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Introduction: B=D*| v decay (lI=e,mu})
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Vcb(-Vub) puzzle:

> The observed discrepancy between exclusive and inclusive

determination of Vcb (&Vub)

o CKM goal fit points Vcb inclusive measurement: problem in Vcb

exclusive@e?

> Difficult to judge due to hadronic uncertainties...

= Motivation for
angular analysis!



Introduction: B=+D*| v decay (l=tau)

;)?0.4_ L B I BRI B I B
e, - sz = 1.0 contours
m — —
T P e -
035 ~. BaBuar12 -
_ N -
- W ) -
g = B(B —» DMt~ 1,)
03— ". 1 R(D®M)=—= Y (P=eor
C THCh?23 Q\ iy, LHCDZ2 1 ( ) B(B - DM£~v,) ( 2
L ‘\ B
025 [~ gMF Bl =
~ Beliel? e :::, 118008 World Average N
02 = $HFLAV SM Prediction  swp 1712 (2017 050 R(D) = 0356 = 0.029 —_
- R(D) = 0.298 = 0.0C4 PLB 7:5 12()3:}:. l‘xh ' R(M*) =0 184 + 00 nmm -
- Ahosiaows D =0 :
[~ | | | ' 40 2 l 0 2 l PE{)ILI:'I|I(I)I.‘.]‘I{‘“.. 1 4 l 4 4 1 ITZI) : IS 1 4 ' 4 4 41 l | - 7
0.2 0.25 0.3 0.35 04 045 0.5 0.55
R(D)

R(D)-R(D*) anomaly:
> R(D(*)) is hadronic uncertainty FREE observable

> Thus, the observed anomaly is very intriguing

> Tau decays with missing energy: challenge for experiment



Introduction: angular distribution

Angular distribution is a powerful tool for new physics search:

> It can probe the different Dirac structure

© Some observables are hadronic uncertainty FREE (unlike
branching ratio measurement)

> Interesting challenge for experiment!
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Angular analysis for |Vcb| fit (SM)



B—D*| v decay (I=e,mu): angular analysis
In SM:

dT(B® — D*~ ()

| _

dwd cos 0yd cos 0, dx
nEWSmBmD* GF.\/w2 — 1(1 —2wr +r )

{(1 — COS Hg) sin HVH_%( ) 4+ (1 4 cos 0y)? sin® 6, H (w)
+4sin? 6, cos® 0, H3 — 2sin® 0, sin” 0, cos 2y H (w)H_ (w)
—4sin (1 — cosy) sin by, cos 0, cos YH (w)Hy(w)

+4 sin 0y(1 4 cos 0y) sin B, cos 6, cos YH_(w) — Hy(w)}

AD=
H = (Mp+ Mp-)a () JBWD
Mp + M p- [
o - (M M.~ P + (i 20 )
" 2Mp /g o MB+MD )




B—D*| v decay (I=e,mu): Belle (SM) analysis
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* 1 dimensional binned analysis Belle PRD 103, ‘21

* SM is assumed
» Simultaneous fit of form factors and Vcb (one lattice input needed)
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B—D*| v decay (I=e,mu): angular analysis
In SM:

dT(B® — D*~ ()

| _

dwd cos 0yd cos 0, dx
nEWSmBmD* GF.\/w2 — 1(1 —2wr +r )

{(1 — COS Hg) sin HVH_%( ) 4+ (1 4 cos 0y)? sin® 6, H (w)
+4sin? 6, cos® 0, H3 — 2sin® 0, sin” 0, cos 2y H (w)H_ (w)
—4sin (1 — cosy) sin by, cos 0, cos YH (w)Hy(w)

+4 sin 0y(1 4 cos 0y) sin B, cos 6, cos YH_(w) — Hy(w)}

AD=
H = (Mp+ Mp-)a () JBWD
Mp + M p- [
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B—D*| v decay : hadronic form factor

* BGL parameterisation
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* BGL parameterisation: generic momentum expansion
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B—D*| v decay : hadronic form factor

* BGL parameterisation s @~
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Hadronic form factor and new lattice results
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B—D*| v decay (I=e,mu): Belle (SM) cmalysls
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* Belle data fit Zz§ 0.000459(9)(20)
. , . il 0.0017(13)(13)
Here we don't use any lattice il 0 013(43)(32)
* In the plot, we scaled it with | i 0. 019(24)(21)
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* Fremilab: w=1.03,1.10, 1.17

* JLQCD: w=1.025, 1.05, 1.10

* We extrapolate with the 2nd
order BGL parameterisation

Fermilab-Milk: EPJC82, 22
JLQCD: arXiv:2306.05657

1.1

12 13 14

"1 Fermilab - MILC

15 1.0 1.1

1.2 1.3 14 1.5

Form factor JLQCD FM
al 0.01197(19) | 0.01209(19)
al 0.020(11) —0.012(20)
al 0.00(49) 0.8(14)
a? 0.0294(18) 0.0329(12)
a? —0.057(51) —0.15(10)
a’ 1.0(31) 0.9(55)
al’ 0.0010(42) | —0.0080(38)
a;’ 0.04(21) 0.14(23)




Belle (SM) data + Lattice data (JLQCD)
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*Belle data + Lattice QCD
combined fit

* Now we can obtain Vcb

* Two lattice results agree within
the errors

Fit parameters JLQCD Fermilab-MILC
a 0.01167(23)(16) 0.01219(17)(19)
al 0.0428(70)(69) 0.0233(54)(105)
al —0.47(20)(26) —0.16(12)(17)
al 0.02876(93)(64) | 0.03229(99)(96)
a? —0.061(33)(25) —0.166(35)(37)
a’ —0.0165(80)(87) | —0.03(24)(22)
al 0.0089(21)(21) 0.0030(13)(18)
as! —0.109(44)(37) 0.002(26)(25)

[Vep 7w 0.03969(86)(67) | 0.03892(52)(69)




Belle (SM) data + Lattice data (Fermilab)

*Belle data + Lattice QCD

combined fit
* Now we can obtain Vcb

* Two lattice results agree within

the errors
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Belle (SM) data + Lattice data

Belle+JLQCD
0-042' "
|
; ‘\ l‘\ l,¢~
& 0.040 U N
s I N |
S v
R . - 1
0.038| KR
Il
0.036
0.0110 0.0115 0.0120 0.0125
f
ao

* The correlation between Vcb
and the form factor parameter
aof is very strong.

* The JLQCD data gives a slightly
higher Vcb than Fermlab data.

Belle+Fermilab-MILC
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[Vep | new 0.03969(86)(67) | 0.03892(52)(69)




Angular analysis for New Physics fit
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B—D*| v decay (lI=e,mu): angular analysis

T. Kappor, Z.R. Huang, E.K.
arxive:2401.2401.11636

New Physics:
4
Heg = \C/;; 5 Y [Cy, Oy, + Cy, Oy, + C§0§ + CH0p + CrOf]
l=e,u

O%/L = (epy"br) (Lryuver)

Ovy, = (CrY"br) (L uver)
Oﬁ — (Eb (KRVEL)
Op = (&v°b)(Lrver)
Ot = (¢ra""br)(lrowver)

For the |=e/mu case, only R (Right-handed), P (Pseudoscalar),
T (Tensor) operators contribute




B—D*| v decay (lI=e,mu): angular analysis

T. Kappor, Z.R. Huang, E.K.
arxXive:2401.2401.11636

New Physics:

- dIN(B — D*(— D7){" i) GMBM

| " _1 1_2 2 ‘/'C 2 2
“ dwd cos 6y d cos 8yd 8(4m)4 Viu? wr +17) G Vool ew [ >

B(D* — Dﬂ){JlS sin? Oy + Jy. cos? Oy

+ (Jos sin® @y + Jo. cos® 0 ) cos 20,

+ J3 sin? @y sin” 0, cos 2

+ Jy sin 26y, sin 26, cos x + J5 sin 26y, sin 6y cos x

+ (Jgs sin? Oy + Jg. cos® 6y/) cos 6,
+ J7sin 260y, sin 0y sin x + Jg sin 26y, sin 26, sin

+ Jg sin? By sin? 6, sin 2x}




B—D*| v decay (I=e,mu): angular analysis

New Physics: T. Kappor, Z.R. Huang, E.K.
arxXive:2401.2401.11636

J | CVL |2 ‘ CVR ‘2 Re [CVL C{I}R] Im [CVL C{k/R]

Jis | sUH)? + (Hy)?] | 5[(Hy)* + (Hy)?] —6Hy Hy 0

J1c 2(Hy)* 2(Hy)* —4(Hy)* 0

Jos || sl(HV)* + (Hy)?] | 3l(Hy)* + (Hy)?] —2Hy Hy 0

Jae —2(HY)? —2(HY)? A(HY)? 0

J3 —2H Hy —2Hy Hy, 2((Hy)? + (Hy)? 0

Jy | (HyHY+ HyHY) | (HYHY + HyHY) | —2(HyHY + Hy HY) 0

Js || —2(H{HY — Hy HY) | 2(HY HY, — Hy HY) 0 0

Jos | —2[(H3) = (Hy )Yl | 2[(H)* — (Hy)’] 0 0

Joc 0 0 0 0

J7 0 0 0 0

Jg 0 0 0 2(H{ HY, + Hy HY,)

Jo 0 0 0 —2[(Hy)* — (Hy)’]

SM is Cy;=1. Right-handed model interferes with SM.




B—D*| v decay (I=e,mu): angular analysis

New Physics: T. Kappor, Z.R. Huang, E.K.
arxive:2401.2401.11636

J || |Cpl? |Cr|? Re|CpC7] Im|CpCH|

Jis |0 | 8[(Hf)*+ (Hyp)?] 0 0

Jie || 2H?E 32(HY)? 0 0

Jo |0 | S[(HF)? + (Hy)? 0 0

Joe 0 32(HY)? 0 0

J3 0 —32H{SHFE 0 0

J4 0 16(H1?H% — H{EH%) 0 0

J5 0 0 —SHP(H%L — Hy) 0

J6s 0 0 0 0

Jee 0 0 —32Hp HY 0

J7 0 0 0 SHP(H%L + Hy)

Js 0 0 0 0

Jg 0 0 0 0

Psudoscalar and Tensor terms don’t interfere with SM.




Toy study of new physics fit

T. Kappor, Z.R. Huang, E.K.
arxXive:2401.11636

1.Generate “fake-data” with the Belle ‘18 fitted parameters.
2.Fit the fake-data with the theory formula including new physics
parameters together with the lattice data

* 4 dimensional unbinned maximum likelihood analysis

' Xombinned (@BGL; Veb, ONP) = Xangle(@BGL, ONP) + Xintt(@BcL) + XB(@BGL, Ves, Onp)

» Angular distribution and Branching ratio:

10

Xongle (@BGL, Onp) = [Nw—binf/z-;l (<9§Xp> — <9§h(5BGL,CNP)>) (<9§Xp> — <g;h(5BGL7CNP)>)]

w—bin=1

w—bin

X% (@sar, Vey, Cnp) =

B (@, Vip, Oxp) — 0.0495 7
0.0011
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Fake data
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Result of the Right-handed model

*Belle fake data combined with the lattice data to fit the
new physics parameter Cyr along with SM parameter Vcb

Cvr=0

w New physics!

Fit parameters JLQCD Fermilab-MILC
al 0.01294(20) 0.01327(20)
al 0.018(11) —0.005(13)
al —0.21(53) —0.28(61)
al 0.0255(15) 0.0289(11)
o —0.045(35) —0.130(49) Hadrons
a’ 0.4(11) 1.0(14)
al’ 0.0061(22) —0.0001(23)
a;’ —0.095(94) —0.05(10)
ay’ 0.0483(14) 0.0537(13)
aj’ —0.004(50) —0.276(62)
- —0.023(34) ~0.070(23) T~ New Physics
||§i 0.0390(21) 0.0385(20) >

Now, it is important to check the correlation between the new
physics parameters and hadronic parameters

e —————
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Result of the Right-handed model

*Belle fake data combined with the lattice data to fit the
new physics parameter Cyvgr along with SM parameter Vcb

JLQCD Fermilab
o0 _ - ]
RIS ] 0.00:---- IR .
005 N .. _ . |
0_00; .......... \'\E\\'\;\::\;}\:z\'”'”””“”””_— -0.05" -
5 \ N TN :\ LSERRN L?m -
—0.05_" RN .‘.‘ N I
| -0.10"
-0.10" " N
Cvrz0 0450 XTI | | s
_ 0.020 0.022 0.024 0.026 0.028 0.030 " 0.026  0.028  0.030  0.032
m New physics! ay° a°

Indeed, a9 is strongly correlated to Cvr : i.e. we can not
distinguish the effect of these two parameters. We can see
that ao9 of JLQCD and Fermilab do not agree and that results

in different values of Cyr

nN~7




Conclusions

* Belle has been studying the angular distribution to constrain the
form factors within SM.

* There are now three lattice QCD results on the B->D* Form Factors.
* Thus, we are ready to move to BSM fit!

* We performed toy study of the unbanned maximum likelihood
method of Belle data to new physics models including the lattice
data.

* The observed discrepancy in Right-handed model is intriguing and
we need further investigation both from theory and experiment.

* The pseudoscalar/tensor model doesn’t interfere with SM, thus, the
sensitivity is lower. Nevertheless, it has very little correlation to the
form factors or Vcb so it is hadronic effect FREE.
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B—D*| v decay (I=T): angular analysis

B. Bhattacharya, T. Browder,
We use T vV decqy / D A. Datta, T. Kapoor
E. Kou, and L. Mukherjee
e arxXive:2411 .xxxx

dFY(B — D*(—> DW)T_(—> 55@1/7-)57-) _ 3G%—a H/cb‘2 ‘nEWyQMD*B(D* — Dﬂ')B(T — KVTDK)

dwdE,dcos 0 pdcos 0pdx 16(4m)> MEMS|pp|?
e ()| |7 (w) | E
< ‘pD (w)Hp ('UJ)| 14 {J{S Sin2 HD 1+ J{C COSQ HD
V14712 —2wr

+ (J5, sin®Op + Jb_ cos® Op) cos 20,

+ JE sin? @p sin? 6, cos 2y

+ J, sin 26 p sin 26, cos x¢ + J5 sin 20 sin 6, cos
+ (J&, sin* Op + JE.cos? Op) cos b,

+ J7 sin 26 p sin 0y sin xp + Jg sin 20p sin 20, sin xy

+ Jy sin” fp sin® 6 sin 2y }a



B—D*| v decay (I=T): angular analysis

B. Bhattacharya, T. Browder,

We use T vV decay A. Datta, T. Kapoor
E. Kou, and L. Mukherjee

arxXive:2411 .xxxx

J function | LH LH-RH LH-PS LH-T
Jls C‘%L :RQ(CVLC‘*/R) 0 %e(CVLC{F)
ch C‘Q/L ZRQ(CVLC{';R) RG(CVLCI*D) {G(CVLC;)
JQS C‘Q/L {G(CVLC;}R) 0 {G(CVLC;)
JQC C‘Q/L {e(CVLC‘*/R) 0 {G(OVLC;ZI:)
Jg 0‘2/]; {e(CVLC‘*/R) 0 QG(CVLO;:)
J4 C‘Q/L {e(CVLC‘”}R) 0 {G(CVLC;:)
J5 C‘Q/L {G(CVLC{'}R) RG(OVLC;)) {G(CVLO;)
Tos CZ 0 0 Re(Cy, C)
J@C 0‘2/]: {G(CVLC{'}R) RG(OVLC;) %G(CVLO;:)
J7 0 m(CVLC{l}R) Im(C’VLC’}E) m(C’VLC’§)
Jg 0 m(C’VLC{'}R) 0 m(C’VLC';)
Jg 0 m(CVLC‘ﬂ;R) 0 m(C’VLC’{F)




Sensitivity study with B=+D*| v decay (l=T):
angular analysis
B. Bhattacharya, T. Browder,

We use T uvv decay (2k events) A. Datta, T. Kapoor
E. Kou, and L. Mukherjee

arxXive:2411 .xxxx

0.2 0.2
0.1- 0.1r
-------- !
x " ‘ x
> e” >
%) 0.0 T . _ %) 0.0 -
K":? ""’ z “"' &’
=017 ¢"’ o”“' : -047 ”"(7 ¢"’
'/ 4B 4 e . . |, »
S : ’4' \4 .’
4 /' ” - - - [
-0.2+ 1 =02\ ___.-""
0.038 0.040 0.042 0.044 0.046 0.048 0.038 0.040 0.042 0.044 0.046 0.048
Vcb Vcb
(a) Cy, — Vg correlation plot with (b) Cy,, — Ve correlation plot with
JLQCD lattice data Fermilab-MILC lattice data

Cvr model can be constrained at the 7-8% level.




Sensitivity study with B=+D*| v decay (l=T):
angular analysis
B. Bhattacharya, T. Browder,

We use T uvv decay (2k events) A. Datta, T. Kapoor
E. Kou, and L. Mukherjee

arxXive:2411 .xxxx

0.2 — 02|
0.1r . 01+
------ \| -
G 00 v & oo
C)’ """ ‘ C e g
0.1} — 0.1} T
-0.2 1 -0.2+
0038  0.040 0042 0044 0046  0.048 0038  0.040 0042 0044 0046  0.048
Vcb Vcb
(a) Cp — Vg correlation plot with (b) Cp — Vg correlation plot with
JLQCD lattice data Fermilab-MILC lattice data

Real Crmodel can be constrained at the 7-8% level.




Sensitivity study with B=+D*| v decay (l=T):
angular analysis
B. Bhattacharya, T. Browder,

We use T uvv decay (2k events) A. Datta, T. Kapoor
E. Kou, and L. Mukherjee
arxXive:2411.xxxx

0.4; 0.4;
_ 02 - ST o P ‘
S > / , |
(3] © ’ .
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& 0.0 & 0.0 : '
E E
~ /] ~
O o2 © oz S
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Vcb Vcb

(¢) Cy, — Vg correlation plot with (d) Cy, — Vi correlation plot with
JLQCD lattice data Fermilab-MILC lattice data

Imaginary Crmodel can be constrained at the 20% level.

B ————————




Conclusions

*The theoretical formula for the B—D*rtv (r—pvv) angular
distribution is derived for the first time.

* On top of the usual 3 angles and 1 momentum, the muon energy in
the rest frame of W boson can be used to constraint the NP
parameters.

*As B—oD¥*1v angular analysis not available so far, we have
performed a sensitivity study using the result of Belle’s B—D*lv
(I=e,mu) fit.

* We found that the right-handed or tensor model can be constrained
at 7-8% level with ~ 2k events of Belle |l data.
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