



Experiments

K; — 7ntvi
« KOTO (J-PARC)
 direct CP violation
« GIM — top dominated and
charm suppressed, pure SD
e phase 2 aims at
10% measurement of BR

T
N\

20



Experiments

K; — nvp
KOTO (J-PARC)

direct CP violation

GIM — top dominated and
charm suppressed, pure SD
phase 2 aims at

10% measurement of BR

X
N\

K™ = 1 ub
. NA62 (CERN)

« CP conserving
« small LD contribution, candidate f

or Iattiqe

v = J
1 f =
\ -— 7

20




Experiments

K™ = 1 ub
NA62 (CERN)

CP conserving
small LD contribution, candidate for Iattic_e

0

K; — m v

« KOTO (J-PARC)
 direct CP violation
« GIM — top dominated and
charm suppressed, pure SD
e phase 2 aims at
10% measurement of BR

T
N\

Kt ot~ K, — 7t
« 1-photon exchange LD dom.

« SM prediction mainly ChPT

o lattice can predict ME and LECs

« well suited for experiment

20



Experiments

K; — nvp

KOTO (J-PARC)

direct CP violation

GIM — top dominated and
charm suppressed, pure SD
phase 2 aims at

10% measurement of BR

° N = I\
« CP conserving
« small LD contributi

. candidate for Iattiqe

. SM prediction mainly ChPT
o lattice can prediciME and LECs
« well suited for expeximent

candidates for lattice computation



2nd order weak processes

consider K+ — 7111 with dominant 1-photon contribution:

AT

27

2nd order weak decay
— 2 insertions of Hw/J,



2nd order weak processes

consider K+ — 7111 with dominant 1-photon contribution:

 —y-
u(c.l'e
s A 2nd order weak decay
el +
Z

U — 2 insertions of Hw/J,

27



2nd order weak processes

consider K+ — 7111 with dominant 1-photon contribution:

 —y-
u(c.l'e
s A 2nd order weak decay
@ +
Z

U — 2 insertions of Hw/J,

This Is not about precision — it’s about being able to do it!

27



K™ = 77171 form factor

Decay amplitude in terms of elm. transition form factor:

c=+,5 GF2
AZ(QQ): i47T [qz(k p)u_(MK MQ)QM] -(¢° /M%)
D’Ambrosio et al., JHEP 9808, 004 (1998)
Ve(@?/ME) = ac +beg? /M + VI™ (/M) v
oooo?ooo\' \\::\,\.\’\q’\

28



K™ = 77171 form factor

Decay amplitude in terms of elm. transition form factor:

c=+,5 e 2
2 TP 2 2 2
AZ(Q ) = Z47r [q (K p)u_(MK M )QM] c(q /MK)
D’Ambrosio et al., JHEP 9808, 004 (1998)
Volq? /M) = ac +beg? /M3 + VI (?/ME) v
oooo.no«’i‘\\
k \\\\_’\,\.\’\q’\
* the lasl and la,l can be extracted from branching ratios

* as parameterises also the CP-violating contribution to the K. BR

* sign of as unknown - could be predicted by lattice — plays crucial
role in BR prediction for KL= 1e+e-/u+u-

28



Difficulties




Difficulties

1. Spectral representation: Euclidean space intermediate states
lead to artefacts that need to be controlled

2. Renormalisation: EW operator contact terms lead to UV div.

3. Finite volume effects: The finite-volume corrections from
iIntermediate on-shell states can be large

Isidori et al. PLBB 633 (2006) 75-83, Christ et al. PRD91 (2015), 114510
RBC/UKQCD PRD92 (2015) 094512, PRD94 (2016) 114516, PRD93 (2016) 114517, PRL118 (2017) 252001, arXiv:1806.11520

29



EXPLORATORY STUDY -
Lattice setup

RBC/UKQCD exploratory study

» domain wall fermions (243, a~0.12fm)

» M~430MeV, mk~625MeV
Ek(k)<2Mn — only one-m intermediate state

» unphysically light charm quark mass
Mc~533MeV

» no disconnected diagrams

» kaon at rest

30



Spectral representation -
MinkowsKki

A (¢?) = / 04 (7 ()| [, (0) Hyw ()] | (k)



Spectral representation -
MinkowsKki

A (¢?) = / 04 (7 ()| [, (0) Hyw ()] | (k)

coon . [ -PE) (m(p)|Ju(0)|E, k) (E, k| Hw (0)| K¢(k))
Aula )_Z/O BB Fx(k) — E 1 ic

_Z./oo apPs(E) (m°(p)|Hw (0)|E, p)(E, P|Ju(0)| K°(k))
0 2F E — E.(p) + i€
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Spectral representation -
MinkowsKki

A (¢?) = / 04 (7 ()| [, (0) Hyw ()] | (k)

non-strange intermediate states

Z./C’QCZEP(E) (7°(P)| /0 (0LF, k) (&, kHw (0) | K€ (k))
0 25 EK — B+ 1€

A (q%)

L

_-/°° ps(E) (m°(p)| Hw (£, p)(E, p[.).(0)| K (k))
? dE .
0 2F E—FE.(p)+ i€

strange intermediate states

31



Spectral representation -
MinkowsKki

A2 (¢?) = / 04 (7 ()| [, (0) Hyw ()] | (k)

non-strange intermediate states

coon - [ o p(E) (m(p)| . (0E, k) (E, kHpy (0)| K¢(k))
AM(Q)_Z/O Y5 Erk) = E + ic

./OO ps(E) (m°(p)|[Hw (0E, p)(E, p| ). (0)| K (k))
—1 dE .
0 2F E—FE.(p)+ i€

strange intermediate states

complications arise when considering the amplitude

iIn Euclidean space ...
31



Spectral representation -
Euclidean

A2 (¢?) = / 04 ()| [, (0) Hyw ()] | (k)

integrate EW operators over Ta-To

32



Spectral representation -
Euclidean

c 2 p(E) (m°(p)|Ju(0)|E, k) (E, k| Hy (0)| K*(k)) Ex (k)— E)T,
Au(TaaTmCI):/dE oF Ex(k)—E (1—6( (k)—F) )

0

o

ps(E) (x°(p)|Hw (0)|E, p)(E, p|J.(0) | K°(k)) (B—Ex ()T}
+/dE SQE - FE — E.(p) (1_6( o )

0

33



Spectral representation -
Euclidean

A (T T = [ 12 <wc<p>|Ju<0>\%;Eg,_kgﬂw<0>ufc<k>> (1

e(EK(k)@

(k)) (1 B e—(E—EW(k))Tb)

0

o

ps(E) (m¢(p)|Hw (0)| E, p)(E, p|J.
+/dE F E B

0

exponential in first terms on r.h.s.
» 1st line:
> E>Ek: exponential term vanishes as Ta—

> E<Ek: exponential term grows as Ta—, must be removed
(possible intermediate states i, rut, rT)

» 2nd line: no problem, all intermediate states E larger Enr
33



Spectral representation -
Euclidean

c 2 p(E) (m°(P)|1u(0)|E, k) (B, k| Hw (0)| K (k)) B (K)— )T,
Au(Ta,Tb,q):/dE o7 Bl —E (1{@ D

0

o

ps(E) (7°(p)|Hw (0)|E, p)(E, p|J.(0)|K°(k)) (B—Ex (k)T
+/dE SQE - FE — E.(p) (1_6( - )

0

subtraction of exponentially increasing states:
> 11 either get amplitudes from 2pt and 3pt functions and subtract
or replace
Hy (z) = Hy (z) = Hw (z) + cs(k)5(z)d(z)

where cs such that  (7°(k)|Hy; (0, k)| K¢(k)) =0 Kills the
unwanted divergent contribution and does not contribute
to the amplitude itself 2



Spectral representation -
Euclidean

subtraction of exponentially increasing states:

» 1t disallowed by O(4) invariance but can be present as TN
discretisation effect — needs to be monitored an *\\

> 1ot comparison of experimental width (PDG) suggests
- Trat to be highly suppressed wt. respect to
- techniques similar as for T possible but its own
research topic (K— ) »\

35



Removing the
exponentially rlsmg terms

A (DT ) = /dEpg“ LEABILL AL ANCTED

0

+/dEPS(E) (m¢(p)|Hw (0)|E, p)(E, p|J.(0)|K°(k)) (1 _6_(E_E7r(k)):rb)
2F E — E.(p)
0
0.025 . . . . :
L 4 2pt/3pt subtraction
00208 s 8 unsubtracted '
0.015F i i
i !
0.010 ]
To B '
& i v
0.005¢ _ , & *
0.000
A 4 2 3 3 I_E_E_I_I I % %
—0.005}
—0.010 :

0 2 41 @& S8 10 12 1
T,



Renormallsatlon

-l
-

\’b'
v'\

() = / 04 (m ()| T [, (0) Hyw ()] | K< (k)

s Vud [C1(Q7 — QF) + C2(Q3 — Q3))
> Q¢ and Qzin Hw renormalise multiplicatively (chiral fermions)

» Ju conserved
1

> divergences: 0

» quadratic divergence can appear as x—0 5
but gauge invariance reduces it to a logarithmic one  ue

Ju

» remaining logarithmic divergence cancelled via GIM
(— need charm quark in lattice simulation)

L
Zu FMJM’J’

37



Renormallsatlon

-l
-

C1(Q7 — QF) + C2(Q3 — Q3)]

> Q¢ and Qzin Hw renormalise multiplicatively (chiral fermions)

» Ju conserved
1

» divergences: 0

» quadratic divergence can appear as x—0 5
but gauge invariance reduces it to a logarithmic one  ue

Ju

» remaining logarithmic divergence cancelled via GIM
(— need charm quark in lattice simulation)

KT — 77 v more involved due to axial current (also if local vector current)

L
Zu F“Ju,ij



Euclidean correlation

functions
A2 (¢?) = / e (x°(p)|T [7,,(0) Hyy ()] | K°())

D0 (bt kop) = [ d'x [ dye X 0ne (b DIT Uty ) o (t11,3)] 0 (0,10
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Euclidean correlation
functions

A2 (¢?) = / 04 ()| [, (0) Hyy ()] | K< (k)

“(tr1,t7,k,p) = / Px / Bye= 9% (b (b, D)T [t %) Hw (tar, ¥)] 6l (0, )

/ / 14 14
& 7 5] 7
14 C

.. Wick contractions

Q : Z

5 l

wa KW
/ /¢
S E

38




KT — 7717]” Results
exploratory study

RBC UKQCD PRD94 2016 114516

— V() a—l—bz

ML f(l %,0) note that results _
K p=27(1,1,0) so far for unphysical
fF ¥ p=7LY pion mass!

16 —14 —12 —10 —08 —06 —04 —02 00
2= q*/ M},

We are now running physical m_ — details in Fionn O hOgain’s Lattice2019 talk
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https://indico.cern.ch/event/764552/contributions/3420571/attachments/1865927/3068238/fohLat2019.pdf

New directions

Radiative leptonic decays



Radiative leptonic decays

Kane et al. arXiv:1907.00279
also: Martinelli@Lattice2019

Y 8 Y
/- s T
B~ Ju Bs J;L Bs Ju Y
i O9.10 - O7 /-

» Hard photon removes helicity suppression (n1,/my)*

 Might allow constraining B-meson distribution amplitude
* Provide constraints for new physics searches
e Works also for D, K



http://arxiv.org/pdf/1907.00279.pdf
https://indico.cern.ch/event/764552/contributions/3421233/attachments/1863167/3062770/wuhan2019.pdf

Radiative leptonic decays

Kane et al. arXiv:1907.00279

also: Martinelli@Lattice2019

Y Y Y
- I (+
B~ Ju Bs Ju Bs Ju U
T, O9.10 0 O7 0

» Hard photon removes helicity suppression (n1,/my)*

 Might allow constraining B-meson distribution amplitude
* Provide constraints for new physics searches
e Works also for D, K

T, — / 24z P (O[T (J,, () T35 (0)) | B~ (p))
C..(t,tg) / d°x / APy e P E( ], (t, 7)) TY(0,0)0% (L, 7))

Integrated over finite finite extent in Euclidean ¢



http://arxiv.org/pdf/1907.00279.pdf
https://indico.cern.ch/event/764552/contributions/3421233/attachments/1863167/3062770/wuhan2019.pdf

Radiative leptonic decays

Kane et al. arXiv:1907.00279
also: Martinelli@Lattice2019

Again we find exponential contaminations

1 1
i = (BERIebO0) 3™ Y 55

'an p'y

y (0.7 (0)|n(pB — Py)){n(PB —ﬁv)Uu( )| B(DB))
Ey+ Epps—p, — EB

X (1 — e_(EﬁEn,ﬁB—ﬁw—EB)T)

IS o~ EtEupyrEoT

vanishes for non-zero photon momentum

nI> & k)T vanishes since hadronic state massive


http://arxiv.org/pdf/1907.00279.pdf
https://indico.cern.ch/event/764552/contributions/3421233/attachments/1863167/3062770/wuhan2019.pdf

Tuv = EuveppyVP Fy +i[—guv(py- V) + vu(py)v]Fa —i

Vu

Py

Radiative leptonic decays

Kane et al. arXiv:1907.00279
also: Martinelli@Lattice2019

%
4 mp B+ (py)u-terms,

§ —Fa(Df— tFvy)
IFA(K__) 6_17’7)

908 - I I 0.6
0.06 - 0.4 -
¥ —Fy (K= (") I
0.04- T Fv(DF> tt1y) .
0.2 -

0.02 - 3

* x 32
0.00 . . . = 0.0

0.00 025 050 075  1.00 0.00
E. [GeV]

0.25

|
0.50 0.75 1.00

E. [GeV]

Kane et al. want to push forward and invest in

simulations


http://arxiv.org/pdf/1907.00279.pdf
https://indico.cern.ch/event/764552/contributions/3421233/attachments/1863167/3062770/wuhan2019.pdf

New directions

Disconnected diagrams
for meson masses/decay



Ne=24+1+1

N¢=2+1

=2

non-lattice N¢

FEGZIOl9K — 7l f+(0)
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Beyond %-level precision
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Beyond %-level precision

With a sub-percent precision goal we can’t ignore isospin
breaking effects:

e strong isospin breaking

m, = 2.5MeV my; = 5.0MeV MS(2GeV)

m, — my
~ 0(1%)
AQCD

e QED

I
N~ 0%
AR 37~ OU%)



Isospin breaking:
EM effects

Factorisation I' = Weak x EM x Strong

Many questions:

e Photon is massless and induces power-suppressed FSE

BMW?c Science 347 2015, Lubicz et al. PRD 95 2017, Davoudi, Savage, PRD 90 2014, Endres et al. PRL 117 20186,
Lucini et al. JHEP 02 2016, Davoudi et al. PRD 99 2019

e How to formulate QED in finite volume
Duncan et al. PRL 76 1996, Hayakawa, Uno Prog.Th.Ph. 120 2008,
Endres et al. PRL 117 2016, Lucini et al. JHEP 02 2016

 Renormalising QCD+QED
* |R singularities (Bloch-Nordsiek) need to be dealt with carrasco et al. PRD 91 2016
e Disconnected diagrams



IB brk. Iin leptonic decay

QED strong IB
62 (92 g — My,
(0) = (0o + S L OMemo (0) = (0) + "4 0,

Quark-disconnected contributions to masses and decay

T N o

tadpole spectacles dlagram burger dlagram neutr. pion. exch.


http://arxiv.org/pdf/1303.4896.pdf
http://arxiv.org/pdf/1110.6294.pdf

IB brk. Iin leptonic decay

Foley et al. Comm.Phys.Commun. 172 2005

Nl Nl"‘Nh
D™ (z,y) = Zvl(ﬂ?‘)w;(y) +- Z vp(z)wy, (y)
[=1 [=N;+1
Exact low-modes Stochastic high-modes
Low modes: High modes:
v(x) = ¢)(x) Vp(x) = Dd 1n(X)

wi(y) = ¢ (y)/ 4 wi(y) = 1n,(y)

Richings@L attice 2019



http://arxiv.org/pdf/hep-lat/0505023.pdf
https://indico.cern.ch/event/764552/contributions/3421231/attachments/1864948/3066141/Lattice2019JR.pdf

IB brk. Iin leptonic decay

Foley et al. Comm.Phys.Commun. 172 2005

Nl Nl‘|‘Nh
D™z, y) =Y ul@w/(y)+ Y wi(z)w
[=1 [=N;+1
Exact low-modes Stochastic high-modes

— Z Tr [v5.5uy (2, y)v554(y, @)

T,y
=S | Sl o) St

0] Y -
— Z Tr [:__[ij (¢, 75)sz'(ta V5))

Meson fields 11;; stored on disk — versatile, can be used
for other offline contractions Richings@Lattice 2019



http://arxiv.org/pdf/hep-lat/0505023.pdf
https://indico.cern.ch/event/764552/contributions/3421231/attachments/1864948/3066141/Lattice2019JR.pdf

Our study

Local vector currents

Feynman gauge

QED.

Stochastic photons Aﬂy(x —y) = (Aﬂ(X)Ay(Y»

vol.

483x96

243x64

a—1

1.73GeV

1.78GeV

Mr

140MeV

340MeV

19

25

N

2000

600

Richings@L attice 2019



https://indico.cern.ch/event/764552/contributions/3421231/attachments/1864948/3066141/Lattice2019JR.pdf

Disconected in pion mass-splitting

Mw+ B Mﬂ-O _ (Qu _ Qd)Qez

2

Oy

- A _
exch neutr. exch.
07'('
- 0 i

B

W

) Meff [Mev]

w O O O

Richings@L attice 2019



https://indico.cern.ch/event/764552/contributions/3421231/attachments/1864948/3066141/Lattice2019JR.pdf

IB brk. Iin leptonic decay

Meson fields including elm. Field 1I,; Zw ) Av;(a

Tadpole diagram

Richings@L attice 2019



https://indico.cern.ch/event/764552/contributions/3421231/attachments/1864948/3066141/Lattice2019JR.pdf
https://indico.cern.ch/event/764552/contributions/3421231/attachments/1864948/3066141/Lattice2019JR.pdf

IB brk. Iin leptonic decay

Meson fields including elm. Field 1I,; Zw ) Av;(a
e

vi(x) = ) S(x,2)id(2)vi(2)
') = ij(x)l“v’ T

xchange diagram Burger diagram

Or as sequential meson field

Exchange diagram Self Energy diagram

Richings@L attice 2019



https://indico.cern.ch/event/764552/contributions/3421231/attachments/1864948/3066141/Lattice2019JR.pdf
https://indico.cern.ch/event/764552/contributions/3421231/attachments/1864948/3066141/Lattice2019JR.pdf

IB brk. Iin leptonic decay

m Burger contribution 243: <>  m Tadpole contribution 243: e

y M 2 ..
EZQ, 1: Hm k| ; [ ‘L é _O,Z h}%ﬂﬂﬁﬂ}mﬂﬁﬁﬂﬂ

O ) ' i mjz 3301\:[:; ) ' 20 i
m Specs contribution 243: X m Total contribution 243:

t

It works but signal needs improving — we are working on it.
More on out QCD+QED efforts next week ...

Richings@L attice 2019



https://indico.cern.ch/event/764552/contributions/3421231/attachments/1864948/3066141/Lattice2019JR.pdf

Summary

Tree semileptonic decay — parametrisation
Rare semileptonic decay — howto

Radiative decay — new

_eptonic decay — disconnected

Not covered:

e Heavy-quark discretisation

e Unstable states/multi-hadron states
e Baryon form factors

e Signal-to-noise

e EXxcited-state contaminations

e Renormalisation

e Critical slowing down



