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Physics opportunities in b — clv decays

=b = clvin SM 7
- = CKM parameter |V, |
-
= b- and c-hadron properties
b > > C

= Search for New Physics (NP) beyond SM

v
Charged Higgs < < Leptoquark
ged Higg . ) Q- ptog

[PRL 116, 081801, ...] / l C [PRL 116, 081801, PRD 94, 115021, ..]]
/

= Violate Lepton Flavour Universality (LFU)
= Distort differential width shape from SM



LFU ratios

_ B(Hp—~Hcttvy)
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= L €{e,u}; Hy(e): b(c)-hadrons
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4 HFLAV SM Prediction R(D) =0.357 = 0 029,
R(D) = 0.298 + 0.004 R(D*) =0.284 = 0. 012
R(D*) =0.254 + 0.005 p=-0.37

World Averag

= More measurements are strongly motivated
= To further improve R(D)&R(D™) precision

= To extend physics programs
* R(H,)

= Angular coefficients in b — clv decays


https://hflav-eos.web.cern.ch/hflav-eos/semi/summer23/html/RDsDsstar/RDRDs.html

LFUtestsin b —» clv at LHCb

Muonic t decay

« R(D**) Run1 (2015)
= [PRL 115, 111803]

« R(D®)&R(D*) Run1 (2023)
= [PRL 131, 111802]

= R(D") & R(D*") part. Run2 (2024)
= [LHCb-PAPER-2024-007, in preparation]

New!

« R(J/¥) Run1 (2018)
= [PRL 120, 121801]

Hadronic t decay

« R(D**) Run1 (2018)
= [PRL 120, 171802]

= R(D*") part. Run2 (2023)
= [PRD 108, 012018]

« R(A}) Runl (2022)
= [PRL 128, 191803]

« D** F; Runl & part. Run2 (2023)
= JarXiv:2311.05224]
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https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.115.111803
https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.131.111802
https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.120.121801
https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.120.171802
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.108.012018
https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.128.191803
https://arxiv.org/abs/2311.05224

T-reconstruction strategies

Muonic t decay
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High statistics
Directly measuring R(D™)

Multiple missing neutrinos

Large backgrounds need to be
controlled precisely

Hadronic t decay

= High purity sample
= Reconstructible 7 decay vertex and
specific T - 3n*(7®) dynamics

= Low statistics

= R(D*) needs external inputs

The two strategies are complementary
and provide independent measurements
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R(D+) & R(D*+) strategy LHCb 2015+2016 data 2 fb~!

= First LHCb measurement using D™ meson

| | T_)l'l

N R0 () + =
« Dt 5 DT R(D(*H):B(l_g - DMt Vr):
« DY 5> Kottt B(B° - D(*)+H_Vu)

= Visible final states: D*u~

Signal/norm efficiency ratio
determined from simulation

D+ *)+
D Nlp() 1

€
R(DM*) = -
PP = 0 N B v

Signal/norm yield ratio
determined from fit to data

()



Simulation
To extract efficiency and fit model

First analysis using Tracker-Only
simulation

Missing detector effects emulated
offline

X 8 faster than full simulation

Enable producing large amount of
simulation samples to reduce the
related systematic uncertainty

Data/simulation corrections
B kinematic, multiplicity, ...
QED effects [PrL 120, 261804 (2018)]

Excellent agreement obtained!

LHCb-PAPER-2024-007

Sub-detector response turned off
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(Norm decay enhanced sample)
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https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.120.261804

Background reduction

= Selection
= Topologic, kinematic and PID requirements on K-+t u~ candidates

= |solation against partially reconstructed backgrounds with missing
charged and neutral final states

= Subtraction of combinatorial D* background
= Fit to M(K~n*n™) and extract signal D* using sPlot method
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Strategy to extract signal & norm yields

= 3D binned template fit to data
* q% = (pgo — Pp+)°
« E/ : penergy in BY rest frame

« m2,<: invariant-mass of unreconstructed particles

= Simultaneous fit to four data samples with different kinds of decays
enhanced in each sample

: DTy~
= 3 control samples to provide constraints to backgrounds
. and : B> D™l
. B> D¥H,X, H, = X'l"v, e T



Template construction

LHCb-PAPER-2024-007

= Simulation-based templates

= Signal and norm decays ]\

= Feed down from D**
= Double charm background
= A}, > nD*u~v, background

= Data-based templates

Form factors

B - D™M*: BGL [pPrRD 94 (2016) 094008, Eur. Phys. J. C
82, 1141 (2022)1]

B —» D** : BLR [PrD 95 (2017) 014022]

Form factor parameters varied in the
template fit with external constraints

First analysis uses HAMMER [eur. phys. ). c.
80 (2020) 883] to do SO

Implemented in RooHammerModel
class [JINST 17 (2022) T04006]

= u mis-ID background: D*h~
= Obtained from u-suppressed data
sample
= Contamination fractions of

different particle species unfolded

= Combinatorial background:
= Wrong-sign D*u* data sample

g ! T -
0) . . __
g " LHCb Preliminary J
= e Mis-ID Data 1.7 <1 <2.5; .
-g 200 B True T . =
5 Bl True K 0 < nTracks < 225; :
U 2000 - True P 14 Ge\//(,‘2 <P<22 GeV/cZ _:
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reconstructed
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https://journals.aps.org/prd/abstract/10.1103/PhysRevD.94.094008
https://doi.org/10.1140/epjc/s10052-022-10984-9
https://doi.org/10.1140/epjc/s10052-022-10984-9
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.94.094008
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.95.014022
https://link.springer.com/article/10.1140/epjc/s10052-020-8304-0
https://link.springer.com/article/10.1140/epjc/s10052-020-8304-0
https://iopscience.iop.org/article/10.1088/1748-0221/17/04/T04006
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Results

Fit projections in the signal sample
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R(D*) = 0.249 + 0.043(stat) + 0.047(syst)

= —0.39

R(D*) = 0.402 + 0.081(stat) + 0.085(syst)
Source R(D*) R(D*)
Form factors 0.023 0.035
B — D*[D*X]|u/7v fractions  0.024  0.025 Mai . e
B — D*tX,X fractions 0.020 0.034 daln systematlc uncertainties:
Misidentification 0.019 0.012 Form factor parameterisation
Simulation size 0.009 0.030 .
Combinatorial background 0.005 0.020 BaCkground mOdellmg
Data/simulation agreement 0.016 0.011
Muon identification 0.008 0.027

Multiple candidates 0.007 0.017 (@)
Total systematic uncertainty 0.047 0.086
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New R(D) & R(D*) world average
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https://hflav-eos.web.cern.ch/hflav-eos/semi/summer23/html/RDsDsstar/RDRDs.html



https://arxiv.org/abs/2311.05224

arXiv:2311.05224

D* polarisation

Polarised
fraction
d2|- g 5 FLD*(qZ) - aeo(qz) AE ceo(qz)
dPdcoslp a0, (q°) + o, (q”) cos’ bp 3an,(g?) + Cop(G°)
Unpolarised
fraction

» New Physics can affect FP (g?) shape:

= Black & red: two New Physics
configurations

D* rest frame
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https://arxiv.org/abs/2311.05224
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.95.115038

D* polarisation measurement

« Data: Run1, 2015+2016 B° — D* t7v,., 17 —= 3n%(n°)v,

= Background suppression and control similar to Run 2 R(D™) analysis
= [PRD 108, 012018]

= FP" determined using 4D binned template fit
« ¢t lifetime, cos 6p, anti-Ds BDT, g*

¢ <7GeV’/c':  0.51+0.07(stat) £ 0.03(syst) ~ O S R
q° >7GeV?/c*:  0.35:0.08(stat) £ 0.02(syst) & S = Hnz @I - e
¢°integrated : 0.43 + 0.06(stat) + 0.03(syst) = 4 - ¢ >7GeV/ct E B—>D:‘ro’vr
8 E 1 B B—D D'(X)
S 3f - M- D'X)
. . . . o £ . D D
= Main systematic uncertainties: g 5F E R— e
= Size of simulation sample ) -——ﬁﬁﬁ_ I Combinatorial
- Form factor parameterisation ==___E
= Vary CLN parameters 1 0 1-1 0 1
cosf,,

= CLN -> BGL
= Double charm background description

= Results compatible with Belle result and SM:
(2019) 3, 268, arXiv:1907.02257, @

= [arXiv:1903.03102, Phys.Rev.D 98 (2018) 9, 095018, Eur.Phys.J.C 79
arxiv:2310.03680]


https://journals.aps.org/prd/abstract/10.1103/PhysRevD.108.012018
https://arxiv.org/abs/2311.05224

Summary and prospects
New LHCDb result in test of LFU

= R(DY)&R(D**) with muonic T decay: compatible with world average and SM

= New world average still at 3¢ level away from SM

First LHCb measurement of D*~ longitudinal polarisation

First measured in two g bins
Most precise result
Compatible with previous result and SM prediction

-
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More are coming

-
o

—
»

Update R(D)&R(D*) in more channels and
using more data

-
o

LFU tests for other charm/light hadrons

Max Luminosity [10%/cm?/ s]
o

Angular observables to probe spin structure
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of New Physics
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2 JINST 3 (2008) S08005, Int.J.Mod.Phys. A30 (2015) 1530022
LHCb experiment ML P A0 (2015

= Dedicated for precise and efficient heavy-hadron reconstruction
= Single-arm and forward design
2 < 1n < 5range: ~25% bb pairs in LHCb acceptance

b

ol

= Powerful particle identification
LHCHMC » e(K - K) ~95% with e(r = K) ~ 5%
= e(u—->u) ~97% withe(m - u) ~1—-3%

= High momentum resolution
= Ap/p =04 ~ 0.6% (5 —100GeV/c)

gcar, HCAL
SPD/PS M3

M4 M5

RICH2 M1

' = High spatial resolution

= op~20uUm; opy x/yy~10um; opy ,~60pum

= Precise PV and decay vertex
reconstructions

©



https://iopscience.iop.org/article/10.1088/1748-0221/3/08/S08005/meta
https://www.worldscientific.com/doi/abs/10.1142/S0217751X15300227

LHCDb pp dataset
* Run1: 3 b~ pp collision @ 7, 8 TeV

» Run2: 6 b~ pp collision @ 13 TeV
= Run3: started in 2022

LHCb Cumulative Integrated Recorded Luminosity in pp, 2010-2023

2023 (6.8 TeV): 0.37 /b
2022 (6.8 TeV): 0.82 /fb
2018 (6.5 TeV): 2.19 /fb 5 TOVPIUOTIINS OVPTOIOOOOR SURROOOITS SOROO el
2017 (6.542.51 TeV): 1.71 /b + 0.10 /fb /
2016 (6.5 TeV): 1.67 /fb 5 : : i 5
2015 (6.5 TeV): 0.33 /fb
2012 (4.0 TeV): 2.08 /fb : : : 5 : 5
# 2011 (3.5 TeV): 1.11 /fb N N . prT— S N
2010 (3.5 TeV): 0.04 /fb = i : = : :
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Neutrino reconstruction

= For muonic decay:
. — "B
PB; = 1n, PYz

= pp direction aligns with the vector connecting B decay vertex and
associated PV

= For hadronic 7 decay:
= Four-momentum conservation
» Constraints of T and B known masses

= pp direction aligns with the vector connecting B vertex and associated
PV

= p,; direction aligns with the vector connecting 7 and B vertices

= Solve equations to determine missing momentum with two-fold
ambiguity

)



Enhanced components in the four samples

= Simultaneous fit to four data samples with different kinds of decays
enhanced in each sample

Signal sample BO S prrlu- =0 R
T Signal & norm:  _, ot [ff ] o lio ” D*f vf _
u BO - D**[D*r"/y]e~ [ v, v ]v. BO > D**[D¥n° /vl
1nt sample 1P D** ot L oL _
Dty : B - D**[D*X]c™[uv,v,] B > D™ [D*X]u
2rt sample ) o kP o1 T — LA _
D nta- Higher D**: B > D*[D*X]t[u ] B — D*[D*X]\u
1K sample
D*u-K* Double charm: B — DYH [u v, X]



PDF

PDF(q27 miu’ssa Eﬁ) — l/Ntot X {Rraw(D+)ND+pPD+T + ND+,U,’PD+;1,+ (19
R (D*+)ND+MPD*+7— + Np«+,Pp++pu+ (20

Npo,Ppo, + fogNpoPpo,+ (21

fpy NpePpy,, + fpe NpyPp,ut (22

Iy Npo Py + ij’NDiPDf’u+ (23

fD;'ND‘f,PBQM + Rraw(D**)ND**PD**T+ (24

NppPpp + f5.NopoPpp + f ﬁ;_,ffm + fp+ . Popt

(25)

3body y3body 3body nr3body3body
NDD PDD +fBu NDD PDD (26)

N e e N N N
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More plots in R(D") & R(D*") analysis

Events / (1.18)
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LHCb Run 1 (3 fb'")

Candidates / ( 0.333 ps )
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More plots in F?" analysis
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https://arxiv.org/abs/2311.05224

F? systematic uncertainties

Source low g° high g° integrated
Fit validation 0.003 0.002 0.003
0.007  0.003 0.005
FF parameters 0.013 0.006 0.011
TemplateSize 0.027  0.017 0.019
7+ — 3r%x0 fraction  0.001  0.001 0.001
D** feed-down 0.001 0.004 0.003
Signal selection 0.005 0.004 0.005
0.008 0.006 0.007
0.007  0.003 0.007
0.008 0.009 0.009
cosOp D*~ Ds 0.002  0.001 0.002
0.007  0.002 0.004
0.007  0.006 0.007
cosfp D*~D* X 0.002 0.002 0.003
cosOp D*~D°X 0.002  0.002 0.003
FP” integrated - - 0.002
Total 0.036  0.023 0.029

Dominant source of systematic are:

Limited size of the simulation samples
Form factor parameterization
Modelling of the Ds

cos p shape in D*~ Ds X backgrounds
Bin migration

Signal acceptance

Form factor model

&)


https://doi.org/10.1103/PhysRevD.108.012018

