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Semileptonic decays In the continuum

Florian Herren
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Outline

Charged current semileptonic decays of heavy mesons
How do form factors look!?

First phenomenological studies of decays with two final state hadrons




Charged current decays of heavy mesons




Why do we care!
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Why do we care!
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Why do we care!

Vector New Physics
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Taken from Abhijit Mathad’s talk last week
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https://indico.cern.ch/event/1345421/contributions/6040153/attachments/2936062/5157058/Abhijit_Vienna.pdf

What's the challenge with resonances!
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Lineshapes in use are generally
just Breit-Wigner or Gounaris-
Sakurai

What on earth is honresonant
B — antu!?

Rarely use the precision
knowledge we have

17



https://indico.cern.ch/event/1345421/contributions/6089528/attachments/2933767/5152578/Doublestar_vienna.pdf

What's the challenge with resonances!

BT — pof_'_l/g

Source qgl q2 q3 g4 g5 g6 g7 g8 q9 qlO
Detector effects 28 20 16 1.1 1.7 19 24 14 14 1.6
Beam energy 21 19 19 15 13 1.1 1.0 09 0.8 0.5
Simulated sample size 141 78 74 63 63 52 64 56 62 7.3
BDT efficiency 1.6 16 16 16 16 16 16 16 1.6 1.6
Physics constraints 2.8 28 28 28 28 28 28 28 28 28
Signal model 0.7 02 02 02 03 04 05 03 1.8 24
p lineshape 1.7 16 20 10 19 18 14 09 16 1.7
Nonresonant B —» nnlv, 56 6.3 6.7 86 93 10.7 10.1 7.0 7.8 11.8
DFN parameters 3.6 55 41 35 1.1 1.2 2.7 1.7 19 2.3
B — X, /vy, model 1.7 30 38 50 58 6.1 63 19 7.2 124
B — X /v, model 1.8 19 1.7 11 14 1.7 09 09 19 26
Continuum 31.5 24.3 17.0 19.6 13.2 14.8 16.0 16.6 15.2 18.7
Total systematic 35.6 27.5 21.0 23.5 18.8 20.5 21.6 194 20.2 27.0
Statistical 30.0 175 20.8 144 124 13.6 14.1 104 12.2 11.8
Total 46.6 32.6 29.6 27.6 22.6 24.6 25.8 22.0 23.6 29.5

Belle Il collaboration, 2407.17403

Lineshapes in use are generally
just Breit-Wigner or Gounaris-
Sakurai

What on earth is nonresonant
B — antu!?

Rarely use the precision
knowledge we have
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https://arxiv.org/abs/2407.17403

FOrm factors




Form factors in the Complex Plane
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Form factors in the Complex Plane

Semileptonic region
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Form factors in the Complex Plane

Lepton-Meson
scattering region

Semileptonic region
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Form factors in the Complex Plane

Lepton-Meson
scattering region

Semileptonic region Production region
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Form factors in the Complex Plane

Lepton-Meson

scattering region Subthreshold poles

Semileptonic region Production region

(M\(p) | #| My(pp)) = ) V¥(py1. pfAq?)
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-orm factors: Unitarity bounds

HL/T(q) = d4x eiq-x <O JL/T()C) JL/T(O) O>
/)

Starting point: once and twice subtracted

L r OO L 2
L 2N — 01_[(]) . l d 2ImH(J)(q ) dispersion relations [Boyd, Grinstein, Lebed; Caprini; ...]
X)\Q)=— - 1 2 02
dq 2=02 TJo (g~ — Q%)
0 | PIT7, [ o 2ImH(T])( ) ISUSCGPthIlItIIGIS pggturbatléezly cc())mfpr:ltable forI
X, = = — q arge space-like or at = 0 It heavy quarks
OETT R0 e 7y (g2 0 i 1

involved; also on the Lattice! (Martinelli, Simula, Vittorio;
Harrison)

Optical theorem allows to write the imaginary

1 " ) art as sum over all possible final states
i1k == 3 [aPS Py (0|4, X) (X |4, 0)6¥g-pp | P P
ra

ImITy, |, = K(gH) | fi(g) |7

JU

Neglecting a final state leads to an inequality



https://doi.org/10.1103/PhysRevD.104.094512
https://doi.org/10.1103/PhysRevD.110.054506

-orm factors: Function space

: \/qi—qz—\/cﬁ—q%

2(9% q3) =
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1 dz 2
1> pyrd ‘B(Z)CD(z)f(z)‘ |
Tl < |
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i OO 2
Y Yoaz 1> g

(&)

f(z) =

Mapping ¢* to the dimensionless variable z
transforms integration region to unit circle

In this form it is evident that our FFs live in the
Hardy space H?

Insert Blaschke products to get rid of
subthreshold poles and zeroes in kinematic
factors

Series expansion (or orthogonal polynomials)

Semileptonic region: |z| < 1




-orm factors: Applications
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https://inspirehep.net/literature/2631089

~orm factors: VWhat 1s happening on the circle!

Additional branch cuts open at higher g* as a
consequence of other channels with the same
quantum numbers

We can use the first of these thresholds to map

Iff we know the elastic scattering phase of the
meson-meson system under question, we can
properly describe the phase in q_% gt e ql%

Omnes function provides model-indepdent way




-orm factors: Applications
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https://inspirehep.net/literature/1696451

Two hadrons in the final state




Theoretical Fundamentals: 2 — 2 scattering

Simplest scattering process with nontrivial
<p3p4;b \CS’ — 1 \ plpz;a> = i2x)*6W ( Zpi> M, ({p:}) kinematic dependence

Described by unitary operator &

Scattering amplitude .# depends on 2
_ 4 independent Mandelstam variables
My — M = i27)* ) Jdd)c/%m%jb P

C

A real below lowest threshold, imaginary part
constrained by Unitarity above

. 4 . Two-particle production amplitude & shares
A,—A;=1(2n) Z dd M7, A phase with ./, e.g. pion production in lepton

c collisions




Partial-wave expansion for dummies

Resonances have well-defined spin, their poles
only occur in a specific partial wave of ./

Partial-wave expansion conveniently separates
different resonances, e.g. in pion scattering:

s p, £y(500), £(980), £5(1270)

— Partial-wave expanded amplitudes have left-
handed branch cuts which are remnants of
branch cuts in other Mandelstam variables

My (s.1) = Y PlcosO)/p, fi(/Pa
[

nl(s)ewl(s) — 1 Diagonal elements can be expressed through

Clm(s) — 5 scattering phase 0, and inelasticity 7,




[heoretical tundamentals: [hree-body decays

Amplitudes relevant for Unitarity bounds are

H(g — . . .
2 O>5 (g =Px) 1 — n amplitudes of particle with mass g~

1 N
/L U
ImH(] — 5 E dPS P%L <O ‘Jﬂ‘ X> <X
X (¥

Khuri-Treiman formalism already has 2 of our
ingredients built in (PR 119 1115-1121 (1960))

Fs.tuy= Y ) FOx)P(cosb,)

xelstul | Write decay amplitude as sum of 3 partial-

wave expanded amplitudes

Fixed s, t & u dispersion-relations lead to
coupled system of integral equations

s NED
o dyx SINO L (8)EFA(x)
FO(g) = OO (I) S (s) (s)
(S)(S) T (S)(S) Q'(S)(S) + _ﬂ- J

l The two other channels enter via hat
X" QES))(X) | (x —5) functions



https://doi.org/10.1103/PhysRev.119.1115

[heoretical tundamentals: [hree-body decays

/ Amplitudes relevant for Unitarity bounds are
\ | & | + . 1 — n amplitudes of particle with mass g*
_ Khuri-Treiman formalism already has 2 of our
ingredients built in (PR 119 1115-1121 (1960))

‘ _& | Write decay amplitude as sum of 3 partial-
‘ wave expanded amplitudes
Taken from: EPJC 83 (2023) 6,510 Fixed s, f & u dispersion-relations lead to
coupled system of integral equations

_I_

o s NED
nordx SIN O (8)FPA(x)
FO(g) = OO (I) S (s) (s)
(S)(S) T (S)(S) Q'(S)(S) + _ﬂ: J
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https://doi.org/10.1103/PhysRev.119.1115
https://doi.org/10.1140/epjc/s10052-023-11665-x

A new parameterization

dPS P~*

L _
I TIL

1
(J)_zz

y

(0 ][ %) {x

' Im 1,1 0) 6% - py)

Amplitudes implicitly depend on mass

s-dependence not polynomial above inelastic
thresholds

o _ () 2 Find unitarity bound and parameterization for
T (Sa ta l/t) Z Z F(x)(x? q )PZ(COS Hx) f(S, q2)
xe{s,t,u} I
The hat functions now depend on B* — 2/D"") FFs

0 SO F D 2

s" [ dx sin o5 (s)F(5(x, g7)

FO(s, g% = Q)| (s, 4% o

(5) (5) (5) T | xn ‘QES)(X) | (x — 5)




A new parameterization

. ( q2_my)2 Kl(qza X) a .
ImT1(q?) = ZJ dx ), — 1 47|
MM, M; x T4 [
Unitarity bounds in general off-diagonal
00 _ 2
e lJ' dqzj»s (q )ds K(S;Z ) | Q(s)f(s, qz) ‘2 C?cff-diagonal terms small, ighore for derivation
5 ), .. q of parameterization
Similar to KT treatment: ighore left-hand cuts
- - - , and add them back later
X2 - dsk(s) [ dg” SR | f(s, %) |7
~ ) g2 ’ Crucial: change integration order!
St q¥\S

In NWA: K(s) = 8(s — M2)




A new parameterization

g*-integration as in standard BGL

2\ — (A2 42
- f(s,q97) = 5 5. 2 a;(5)z'(q%, q;(s)) If qur(SJr) larger than lowest two-body threshold:
B(q )¢(q ” S) . I
l fp )
Now we can treat every a; as an s-dependent FF
1 o )
X2 = Z J dsK(s) | a,(s)| Follow Caprini’s treatment of pion VFF, (Ep/.C 13
i US4 * 471-484 (2000))

Alternative: BCL-like expansion

\/Sin_s_\/sin

\/Sin—s + Sin

1 .
(s) = _ z' b..y/
"= Bod - ' B



https://link.springer.com/article/10.1007/s100520000308
https://link.springer.com/article/10.1007/s100520000308

Putting It all together

A model-independent parameterization of 1 — 2 decays is possible, building on 60+ years of
dispersion theory

Bound on blﬁx) quadratic, but not diagonal

In heavy-to-heavy decays the left-hand cuts are far from the semileptonic region, so we can ignore
integrals over hat functions

Powerful framework for many future phenomenological applications

SOCNED (. o2

FO 2y = OO I p i ESIH (s)(S)F (S)(X,q )
5 q7) =82 (s) NCOYREVTOE N0 Z i, <s>Z<s>y () + . 5)

B (q )B(S)(S)Cb( (q )Cb(s)(s) ° A ‘Ql (x) | (x —s)
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A model-independent parameterization of 1 — 2 decays is possible, building on 60+ years of
dispersion theory

Bound on b(lzx) quadratic, but not diagonal

In heavy-to-heavy decays the left-hand cuts are far from the semileptonic region, so we can ignore
integrals over hat functions; for narrow enough resonances, we can approximate lineshapes

Powerful framework for many future phenomenological applications
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dispersion theory
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In heavy-to-heavy decays the left-hand cuts are far from the semileptonic region, so we can ignore
integrals over hat functions; for narrow enough resonances, we can approximate lineshapes

Powerful framework for many future phenomenological applications
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Taken from talks by Raynette

Decay B(B™) B(B°)
B— Dty (2440.1) x 107 (2.2+0.1) x 10~*
B—D*¢ty, (55+0.1)x107% (5.14+0.1)x 107?
B— D, ¢ty, (66+0.1)x107° (6.2+0.1)x 107°

B—)D;€+Vg
B—>D8€+V£
B— Dty

(2.9+0.3) x 10°
(4.240.8) x 107°
(4.24+0.9) x 10°
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(3.940.8) x 107°

B — Drr vy,
B — D*trwd v,
B — Dn{" y,

B — D*n{" y,

(0.6 £0.9) x 10~°
(2.24+1.0) x 107°
(4.0 £4.0) x 107°
(4.0 £4.0) x 107°

(0.6 +0.9) x 107°
(2.0 +1.0) x 107°
(4.0 +4.0) x 1073
(4.0 +4.0) x 1073

B — Xche

(10.8 £0.4) x 10~

(10.1 £ 0.4) x 1072
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Application: B = Drtv

For more in-depth discussion see my talk at CKM 2023 and

42

Raynette’s talk in Vienna (with the original puzzle pieces)



https://indico.cern.ch/event/1345421/contributions/6040047/attachments/2933555/5152955/Challenges2024.pdf

Application: B = Drtv

The D-meson spectrum is more

complicated than originally assumed
(see Christoph’s talk yesterday)

-----

-----

For more in-depth discussion see my talk at CKM 2023 and
Raynette’s talk in Vienna (with the original puzzle pieces)
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https://indico.cern.ch/event/1345421/contributions/6040047/attachments/2933555/5152955/Challenges2024.pdf

Application: B = Drtv

In a recent Belle analysis, much lower BFs
to the S-wave where reported

.1 __x0 N D”n'+)/rt0ta‘
TJB(zuo)“”""D“ femmmmnT

For more in-depth discussion see my talk at CKM 2023 and
Raynette’s talk in Vienna (with the original puzzle pieces)
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https://indico.cern.ch/event/1345421/contributions/6040047/attachments/2933555/5152955/Challenges2024.pdf

Application: B = Drtv

A falling component is necessary to
describe the data.

-3
50 _, poe) [Pt B0 :
__* 0[\'1/[ 1 P00
D, (2420)
T( BF — Yo -

-
--
--
--
--
--
--
---_.-
-
--
g SOLS
--
--
--
s L O
Ny m=

For more in-depth discussion see my talk at CKM 2023 and
Raynette’s talk in Vienna (with the original puzzle pieces)
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https://indico.cern.ch/event/1345421/contributions/6040047/attachments/2933555/5152955/Challenges2024.pdf

Application: B = Drtv

Previously predicted in analogy to

nonleptonic decays! Le Yaouanc, Leroy, Roudeau
PRD 105 (2022) 1,013004

44444

~
SCm=

For more in-depth discussion see my talk at CKM 2023 and
Raynette’s talk in Vienna (with the original puzzle pieces)
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https://indico.cern.ch/event/1345421/contributions/6040047/attachments/2933555/5152955/Challenges2024.pdf
https://inspirehep.net/literature/2004264

Application: B = Drtv

arXiv:2311.00864 Erik Gustafson, FH, Ruth Van der Water, Raynette van Tonder, Mike VWagman

1 o0 T>|< / Z / Q /
T Jome S — S 1€ To describe the S-wave, we decided to put all
the work Christoph talked about yesterday
Dn Dy - DK — Into action
180 B L L L E' ottt
135 5 : Sl
;??" 90 - § - Solve the coupled channel Muskhelishvili-
< 45 : Omnes equation to get lineshapes
0 BN _
o ig : - Nontrivial phase motion and interplay
=30 ) - between the different channels
o> 20F ' -
T o10f A\- :
I As mentioned yesterday, Kaons and the Eta
2000 2100 2200 2300 2400 2500 2600

E (MeV) lead to nontrivial structures around 2.45 GeV

Plot from Albaladejo et al. PLB 767 (2017) 465-469
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https://inspirehep.net/literature/1493847
https://arxiv.org/abs/2311.00864

Application: B = Drtv

arXiv:2311.00864 Erik Gustafson, FH, Ruth Van der Water, Raynette van Tonder, Mike VWagman

BT ->D ntitv

100

— Combined Combining S-wave with P-wave and D-wave
S - v
L e oma ] resonance (mass and width from RPP)
1 —— B-Djfty

4+ Belle (2023)

We fit to the g* spectrum for the D7 from
Belle

60 -

40 -

Events/(7.5 MeV/c?)

We take the D* FFs from FNAL/MILC

|
20 w*\m l“’“ { h“ |J1Jr We do not impose any constraint on the 3 S-

e I 5 wave channels — 3 independent FFs

2.1 2.2 2.3 2.4 2.5
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https://arxiv.org/abs/2311.00864

Application: B = Drtv
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arXiv:2311.00864 Erik Gustafson, FH, Ruth Van der Water, Raynette van Tonder, Mike VWagman
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~—== B-(Dm)slv
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8 10

The g” spectrum we obtain is harder than
what Belle & Belle Il assume in their MC, in
line with observed mismodelling

Our B — Dik( — Dn)Zv BF is larger than

other extractions, does it make sense to quote
this number?

However, our fit is only mildly better than with
a broad Breit-Wigner resonance, just the
invariant mass spectrum is not enough

Finally: Br(B — Dnfv) = (1.9 £1.7) x 107
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https://arxiv.org/abs/2311.00864

Application: B — wnl’'v

WIP with Bastian Kubis, Ruth Van der Water, Raynette van Tonder

Next, we wanted to look at a similar process
with more data available

.
Simultaneous measurements of B® — 2= ¢y, Bt - p% v </

e Further split into e and # modes to provide cross check Preliminary :
e Additional stability tests done by removing higher/lower g2 bins NEW!! Ph enomeno I 08' Cal I)’ re I evant an d LCS R &
, LQCD calculations of FFs possible (see talks
w0 pilnu HFLAV - B% ity i _% .
. e PR by Fernando and Alex)
total LQCD & | g ”o i //» |Vub| B=smev, = (3.73 £0.07 £0.07 £ 0.16) x 1073
total LQCD + LCSR —\l-o—— / LQCD+LCSR

electron LQCD

P-wave phase shift well understood

electron LQCD + LCSR - | [Vas|Bspew, = (319 £0.12 £ 0.17 £ 0.26) x 10~2

muon LQCD ; < LCSR
muon LQCD + LCSR B+ — p0f+1/ :

teT:acL:)CrmstSR ] > / * Leading systematic unc. are the modelling of D -Wa’ve S Ufﬁ C I e ntl)’ u n d e rStOO d
muon LCSR | | continuum and non-resonant B — X v decays
. . . . | . . * Overall theoretical uncertainty dominating
0 e e 40 @ a5 S-wave funny
Lu Cao (DESY) IVubl (103) 14

Lu Cao’s talk at Moriond EVWK 2024

Data from Belle
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https://indico.in2p3.fr/event/32664/contributions/137085/attachments/83672/124624/3_LCao-v1.pdf

Application: B — wnl’'v

I

125 B " Protopopescu et al. (Tab. VI) 0 2(0)(8) g
I ) Hyams et al (Sol ---) i

i Estabrooks & Martin |
100 o Protopopescu et al. (Tab.XIII) |
] a Hyams etal. C73) L e ]

- | —  NewDO fit ]
75 | ---- PYO05 _

50
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Taken from: Kaminski, Pelaez,Yndurain PRD 74 (2006) 01400 |

WIP with Bastian Kubis, Ruth Van der Water, Raynette van Tonder

Next, we wanted to look at a similar process
with more data available

Phenomenologically relevant and LCSR &
LQCD calculations of FFs possible (see talks
by Fernando and Alex)

P-wave phase shift well understood
D-wave sufficiently understood
S-wave funny

Data from Belle
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https://inspirehep.net/literature/712920

Application: B — wnl’'v
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Taken from: Daub, Hanhart, Kubis |HEP

WIP with Bastian Kubis, Ruth Van der Water, Raynette van Tonder

Next, we wanted to look at a similar process
with more data available

Phenomenologically relevant and LCSR &
LQCD calculations of FFs possible (see talks
by Fernando and Alex)

P-wave phase shift well understood
D-wave sufficiently understood
S-wave funny

Data from Belle

52



https://inspirehep.net/literature/1390113
https://inspirehep.net/literature/1390113

Application: B — wnl’'v
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WIP with Bastian Kubis, Ruth Van der Water, Raynette van Tonder

Next, we wanted to look at a similar process
with more data available

Phenomenologically relevant and LCSR &
LQCD calculations of FFs possible (see talks by
Fernando and Alex)

P-wave phase shift well understood
D-wave sufficiently understood

S-wave funny

Data from Belle Belefo et al. PRD 103 (2021) 1. 11200}
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https://inspirehep.net/literature/1796822

Application: B — wnl’'v

WIP with Bastian Kubis, Ruth Van der Water, Raynette van Tonder
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Can we find the D¥(2105) in semileptonic decays!

3000

Mass (MeV)
o
S

2000

Predicted spectrum of cu resonances

D,*(3084) 4"

b D,*(2806) 3" ~ D, (3079) 3*
I D,(2806) 2 D, (3074) 3"
___D,(2801) 2 D,*(3074) 2*
- D*(2796) T
=05 (@hih) 1 D,*(2479) 2*
I ,(2558) 0 —D(2469) T
? —D,(2419) T
K D,*(2380) o*x
 D*(2023) 1
—__D(1864) 0
1S 2S 1D 1P 1F

Taken from Abhijit Mathad’s talk last week

Convincing experimentalists and theorists
working on semileptonic decays to change the
way they model broad resonances can be hard

Some are more than happy to throw away the
old picture, because “it doesn’t describe data
anyways’

Others will claim that “partial wave expansions
are ad hoc”,"HQET disagrees with what you say’
or “you don’t have any experimental evidence”

So, can we directly find the D6’<(21()5) in
semileptonic decays?

’
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https://indico.cern.ch/event/1345421/contributions/6040153/attachments/2936062/5157058/Abhijit_Vienna.pdf

Can we find the D¥(2105) in semileptonic decays!

WAITZ” SMALL ROCKIINO SUCH THNG AS
MADE UP OF VERY WWERY SMALL
SMALL ROCKS! vek .

SMBC comics: To the collider!



https://www.smbc-comics.com/index.php?db=comics&id=3554&utm_source=feedburner&utm_medium=feed&utm_campaign=Feed:+smbc-comics/PvLb+(Saturday+Morning+Breakfast+Cereal+(updated+daily))&utm_content=FeedBurner

Can we find the D¥(2105) in semileptonic decays!

100

80 A

Events/(7.5 MeV/c?)

20

BT ->D ntitv

60 -

40 -

—— Combined
—— B-D*/{v
~——— B = (Dm)slv
—— B->DJf{v
+ Belle (2023)

bl

2.1

2.3
Mpr (GeV)

2.4

2.5

Just the invariant mass spectrum is insufficient
Interplay between 3 partial waves

Below =~ 2.3 GeV the D-wave can be
neglected

As Christoph mentioned in the case of
BT — D 77z we understand the P-wave

well — Reference phase
BT = D n"¢v ideal since D* subthreshold

K — nnt’v decays serve as inspiration

WIP with: Meng-Lin Du, Feng-Kun Guo, Christoph Hanhart, Bastian Kubis, Ruth Van der Water & Raynette van Tonder
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Can we find the D¥(2105) in semileptonic decays!

e BY »D m'L*v Similar to <P13> the forward-backward
asymmetry of the D is directly related to
N Preliminary 208(c =0y

o Slight complication w.r.t. non-leptonic: FFs

10- depend on g; but for this analysis, they are

known well enough (partially cancel)
0.5 1

Sensitivity study for Belle |l currently in
progress; O(300) events in Belle analysis

0.0 A

208 B Ea 228 2 Belle + current Belle Il data set might already
Dn \GE
give us some sensitivity!

WIP with: Meng-Lin Du, Feng-Kun Guo, Christoph Hanhart, Bastian Kubis, Ruth Van der Water & Raynette van Tonder
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Conclusion & Outlook
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Semileptonic decays are phenomenologically
crucial for precise tests of the SM (see Talks by
Raynette, Martin, Ulj, Jack, Jaime and Keri later
this week)

The analytic structure of 1 — 1 form factors is
well understood

However, for many of these interesting
processes, decays to higher states need to be
taken into account as backgrounds
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Conclusion & Outlook

0.004 -————m—— e
: HEl N-=-2 M=1
N=2, M=1, S-wave | [
N=2, M=1, P-wave | |

0.0012 ~ Bl N-=2, M=I1, D-wave | |
' HH  Belle 2020 '
~70.0010 Taal '
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QD
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1 E | |
= 0.0008 - e
=
e 1 ‘
K
e 0.0006 -
% |
+
@/ ]
- 0.0004 1

0.0002 1

0.0000 L= —

Model-independent parameterizations of 1 — 2
decays are possible and directly make connection
to scattering phases

Parameterization + Lineshapes already enough for
some experiments to improve their backgrounds
modelling

Combined with LCSR calculations (see works by
Alex & collaborators) and/or Lattice calculations
(see talk by Fernando) systematic uncertainties
can be significantly reduced

Even better: semileptonic measurements can feed
back to our spectroscopic understanding
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