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Motivation



Why study semileptonic decays?

- The CKM quark mixing matrix describes the misalignment between flavour
eigenstates and mass eigenstates as a unitary 3 x 3 matrix.
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Why study semileptonic decays?

- The CKM quark mixing matrix describes the misalignment between flavour
eigenstates and mass eigenstates as a unitary 3 x 3 matrix.

- The SM does not predict these parameters, so their determination must come
from fits to data.

- Semileptonic decays are ideal, both in terms of making measurements and
making theoretical predictions.

- The presence of final state neutrinos make g? reconstruction difficult at LHCb.

- The traditional method involves solving a quadratic equation, introducing a
twofold ambiguity.

- This causes efficiency losses and potential mismodelling issues.
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A different observable: k|

- Ry |, - transverse projection of DI momentum onto the BY flight direction, Zg,
defined in the B? rest frame.

+ Invariant under 2g-boosts - Ry |y =Ry, .

- Determined uniquely from visible quantities.
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Aims of this work

- Derive dI/dk from existing theory defined in g2
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Aims of this work

- Derive dI/dk from existing theory defined in g2

- Build an approximate response matrix for LHCh's detector effects.

- Use it to extract |V,| and form factor information.
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Theory




Kinematic geometry

AME_, M2, G?)
4M2
S

/?i = sin? 0

Kallén function: A(a, b, ¢) = a®> + b? + ¢ — 2ab — 2bc — 2ac
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In the SM and for massless leptons, the differential branching ratio with g* reads:
a5 _ G (M, M, )
dq? 483 Mg,

Veo ?1f+ (0%

Where the full integrated branching ratio is defined as:

da’B d’B
B= dq*d 97://dk2d 0g——
// i quzdcosé'g Lucos Bdfei d cos 0p
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In the SM and for massless leptons, the differential branching ratio with g* reads:
a5 _ G (M, M, )
dq? 483 Mg,

Veo ?1f+ (0%

Where the full integrated branching ratio is defined as:

da’B d’B
B= dq*d 97://dk2d 0g——
// i quzdcosé'g Lucos Bdfei d cos 0p

We are examining the (pseudo)scalar initial state B meson so:
®5___198
dg’dcosfg ~ 2 dg?
There is only one physical branch for g2 in terms of fei and cos 6g
2

R
2012 =M: +M — ;
K 0:) = M M 2M g Pl
a°( cos 0g) Bs Ds B\ 1" cos 0s Ds
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In the SM and for massless leptons, the differential branching ratio with g* reads:
a5 _ G (M, M, )
dq? 483 Mg,

Veo ?1f+ (0%

Where the full integrated branching ratio is defined as:

da’B d’B
B= dq*d 97://dk2d 0g——
// i quzdcosé'g Lucos Bdfei d cos 0p

We are examining the (pseudo)scalar initial state B meson so:
®5___198
dg’dcosfg ~ 2 dg?
There is only one physical branch for g2 in terms of fei and cos 6g

k,Z
. 5 2 1 2
K , cosfg) = M Mp, = 2Mp A ———— + M
q°(k’., cosg) g, + Mp, Bs 1— cosfp + Mo,

Allowing us to perform the necessary change of variables

+1
d—lj = 1 dcos 0y
dry 2J

daB ) )
diqz e(q” —my)

8(a?, cos )
(k% , cos )

q?=q?(K?_,cos 0g)
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How does this compare to measurement?

0.0030
AB/dk.
000254 M LHCb 2020
0.0020 1 . o g
-~ : %&&’%&« Includes theoretical uncertainties
§0‘0015< HH T from Lattice QCD predictions of
g %&H* £+(q?) and fo(g?) by HPQCD
0.00104 iy [arxiv:1906.00701]
0.0005 1 HH =
R i E
=
0.0000 T ™ ™ T
0.5 1.0 1.5 2.0 2.5
k1 [GeV]

The rate of B — D p~ as measured by the LHCb
experiment [arxiv:2001.03225], overlaid with the
theoretical prediction
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Detector Modelling



Forward Modelling

Forward modelling is expressed as the convolution
poetrtet) = [ [ aet ot A, K — ) PO (RE)

ACRE, REP = RA%t) = (R — kdet)

Pth: The theoretical model we have

pdet: The detector level model we
want

A: The acceptance function
approximating the detector effects
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Forward Modelling

Forward modelling is expressed as the convolution
poetrtet) = [ [ aet ot A, K — ) PO (RE)

ACRE, REP = R%t) = (Rl — kdet)

P™: The theoretical model we have e(k*h): Detector efficiency

pdet: The detector level model we r(RSE — kdet): Detector resolution
want Determined by LHCb with Monte
A: The acceptance function Carlo simulations

approximating the detector effects
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Efficiency & Resolution

125

—— Polynomial (degree 3) —— Double-sided Crystal Ball

 LHCb 2020 4 LHCD 2020

Efficiency [1073]
Normalised density

"
-1.00 =-0.75 =050 -0.25 0.00 0.25 0.50 0.75 1.00
K — k%t [GeV]

Efficiency fit with Legendre polynomials:

é(kL) =

N =

n=3
€
1+ E ipn(g)
n=1
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Efficiency & Resolution

125

Efficiency [1073]

— Polynomial (degree 3)
W LHCb 2020

—— Double-sided Crystal Ball
7 LHCD 2020

102

Normalised density

1_‘5 2‘_0 2.5 101‘1.00 -0.75 -0.50 -0.25 0.00 0.25 0.50 0.75 1.00
k. [GeV] Kt — ket [GeV]

Resolution fit with Double Sided Crystal Ball distribution:

2
th dety _ (AM. _“’) Bry —#
r(RY* — R9®Y) = L7 for —a < —4—

o

—n
Ay —p - Dy —p
bL = %) for —4— < -,

expq — < ag,

202

NR
Iz Ap, —p
(bR+ kL ) fOFaR<%,
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Approximate Response Matrix

Since the measurement data provided in [arxiv:2001.03225] is provided in bins of kdet,
we bin the detector and theory level quantities as;

P%et — dl?ie': Pdet (kiet) P,t.,h — / ' df?fl Pth(l?til)
bin n

binm
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Approximate Response Matrix

Since the measurement data provided in [arxiv:2001.03225] is provided in bins of kdet,
we bin the detector and theory level quantities as;

P%et — dl?ie': Pdet(k(iet) P,t.,h — / df?TPth(l?til)
binm binn

Calculate the approximate relationship via

!

th
Pr

Rmn = . :/ dfeiet/ dRTPA(RTE, R — RICE)PH(RER)
binm binn

Gives our theory to detector-level measurements bin-by-bin

pdet — ™ Ry pth
n
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Comparing theory and measurement

0.0030
dBLh/d]‘,ﬁx
0.0025 RdB™ /dkih
FH  LHCb 2020
0.0020 1
- bk
S 00015 %& T Much better visual agreement!
0.00104 }{"
2 e
0.0005 4’_ E’cﬁa%
e
0.0000 T T T T
0.5 1.0 1.5 2.0 2.5

charlie.earnshaw@gmail.com, arxiv:2512.09848 12



Comparing theory and measurement

0.0030
dB"h/dl\'ﬁ‘
0.0025 RdB™ /dkih
FH  LHCb 2020
0.0020 1
- LT
S 00015 %& T Much better visual agreement!
" 00010 H How dependent on the underlying
] EE:EE‘E = S|gn§l shape is this response
0.0005 e matrix?
| =]
0.0000 T T T T
0.5 1.0 1.5 2.0 2.5
ky [GeV]

charlie.earnshaw@gmail.com, arxiv:2512.09848



Comparing theory and measurement
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Pt (a7) =

2 2
q”m,x - qrnin

Almost no visual difference -
eigenvalues agree within 0.4%



Comparing theory and measurement
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Comparing theory and measurement

0.0030
Rﬂd dBLh/dk.Lh 'I
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0.0025 | RdB™/d!! th R — G
max min
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Measurements of distributions in k| serve as useful cross-checks for discrepancies
found between LQCD and experimental measurements of hadronic form factors.
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Phenomenological Analysis




Statistical Model and Priors

Parametrise the hadronic matrix elements for BY — D transitions using
[arxiv:1503.05534]:

3

Fol@) = s qz/MZ;X_jak [2(a”) ~ 2(0)]
[ 0 [q2 ¢

fol@®) = 57— > ol [2(6®) — 2(0)]

1= qz/MBS,O k=0

Where we are using the conformal map from g2 plane to unit disk in z

N R e
HJF t+ to where ti = (Mg, £Mp,)2, to=ts (q—\/1—t,/t+)
+ = vi+ —

2(¢?) =
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Statistical Model and Priors

Parametrise the hadronic matrix elements for BY — D transitions using
[arxiv:1503.05534]:

3

Fole) = 7= = g_;ak HGEED)
[ O [ «

fo(@) = 7 > of? [2(6?) - 2(0)]

1= qz/MBS,O k=0

Where we are using the conformal map from g2 plane to unit disk in z

Vs =g = Vir =T 2
2(q%) = where ty = (M, +Mp. )%, to =ty (g — /1 —t_/t4
Vir =@ + Vi — o ( )

- Use f+(0) = fo(0) to replace ago) with a linear combination of the remaining
expansion coefficients, and truncate the series to K = 2, giving five hadronic
parameters

- One free parameter - |Vp|
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Statistical Model and Priors

Parametrise the hadronic matrix elements for BY — D transitions using
[arxiv:1503.05534]:

3

Fole) = 7= = g_;ak HGEED)
2 1 . (0) 2 3
fo(@) = 7 > of? [2(6?) - 2(0)]

1= qz/MBS,O k=0

Where we are using the conformal map from g% plane to unit disk in z

— a2 — —
2= YEZT VIR Th ety = (Mg £Mp ), to =1ty (q — /1= t,/t+)
Vs — @2+ Vi — Do

- Use f+(0) = fo(0) to replace ago) with a linear combination of the remaining
expansion coefficients, and truncate the series to K = 2, giving five hadronic
parameters

- One free parameter - |Vp|

- Use uniform priors, chosen wide enough to not cut off any peaks from the
likelihood
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Likelihood

LQCD results for f+ and fo implemented as a five-dimensional multivariate Gaussian
likelihood

- f1 in three g2 points,

- fo in two g2 points
Use the 20 bins of k| from LHCb 2020

- Average efficiency () already accounted for
- No published correlation information across the bins

- Supplement with a 20-dimensional diagonal covariance matrix
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- Theoretically predicted binned branching ratio agrees with measurement p ~ 97%
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- Theoretically predicted binned branching ratio agrees with measurement p ~ 97%

- Obtain a value for the CKM matrix element |V | that agrees within two standard
deviations

[Vep| = 38.607980 x 1072

- Precision is limited by the normalisation to the absolute branching fraction of
B—Du o
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- Theoretically predicted binned branching ratio agrees with measurement p ~ 97%
- Obtain a value for the CKM matrix element |V | that agrees within two standard
deviations

[Vep| = 38.607980 x 1072

- Precision is limited by the normalisation to the absolute branching fraction of
B—Du o

- The posterior distribution for a$+)/ag+) is narrower than its prior
Sensitivity to agﬂ/aéﬂ is poor

- Using this parameter allows for independent analysis without relying on internal
LHCb knowledge

- This type of measurement can now be included in global analyses
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Projected Results

-10

« 5+) / (yf,ﬂ

charlie.earnshaw@gmail.com, arxiv:2512.09848

---- LQCD
projection
1)
0 100
+ +
ool

After the completion of LHCb Run 3
data-taking, it is expected that
there will be ten times as many
samples and the covariance matrix
is rescaled by a factor of 1/10

Only at this points begins to
become competitive with LQCD
results

2D marginal posterior: LQCD and
projected dataset provide
complementary constraints
Sensitivity to agﬂ/aéﬂ remains
poor



- Derived dI'/dq? to dI'/dk using the scalar nature of the BY meson
- Constructed an approximate detector response matrix

- Found that the detector response matrix is largely independent of the underlying
theory signal model

- Showed that k distributions provide sensitivity to form-factor shape parameters,
complementary to lattice QCD
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