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Introduction: Leptonic decays

First, consider D-meson leptonic decay
D — pv,
The branching fraction is linked to the CKM matrix

2
(D — pv,) G? 2.2 2 m,
B=— "% — ¢ |Veg|“fom, Mp | 1 — !
rtotaI D8” ‘ / /\/I%

|

Use
B=3.71(20) x 10°*  BESIII [1]

fy = 212.0(7) MeV Nf=2+1+1[10]
75 = 1.033(5) x 10" s Lifetime [7]
The CKM matrix element is then [7]
V4| = 0.2181(50)

Lattice input at 0.3% precision!
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Introduction: QED corrections

In experiment, one really measures the radiation-inclusive rate
F(AEW) = F(D* - M+Vu['7])|EW<AEW
with AE the experimental sensitivity.
M(AE,) =Ty +T1(AE,)

We've added two types of QED corrections,
e Loop (virtual) corrections to Iy = (D" — pv,)
o Real radiative decay ' (AE,) = (D" — puw,7)|g, <Ak,

QED corrections are expected to be 1% [1] at vanishing
AE,, and dominant for large E, [5]
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Introduction: Real radiative decays

For the real radiative decay
D¥(p) = p" (v, (m)v(k, A)
the amplitude M can be split into hadronic and leptonic parts
A A)*
M = " (k) (M + M, )
The hadronic part is

My % e H (p k) a(0)15(1— 2)v(n)

The non-perturbative physics appears in the hadronic tensor

H* (o, k) = 1 [ a'x " (0| {itn()iin ()} 07 ()
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Introduction: Real radiative decays in Euclidean space

There are three Wick contractions of H""(p, k)

f g O

The hadronic tensor can be computed in Euclidean space [3]

H" (k, p) = / dt, d*xdze"5e®Ze ™™ (0]t (x)jw (v)¢' (2)]0)

C"(xy,2)

where
Jem(¥) = 32g €qa(x)7,a(x)
Jw(y) = 3aly)"" (1 —75)as(y)
¢ = qa(z)1598(2)

No need for explicit photon field!
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Study the 1st and 2nd rows of CKM with leptonic decays of
D D, B B.

PDG [7] Leptonic Semi-leptonic
V| | 4.11(39) x 1073 | 3.82(20) x 1073
V.| 0.2181(50) 0.2330(136)
V.| 0.984(12) 0.972(7)
V| Not seen 41.1(12) x 103

Experiments get more precise [9] and look at new channels [8]

Figure taken from [6]
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Setup: JLQCD DWFs

Action

— All quarks are Mobius b+c=2, b—c=1

— Tree-level improved Symanzik gauge + stout smearing
DWFs preserve chiral symmetry

— Our observable is chiral

— Simpler renormalization
We employ one JLQCD N¢ = 2 + 1 ensemble [4]

Label 8 alfm]  a'[GeV] [PxTxL, m, mg  m.L
F-ud3-sa 4.47 0.0439(1) 4.404(2) 64°>x128x8 284(1) 486(1) 4.0

29 configs, 32 measurements/cnfg. Simulate at six heavy-quarks

am,  amg amy,
0.003 0.015 0.210476 0.263095 0.328869 0.411086 0.513857 0.642322
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Setup: Quark-connected contribution

Solve propagators QW, @@

X, 7,
, \ — Z, ® Z, wall source at (z, t;)
s VT, — Jacobi smear|n(g3)
Solve propagator @
1 — Point source at (y =0, ty)

Assemble Wick contraction
" = ([ ELQW(y, tr: )35 QP (1%, )1 QP (x, t1y, te)])g

Kinematics
— Meson at rest p=10
— Photon k = 2T“n with Fourier mode n

— Lepton-neutrino pair g = —k
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Setup: Quark-connected contribution

X, 6y

Our setup employs

N,=8 N, =128 N, =32

Em @M = 0.5700(22) 3.0 <
Sost 25
. aMy,; = 0.7533(18)
# of propagators N, grows linearly ol 20
with # of sources M= 001000 18 5
*°r oMy = 0558000 M) o
Nprop = Nq . (NSI’C + Nsnk) == 1280 0.5 | oMy = 0.4834(11) 05
aMy1=.0.4200(10)
o4l T . 0.0

0.0 02 04 06 08 10 12 1.4

2E,/Mp

Fourier |n| <3
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Three-point functions

Example data for k = 2{(0,0, 1), p=1(0,0,0)

CL(p, twik, t,)= (0Lilm(k, £,)3a(0. tw 7" a5(0, tw)¢' (p, 0)[0)

where tW = tf— t,' and t',7 =t t,'

|CY (D, B, = 0.0982) |CP(D., B, = 0.0982)
10710 o rpeememeenmneee .. e 10710 IS - tw
107" "*HH : 2 1071 4 3 : 2
10-12 ,ﬂ“Hne+»mw»ww“*u" t zfg 10-12 IR '"tm*mf t ég
10742 4 1018 4 'umj
14 Rt tH t “ Y-
10 7 it THHHHHH‘W Tm\mﬁ HHHH”H Ed PRI ) HHH”HHH
1017 4 s
10 77 o
10716 4
10716 4
10717 4
ll
L 1| QS N — 1 I
0 10 20 30 40 50 6% 0 10 20 30 40 50 O%
il ad
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Three-point functions

Example data for k = 2%(0,0,1), p = (0,0,0)

Ch¥ (k, 1y B, tw)= (0ljkm(k, £,)3a(0, tw)7"598(0, tw)¢' (p, 0)[0)

where tyy =t —tjand t, =t — ¢

}513}*uw*““""j"""fj::;*t:;q, i
2% Erey
(il H” 5 ‘”HHH ‘HHHH 3 H“HH
=1 -

= D == ‘m *[ -

Second half of the lattice has unphysical time-ordering and vanishes
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Exponential fall off

Jw (¥, tw) For 0 < tw < t,yi

5 da Fix t, —ty >0
Pt (k) Vary ty
Initial meson at rest

qa

meg (Cs)(D,, E, = 0.0982)

ty, —tw =5
— 0.43511(35)

0.8 4} axial (3,3) |

t vector (2,3)

Compare spectrum 061

obtained from 3pt and 2pt *WH{W W
AR

T T T
0 10 20 30 40 50 60
tw'
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Exponential fall off

Jw(ystw) For 0 < tw < t:

] qa

Fix tW

P+ jgn(kvtw) Vary t’Y

17" meson momentum k

mes (C3)(D,, E, = 0.0982)

tw = 20
— 0.24386(60)
1 axial (3.3)
t vector (2,3)

qa
17 state depends on g4 Lo
q s QO Qi 0.6 -
p(770) | $(1020) | J/9¥ | T(1s)
Same for C})” and Cy” -
Similar analysis for 0 < t, <ty 2]
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D, vector form factor

H"" has a form-factor decomposition
uY v N
HY = HY 4 HY

The vector component depends on Fy,

0 ks —ky O
. Fy(xy) ks 0 Kk O

wy . pvpo V~Ay . 3 1
Hy = —ie""" k,p, M, iFy(xy) ke —k, 0 0
0 0 0 O

F\ depends only on one Lorentz scalar

2p - k 2E,
X, = = —
T ME cm Mp

Physical decays occur for 0 < x, <1 — (my/Mp)? ~ 1
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Vector form factor

Form the ratio
v - E v /
RM = e(t’y w) v C\}; (ka t’y; P, tW)/ C2(tW)

The vector form factor from any C*” component is
oo
- pvph
— ik, f(ty)Fy(x,) = / dt, R™

0
where f(ty) = efMPtW/z/\/2MP

—~
o By v
5007y + 20
B v + 3,1
N , + 1,2
025 1 ¥ + 3,2
i ) 1,3
§ ¥ 2,3
0.20 ! 3
¥ l
¢ PO
Y Y g I
i \
0.15 g | Lo
¥ :
! ]
0.10 Y
T T T T
0.6 0.8 1.0 1.2 1.4
T,
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Signal improvement

Use Lorentz covariance
@ Select a reference vector k, for example k = 27(0,0,1,1)/L
@ Find all K’ so that

k' = ANR)LKY  where  A(R) = <§ (1)>

R is one of 24 rotations in the cubic group
LK /21 = (£1,0,0,1), (0,£1,0,1), (0,0,+1,1)
© The hadronic tensor H*" transforms as
H" (k) = N(RYAA(R)5H (k')

@ Average all H"” related in this fashion
Use T-symmetry

C\U/(kv tfy; P, tW) = _C\U/(kv T — t’y; P, T—- tW)
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Signal improvement

3pt effective mass vs 2pt energy fit

— Initial meson at rest

Moy (Cs) (D, B, = 0.0982) Mo (Cy) (D, B, = 0.0982)
1.0
— —5 T 5
- 11(35 (35)
084 ¢ 3.3)
t (2.3 ’ ’

| B |

M U . .‘“"'**"**"*******#**fﬁ*mﬂ*Wﬂ“ﬂ’ﬂ»Hlf

ii*mnw\ﬂ*\”

iﬂ
|
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Signal improvement

3pt effective mass vs 2pt energy fit
— 177 meson with momentum k = 27(0,0,1)/L

m(Cs)(D,, E, = 0.0982) m(Cs)(D,, E, = 0.0982)
1.0 1.0
tw = 20 tw = 20
0.24386(60) — 0.24386(60)
0.8 t axial (33) 0.8 4 + axial (3.3)
t vector (2.3) t vector (2.3)
0.6 0.6 4

0.4 A

"””*“*WMM‘ | S

0.2 0.2 1

0.0 T T T 0.0 T T
25 30 35 40 45 50 25 30 35 40 45 50
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D, vector form factor

Vector form factor from C*

—~ —~
N v N v
3““‘” 14 + 2.1 o161 + 2,1
B v + 3,1 = + 3.1
=2 | + 1,2 =, + 1,2
‘El?u.zn B 3 + 3,2 "*“ 14 + 3,2
'q , 1,3 . N 1,3
§ M 2,3 2,3
0.20 4 g | 0.12 4 a
4 !
(R
]
0.15 4 ¥ | ¥
o E 0.10 4 L]
M $ i ] N
| .
0.10 4 \ 0.08 ’
T T T T T T T T
0.6 0.8 1.0 1 1.4 0.6 0.8 1.0 1.2 1.4
T, T,

There are two main unexplored systematics:
— Truncation of integral in t,
— Excited states/dependence on ty
Combine fit of 2pt and 3pt functions to extract Fy,
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D, vector form factor

Vector form factor from C*

~ —~
IS v = v
8 + 2,1 8 4+ 2,1
0.1 4 , 0.16 4 s
=~ + 3,1 = + 3,1
N + 1,2 ° =N + 1,2
L‘: ).0 + 3.2 v»n 14 t sz
0- 1,3 ] 1,3
2,3 ) 2,3
—0.1 A Y I 0.12 4 &
TR A
]
¥
—0.2 4 . 0.10 4 [ ]
—0.3 ] 0.08 4 *
T T T T T T T T
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T, T

There are two main unexplored systematics:
— Truncation of integral in t,
— Excited states/dependence on ty
Combine fit of 2pt and 3pt functions to extract Fy,
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D, axial form factor

H"" has a form-factor decomposition
HPY = HEY -+ HE
The axial component depends on fp, F4, Hy, H,

(2p — k)'(p - k)”)
2p -k — k?

H/A“j :fP (77'“1/ +

+ F?\;?) [n‘”(p k= k)= (p— k)“k”}
+ H}\EIX”) (71 — KK")
P
Hy(x,) k' (p- k= K*) = K(p— k)"
LS (KT M2 (p—k)
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D, axial form factor

Form the ratio
v ) — At —tw)E, ~pv R
RA (k7 t,y, tW) =e ’YCA (ka t’yv P= 0’ tW)/ C2(tW)

)

Project with polarization vectors €’ to remove H; and H, terms

e(/\)(k) k=0 M) e(A/) =0,y
Subtract k = 0 [3] to remove the fp term
HeY

e(A)Vf/(tW)FA(X,Y) = )’:/O dt, (R (k, t,; ty) — RA7(0, t,; tw))
Y

where

f(tw) = VMp/8e /2
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D, axial form factor

~ ~ 0.4 4

8§ g >
~ o.01 Zosd ¥
2 = +
2a Z< ]

& o oo2q +

—0.01 4 0.0 4 é v

v ¢
+ 1,1 T M 5 ¥ i
—o0.1 '
—0.024 + 1.2 *}
+ 1,3
+ 2,2 —0.2 4
—0.03 2,3
T T T T —0.3 T T T T
0.6 0.8 1.0 1.2 1.4 0.6 0.8 1.0 1.2 1.4
fo T,

Teseo San Jose Radiative decays of pseudoscalar mesons 22/23



Conclusions and outlook

— QED corrections to leptonic decays are relevant for CKM
unitarity tests

— Radiative decays are given by two form factors
Fv(2E,/Mp)  Fa(2E,/Mp)
— Thanks to very fine lattice spacings, we can study
D D, B B.

with the same quark action
Next steps
— Finalize main analysis

— Study systematics:

© Excited states ty,
@ Truncation of integral in t,

— Reach the physical point with more ensembles
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Heavy-light spectrum on F-ud3-sa

Values at finite lattice spacing compared to PDG values 7]

B1(5721) &
124 Bt B
1.0 1 _ - 065q
Qsq Qsq _
o 06 oQ4q
J 49 _
0.8 OS4CI o) 04
s Qs3qg 083‘7 092‘7
® 06 Q29 Q2q ©01q
. oalq Oqu D1(2420) OQOq
bt  Obpq  D7(2010)* O00q ©
—_——
0.4 1
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0.2 p770) o7
70 oqq
0.0 1
YS yﬂ YuYS
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Heavy-strange spectrum on F-ud3-sa

Values at finite lattice spacing compared to PDG values |2, 7]

Bs1(5830)2
1.2 Bgooo B
1.0 1 _ 0655
Qss Qss _
oo5 o > oQ4S
0.8 1 Qas o 0ss
= o o 5
I} Qss 0035 0925
05 Qs 0915
0.6 1 %o 05,5 Ds1(2460) Qos
3 = Lo
0_1 Ds ooos
Ds QoS o
_e—
0.4 A ss
¢
¢(1020) ss
_e_
0.24 ns Ss
e
YS yﬂ YuYS
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Heavy-heavy spectrum on F-ud3-sa

Values at finite lattice spacing compared to PDG values 7]
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