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Radiative corrections to leptonic B-meson decays

The emission of a real hard photon removes (rma /Mg)? helicity suppression

This Is the simplest process that probes (for lakgg the first inverse moment of the
B-meson LCDA . " 48
= —# B+ (&’ %
BN 1o &

"0

&5 Is an important input in QCD-factorization predictions for non-leptonic B decays

but is poorly known M. Beneke,V. M. Braun, Y. Ji,Y.-B.Wei, 2018

Belle 20189%(B® ! ! *@#E,> 1 GeV) < 3.0&810°° —— $> 0.24GeV
QCD sum rules in HQET: $;(1 GeV) = 0.46(11) GeV

o S

Enhancement of the virtual corrections by a fackg/* ocp and by large logarithms

M. Beneke, C. Bobeth, R. Szafron, 2019
The real photon emission process is a clean probe of NP: sensitiven€gs@g,, C,
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Hadronic tensor and form factors

K= Q,aHp
q Jem
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Goal: Calculate Fy, Fa sp as a function of E§O)

- . *H =% %#%ql
Capt (temth) = d3  d3y e P &ePud13eM(t o %) 3)*2(0)" |, (th, )"
safe analytic continuatidrom Minkowsky to Euclidean spacetime, because

the absence of intermediate states lighter than the pseudoscalar meson
C. Kane et al., arXiv:1907.00279, RM123 & Soton Coll., arXiv:2006.05358 5




Euclidean correlation function
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Calculating loz (T, ty)

. 1 2B etEnte T
T = lim lim i
T "H(by) | #y O #T

dtem e™ temCS,u! (tem, th)
He %

Two methods to calculatd, (T ,ty):

1. 3d (timeslice) sequential propagator
through#_, $ calculateCs 1 (tem, th)

on lattice, bxedy get all t¢, for free
arXiv:1907.00279 & arXiv:2110.13196

. 4d sequential propagator through;™
$ calculately (T,ty) on lattice, Pxed
T get allty for free

RM123 & Soton Coll., arXiv:2006.05358: Set T = N7/ 2 and fit

to constant in {4 where data has plateaued

For a comparison of 3d vs 4d methods see arXiv:2110.13196




Simulation detalls

N = 2+ 1 DWF, RBC/UKQCD ensembl&l, = 340(1) MeV,a + 0.1 fm
charm valence quarks—  M3bius DW with OstoutO smearing

25 conbPgurations, AMA with 16 sloppy and 1 exact samples per conbc

Disconnected diagrams are neglec %

* , random wall sources & randomly placed point sources

Local electromagnetic current + mostly non-perturbative RCs

Two datasets3V(0) or J="(0)

For point sources use translational invariance to Px em/weak operator]at

use a Osine-cardinal reconstructionO to generate data for arbitrary ph
momenta (only exp. small FVEs are introduced)

Caos = | A%y € P (IN(tery, X)IK(0)*,(tn, V) Py = 0, severalp,




Improved form factors estimators

©9  app = 2+a/L(0.0,0.0,0.0
ap, = 2+a/L(0.0,0.0,0.1)

no ratio
ratio

y = 2+OOOOOO
p(p#vt) p#_T( """ )

C(Put) = Cp( 5. = p#,t)
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Improved form factors estimators [2]

+ P, average

app, = 2+a/L(0.0,0.0,0.0

NO average
ap, = 2+a/L(0.0,0.0,0.1 9

average

$ 9 39

8 10
Summation Range T




Fit form: 3d method

Include terms to fit

(1) unwanted exponential from first intermediate state
(2) first excited state

Fit form factors F, and Fp o directly instead of g

(ty<tem< 0 ty <0< ty)
FUSK(t,, T) = F< + BY (14870 BTW)) X ESEAEIT Cre B

F.exc

EA+E“$(- E+Ey)

I:>em(tH1 T) = F=+ B; [ 1+ B;,exc E#+ E<$ EH ]

e Ety e$(E#$ E,+E)T, C*-,;e' Et,

C[H< O<tem t|_|< tW< O)
Flveak(tH, T)=F + BE <1+ B> g EtH) eESET, CEE' Et,,

F.exc

E” )
F<ern(tH, T) — F> + BE [ 1+ BI?,exc E#$E;$; . Ee' E(T+t|_|) e(E#$E )T+ CEe- EtH

Only have two 2 values df;, btting multiple exponentials not possibl
| Determine- E from the pseudoscalar two-point correlation functi
| use result as Gaussian prior in form factor pts




app, = 2+a/L(0.0,0.0,0.0)
ap, = 2+a/L(0.0,0.0,1.9

<,weak
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§ tyla=19
{ ty/a=112
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L.

app, = 2+a/L(0.0,0.0,0.0
ap, = 2+a/L(0.0,0.0,1.8)
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Fith
:{ tH/CL: -9
I tH/CL: —-12

app, = 2+a/L(OOOOOO)
apy = 2+a/L(0.0,0.0,0.1) !
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D! !" # 3d method
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NP subtraction of IR-divergent discretization effects

Faep = FaAS (50 —

Ep

[ (a®/x,) artifacts brst observed iarXiv:2006.05358

\ dPxdy(e® P4 1)(IM()IN0)* ,(v))

to subtract thept-like contribution
0.0 0.2 0.4 0.6 0.8 1.0 1.2
X1

Blue dataimproved subtraction of pt-like contribution



'™, #: results (3d method)

e

0 0.2

B25.32,a" 0.0815fm m, + 260 MeV

o o0+ vn 0 +— —
S|gn.d|ffer_ent FFs 4% Polymomial
parameterization 004t flx
0.035 [t
0.03 [ i
< 0.025[ THI IFmaeL L
w 002f | I AFHHETHRE s
0.015 o 000000000000’0’
0.01}
0.005}

0 00% - RM123 & Soton Coll., arXiv:2006.05358
0 0.2 0.4 0.6
X1




D.! 1" # results (3d method) [2]

preliminary
| | | |

0.6 0.8 1 1.2
X

DIl e'1":B(E > 10MeV)< 1.3" 10 * SM: O(10' 4

[BESIII Collaboration, arXiv:1902.03351 ]

inspired by the phenomenological analysis of arXiv:0907.1845




I #: results

| |
preliminary

0O 0.2

ChPT: 8m(L+ LI/
J. Bijnens et al. , 1993




Conclusions and future perspectives

® We compared analysis methods using 3d and 4d data. 3d method results in
smallest statistical uncertainties . A method paper will appear very soon

® With moderate statistics we are able to provide rather precise, first-principles
results for the form factors in the full kinematical (photon-energy) range

® Lattice calculations of radiative leptonic heavy-meson decays at high photon

energy could provide useful information to better understand the internal
structure of hadrons

®The analysis on a variety of ensembles with m, + mMP™is in progress to reac
the continuum limit . To extend the study to B-meson decays we will take

advantage of new RBC/UKQCD ensembles ag®* 0 (3.5,4.5) GeV PRACE
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Electromagnetic and isospin-breaking effects

Given the present exper. and theor. (LQCD) accuracy, an important source of
uncertainty ardong distance electromagnetic and SU(2)-breaking correcti@n

At leading order InChPTboth ! g, and! gy, can be expr,essed In
terms of physical quantities (e.m. pion mass splitiify, £)

=" 0.0069(17) ] 25%o0f error due to higher ordersssp 0.2%on #,/#: |
.Knechtet al, 2000; V.Cirigliano and H.Neufeld, 2011

) # fK/f % » 0.1%0n #K|2/#" 12
Gasser and H.Leutwyler, 1985; V.Cirigliano and H.Neufeld, 2011

M
[ /T $ 1:.0_0044(12)J 25%0f error due to higher orders
J.

ChPT s not applicable to D and B decays



Real photon emission amplitude

By settingpz = G, at fixed meson mass, the form factors dependunrsq, only.
Moreover, by choosing physicdbasis for the polarization vectonse., .(py) &= O,
one has

VA

o) T (Py Py) = ’f%P#){ | %()(p#)(\®- | [$ 9" (pa&v) + chp; | p#&vafH}

In the case of off-shell photonp{1 0) — 2[H! ", ! *1 ®] expressed in terms o

4 form factors

For large photon energies and in the B-meson rest frame the form factors
can be written as

e,Mg f5
Fu(Ey) = R@ B+ -(E)+ - - (B)

e,M

::
R(E¢%+ -(E)$ - -(E)

M. Beneke and J. Rohrwild, 2011




Structure dependent contributions |
to decays of D and B mesong
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| A lattice calculation of F , and F, would be very useful |




N
"1(LE) A=(SDINT} | " HE& (&(*#+* 5 +*-&i

n g—‘,pt 4" ][?t(l E) !

1O #BHL-&*' 2% %)k

J

R[m—= uv(y)]
AE(MeV)

.................. I-'--'--'-'--AE(MeV)
5 10 15 20 25 30

Ri[K— uv(y)]

0.0000-J,———r—|—--l----I----"---'AE(MeV)
I 250

0 ~&F2F* )% #)3-&'14(53-YoH6 #-*7817 148*#1-#E8BH&I*H#+*)6: Yok
0 18 ()&(™;+ - +*-&H )3-&'14(53-Yott)641% 1 <O A HPBHHIHHIHHHHHHHEHH
64+ 7817 1 AR HHBHHZOHN N H OIS BB * -8 688:#6))*%% 148 ¢



g

I

ms

5 [Fv (X1 )% + Fa(xi )2 5P(x))

96" e dy,

45 o

%' Tee (ix,

-

6f2rz(1"

2Mp

2

re)

#

fP (1"

r2)

5 Fv (X)) T () + Fa(x) FA'T (x )$

— "% NPT — &)+

rs
—rEs o Nt — &0+

g Nl

B SR TR




3pt function Iin Euclidean space: time integrals

For large negativetg,

I
= 0

15 (ts, T) dt e™ ' Cui (t,tg)

I T
1
'B(pe)l! 5(0)]0" €™
) 1 1

i
2En (pg! p) B + Enpgt p) $ Es

n

#1 012I*(0)In(ps $ )" (e $ p+)134(0)[B (po)"
# 1% e (B *Enpgt p)! EBIT

The unwanted exponentiak’ (= *&n.@s! i)’ F)T

B+ En(pgt p) > Es-

goes to zero for largerl if

Because the stategn(ps $ p-)" have the same quagk-l3avor quantum numbe
as theB meson, we haveE, (.1 p ) YWEs (pgt p )= M3 +(ps$ p-)2.

The inequality becomes p?+ mg+(ps$ p)2> ms+ p;3.

This Is In fact always satisped (as long gs & 0).




3pt function In Euclidean space: time integrals [2

For large negativetg,

T
I (ts, T) dt e™ ' Cyu (t,ts)
0)

" B(ps)|! 4 (0)]0#-r—ee'e

2Eg
1 1

2Em,p! E" I Em,p!

$* Q13 (0)Im(p- )#myp: )13/"°%(0) |B (ps ) #
$ 1| e(E! ! Em,p! )T

$

The unwanted exponentiak!® ' Emr )T goes to zero for largeT if Emp, > E-.
Because the stategm(p- )# have a nonzero mass, this is always satisped.




" _ ) .V Vi
g PV + i gur (ps V) + Vu(ps)i IFa !l i —t——mp,fp,
Ps av

+( ps ) -terms

' also extractfp, as a cross-check
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Cancellation between quark components

app, = 2+a/L(0.0,0.0,0.00  ap,= 2+a/L(0.0,0.0,1.8)

& @ T @&
ﬂﬁ
e
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Fit form: 4d method

Use Pt ranges where data has plateaueddni.e. ty ! "#

Include terms to bt
(1) unwanted exponential from pbrst intermediate state

Sum of both time orderingsdy: (T, ty) = 15 (T, ty) + 15 (T, th)

F(tn, T)= F+ B gl BB Vgr B L0

tem< O tem> O

| Pt parameters

Only have three values af, btting multiple exponentials not possible
I Use broad Gaussian prior dr S




K! 1" # 4d method

Sum of both time ordering$em < 0+ tem > O:

FA(tH,T) — FA+ B;Ae! (Er ! Ex+ EZ )T + BEAe(E!! EZ )T

Fa
T/a=6
T/a=9
T/a=12

)

me s

I I I I I I I
-17.5 —15.0 -12.5 —10.0 -7.5 -5.0 -2.5

Source sink separatiotx/ a




KT 1" # 3d vs 4d analysis results

4d method cannot resolve the sum of the unwanted exponentials o
separate time orderings




