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Study of ¢ — sZv transitions

Motivation
® Extraction of V.
‘ Current value by PDG ‘
Leptonic D, = {u,t}v Semileptonic D — K{e, u}v
HFLAYV averages of & HFLAV £1V 10
combied wih £DG AV averages of | V. L0

averages for mass, lifetime,

average for form factor
decay constant 5

|—> V.| = 0.975 £ 0.006 <—|
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Study of ¢ — sZv transitions

Motivation

* Extraction of V. using Bayesian analysis with additional decay channels, with
dispersive bounds applied to the full set of theoretical inputs simultaneously

® How compatible is the current data with what we predict theoretically?

® Is there preference for Standard Model or treatment in full Weak Effective Theory?




Experimental data

® Branching ratio:

D’ - K utv
_|_
D, — 77y, 0 . #
D" — K ey,
_|_
Dy — p'y, Dt — Kge'y,

D* - Ku'y,




Experimental data

® Branching ratio:
D' - K—utv
D’ - K e'v
Dt — Kge'y,
Dt — Kg/ﬁyﬂ
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: Updated measurements :
here

¢ Shape distribution:




» Decay constants f}, , fp« and f;), e

ETN[‘//

FNAL/MILC

* D — K tform factors

* A, — A tform factors

Theory inputs

fp. locpsr

N\

CLQCD

HPQCD
~———» FNAL/MILC

(Axial)vector and (pseudo)scalar: LQCD

\ Tensor: HQET + SCET relations to (axial)vector FF’s

FLAG Review 2021

ETM, Phys.Rev.D 91 (2015)
FNAL/MILC, Phys.Rev.D 98 (2018)
CLQCD, Phys.Rev.D 109 (2024)
Pullin, Zwicky, JHEP 09 (2021) 023

HPQCD, Phys.Rev.D 107 (2023)
FNAL/MILC, Phys.Rev.D 107 (2023)
ETM, Phys.Rev.D 96 (2017)

ETM, Phys.Rev.D 98 (2018)

Meinel, Phys.Rev.Lett. 118 (2017)

Our work




Combining theory inputs

Dispersive bounds

® Ensures unitarity, correlates most hadronic parameters

Caprini, Functional Analysis and Optimization Methods in Hadron Physics

® Dispersion relations = perturbatively calculated quantities y

M2 f2
(7=0) b, fb.
* Hadronic representation of correlators = Xi ™~ | = 2~ g2y
RO =
* BGL-like parametrisation of FF: f(¢*) = Zak Py 2 SN e <
2=2(q?) =

Further discussion on form factor approach: Gubernari, (Reboud), van Dyk, Virto 2021 & 2022; Blake et al. 2022; Flynn et al. 2023
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Theory inputs

D — K form factors

Preliminary

* HPQCD + FNAL/MILC are incompatible with ETM determination

HPQCD+FNAL/MILC
BN ETM
1 1 HPQCD
1 FNAL/MILC
1 ETM
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HPQCD + FNAL/MILC: p-value = 4%
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Theory inputs

D — K form factors

* HPQCD + FNAL/MILC are more compatible with data
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Preliminary

Theory predictions ... ...

B(D — ptv,) - e ¢
* Identified local inconsistencies between Rl A
measured data and theoretical predictions B0 sermy]  re——te
® Qutliers in our fits |
B(D" - K etv.){ | ® a +
B(D" — K~ ptvy,) 1 } . | } + -
B(D" — Fﬂeﬂ/e) - | g i % +
B(D" — I_\"D;Lﬂ/ﬂ) - —e— | +
* Shape distributions are well fitted ple i) e
B(A7 — Aptuy,) - ="
A ; ; ; ; : ;

Pull in o
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* SM

Bayesian model comparison between all three models
* CKM

Same set of hadronic nuisance parameters

Same experimental likelihood

* WET

. o
. .
-----------------------------------------------------------------------------------------------------------
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* SM

Checks compatibility of data and SM

No parameter of interest in fit

CKM
Fixed value of |V_ | = 0.975

Fixed the only Wilson coetficient to SM value

WET

. o
. .
-----------------------------------------------------------------------------------------------------------
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SM

Joint fit to all contributions as well as
for the different decay modes individually

* CKM

One parameter of interest in fit
|V..| in[0.88,1.03]

Fixed the only Wilson coetficient to SM value

WET

. o
. .
-----------------------------------------------------------------------------------------------------------
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* L 4

SM

Weak Effective Theory allows for BSM physics

CKM Fixed scale | V. | = 0.975

Fit for the parameters of 5 different Wilson Coefficients

* WET

. o
. .
-----------------------------------------------------------------------------------------------------------




CKM fit

Extraction of V.

Goodness of fit
Data set X2 d.o.f. p value [%)]

| Ves|

DMt Lty 25 2 28.1

D — Kty 44.2 45 50.6
A, = Ay 0.3 1 58.4
joint fit 51.0 50 43.4

(). 969 Trset

0.953 0]
027
VL il

(958 EI 908

® Compatible with PDG at 2.5¢0

Preliminary

Ves|

12071 EOSs v1.0.11 All data
: Dg*) 0ty
100 - \ D K — 0y
| A, = A= 0Ty
80 - PDG 2022
60-:
40 -
20 -
: \ |
N e ~— |
0.90 0.92 0.94 0.96 0.98 1.00 1.02




Preliminary

CKM fit

Unitarity

® Checking unitarity in the second column of the CKIM matrix

world avg. world avg. ;
Vs = 0.2243 + 0.0008 v, — (41.5£0.9) x 10
our result
Ve = 0.958 + 0.003
2
Y | Vis| 209698

U=u,c,t

Assuming perfect positive correlation between determinations = 4.80 deviation from unitarity!




Hscu( e

4Gy

V2

WET fit

Oy, = [57" Prc] [7y,PLl], Oyp=|
S5Pgc| [VPLY],

Ves Zcf(#b)af +---+h.c.. Og 1, = [5PLc] [vPLY], Og,r =

O = [50"Vb] [Do ., PLY) .

Preliminary

57" Pre] [vyu PLY]

® Constrain parameter space for Wilson Coefficients




Preliminary

57" Prc] [y, PLl), Oy,g = [57" Pre] [y, PLY),
— :§PLC] [DPLE] ) Og,R — :§PRC] [17PL£] )

501b] (70,0 PLY) .

® Constrain parameter space for Wilson Coefficients

ReCy = [ 0.941, 0.998],

ReCy g = [—0.023,-0.009], ImCy p = [-0.277,0.277],
ReCg ; = [—0.018, 0.015], ImCg; = [—0.028,0.028],

ReC§ p = [—0.024, 0.009], ImCg = [—0.029,0.029],
ReCh = [—0.023, 0.045], ImC% = [-0.065,0.065].

0.95 1.00 —0.04 —0.02 0.00 0.02  —0.050 —0.025 0.000 0.025 0.050 . . . . . . . . . -0.5 0.0 0.5 —0.10 —0.05 0.00 0.05 0.10 —0.10 —0.05 0.00 0.05 0.10 -02  -0.1 0.0 0.
scvgl scvel scvgl scvgl scvel scvgl scvgl scvel scvgl
ReCy, ReCy, ReCyg’ ReCyg, ReCj ImCy; ImCg;’ ImCg, ImC;




Results

goodness of fit

fit model M x? d.of. pvalue % InP(D,M)
SM 61.2 ol 15.5 239.1 £ 0.4
CKM 02.1 o0 39.2 251.4+0.4
WET 47.2 42 26.8 251.0+04
P(all data| WET) P(all data| WET)
= 147267 = 0.7

P(all data | SM)

P(all data|CKM)

CKM corresponds to barely worth mentioning improvement wrt. WET

Integral over much larger parameter space for WET provides basically same
efficiency in describing the data as for CKM

Cannot distinguish between the two

Preliminary

MH  measurement ¥ SM posterior prediction
@4  theory only #H  CKM posterior prediction
B(Df — putv) A Il_._l ¢ | Fo
B(Df — 77v) 1 - by
B(D" — K etv) 1 I-:HPH =
B(D" — K utv) | k.-'l MENSS
B(D" — FO€+V) —— O e
B(DT — K uv) T e
BAY = Aety)|  — = - |
0.95 1.00 1.05 1.10

B / Bmeasured




Conclusions

Analysed compatibility between current ¢ — s£v data and theoretical predictions

Extracted new determination of the CKM element

V.| = 0.958 + 0.003

Investigated preference for WET treatment = cannot distinguish from CKM fit
Placed new constraints on parameter space for Wilson coefficients
Data on angular distribution on A. = AZv decays may resolve model preference







Hadronic matrix elements

M3,
Me(fhe) + Mg (

(0| 57"vs5¢| Dy (p)) = ifp,p", (0|3vs¢c|DJ (p)) = —i u)fos-

(0| 37" c|Df (p,€)) = fp: Mp,e", (030" c|D;* (p,e)) = ifp. (e"p” — pVe”) .

M3 — M2
q2

M}, — M

+ fo 7% (%) g" -

(K (k)| 5v"c|D(p)) = f{7"(a°) |(p + k)" — ¢
M2 — M2
mc(l"c) o ms(/'l‘c) ,

ifR=K (g2) [ (p+ k)* — (M3 — M2)g] .

)

(K (k)| 5¢|D(p)) = fo’"" (¢°)

(K (k)| s0""q,c|D(p)) =

Mp + Mg




Hadronic matrix elements

m
(A(k, 58)| 37" ¢ |Ac(, 54.)) = Ta(k, )[ BN tma - ma)
ma, +m -
F Fhoo (g2) e T A (p~ P - (md —md) T )
S+ q°

2m 2m

- f{):L—)A(qz) (’7“ o Ap“ L k“) :|'U'Ac (pa SAC) )
3+ S+

7

(A(k, 52)| 5775 c|Ac(p, 5.)) = —Ta (K, 51) 75 [fﬁf?"(q2> (ma. + mA>Z—2

ma, — MA ®
+ fﬁ,co_m(qz) (Pu + kF — (mjz\ — mA)(qI )

: k“) ]uAc(pAc, SA.)s

2ma 2ma

pl-‘
S— S

2 Iz
ALE 00)] 200" g, BIA (551 )) = —ma (k sA>[ ps(g) L ( P b - D) )

q°
2ma 2m

a— k”)]UAc(p,SAC),

S+ S+

+ TG (ma, +ma) (7

2

7
Ak, s0)|i0™ 0,7 Al 0.0) = ~Ta(ks) 25| F55 @) T (b — o}, —md) )

2mA 2mAc
+ A (@) (ma, — ma) (7“+ e ku)]uAc(p,sAc),

S_ S_




Theory inputs

Dispersive bounds

Ji(z) = 3(2) v*e(x), J4(x) = 5(z) y*yse(3)
Jr(z) = 5(z) 0#“qac(z) , Jhr(x) = 3(z) o"*qaysc(x) .
® Two-point correlation functions = minimally subtracted correlators

1 [ ImIO(s)
=

@) =3 || 1@

m
g2=Q?

calculated numerically: NLO in a,, up to order 1/m

M2 f2
* Hadronic representation of correlation functions = x% |i,. = 0 D.- 32)2
D
RO =
® BGL-like parametrisation of FF: £(¢*) = Zak Py 2 S Y la P <1
2=2(g?) —~ =

Further discussion on form factor approach: Gubernari, (Reboud), van Dyk, Virto 2021 & 2022; Blake et al. 2022; Flynn et al. 2023

N/




AN.— AV

* Heavy Quark limit = expansion in a/7 , Agcp/m,
* Large Energy limit = expansion in a,/7 , Ay q/m,. » Ahag/Ea

mi = fv,+(0) = fv,1(0) = fv,0(0) = fa,:(0) = fa,1(0) = fa,0(0)

A, -
= fr,1.(0) = fr,0(0) = fr5,.(0) = fr5,0(0),

8 i (Ghae) = Fv0(@hae) = Fae(Thae) = Fr1 (Ghae) = Frol@hae)
L f (@) = FaoGh) = Fral@hae) = 5,1 () = Frso(@hes)

fri/fvi=1x£035, fro/fveo=1£0.35,

® Constraint through relations frs.i/faL=1+0.35, frso/fao= 1%0.35,




Form factors in the full q2 range :(«-u-o

Parametrisation

® Modified BGL: analyticity + unitarity

filg® = 0) = fo(g* = 0)

1 K
72 - 2(q) = f(gd) = Y p(2(g7)
\/tr_q2+\/tr_t0 \/)?¢(q2)- k

two particle
contribution

Rez

Used K =4




Form factors in the full q2 range :(-u-o

Parametrisation

® Modified BGL: analyticity + unitarity - (pair production # _

\/tr_qz—\/tp—to ) , ,
\/tF —q°+ \/ i — 1 1= VX 9(a?) - ; % P (29°)

filg® = 0) = fi(g” = 0)

Imz
Re?

Used K =4 Further discussion on form factor approach: Gubernari, (Reboud), van Dyk, Virto 2021 & 2022; Blake et al. 2022; Flynn et al. 2023

q* — 2(q*) =

unitarity bound
covers arc of unit
disc




Statistical treatment 1in EOS

Bayesian inference

Sample of
predictions

Likelihood
+ constraints

prior knowledge of parameter space

Posterior
sample of
: parameter
® (Dynamic) nested sampling: : space
Access probabilities of the predicted samples |




