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Flavour anomalies

Tensions with the Standard Model (SM) have been seen in recent years in decays involving
b — clv; and b — sll transitions
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* Tree-level semileptonic decay: e Rare penguin decay:
& B~10% — high signal yields Z& Fully reconstructible final state
& Probe 37 generation of leptons with potential “& Probe higher-order diagrams where New Physics
enhanced NP coupling (NP) particles can appear
" Non-reconstructed neutrinos — challenging analyses V¥ B~107° - low signal yields

with substantial background
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The LHCb detector ~ [vuon Chambers
—— =R
for particle ID — ., 7 _

e
VErtex LOcator (VELO):

= g(IP) = 20um

pp collision point:
= Beauty quarks produced the Tracking System:

the f d regi ~ (.59
c Torward resion 4 Tm Dipole Magnet 7(p)/p £

[Int.J.Mod.Phys.A30,1530022(2015) ]



https://www.worldscientific.com/doi/abs/10.1142/S0217751X15300227

Outline of the talk

« Measurement of the branching fraction ratios R(D*) and R(D**) using muonic T

decays [LHCb-PAPER-2024-007, in preparation]

 Comprehensive analysis of local and nonlocal amplitudes in the B® - K*0u*tu~

decay [LHCb-PAPER-2024-011]
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https://arxiv.org/abs/2405.17347

Measurement of the branching fraction ratios
R(D™) and R(D*™) using muonic T decays
[LHCb-PAPER-2024-007, in preparation]



Lepton Flavour Universality (LFU) tests in b — clv transitions

LFU in the Standard Model (SM): couplingto e, pand t

is universal. Differences are only driven by lepton masses

New Physics can be manifested through experimental
departures from LFU

Experimental LFU test through R(H,) ratio:

_ B(Hp = H.tvy) Hp = B%, B, B, A},
B(Hp = Hcpvy) H.=D*,D° D*, Dg, ]/

Ratio improves theoretical and experimental precision

Most precise measurements seen in R(D) — R(D™*):

HFLAV Summer 2023: 3.30 tension from SM

Recent LHCb measurements with leptonic [PRL 131 (2023) 111802

and hadronic [PRD 108 (2023) 012018] T decays

D* longitudinal polarization in B® - D*~t*v_ decays [LHCE-

PAPER-2023-020]
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R(D*)

0.35

0.3

0.25

0.2

Prior to the analysis presented in this talk
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https://hflav-eos.web.cern.ch/hflav-eos/semi/summer23/html/RDsDsstar/RDRDs.html
https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.131.111802
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.108.012018
https://lhcbproject.web.cern.ch/Publications/p/LHCb-PAPER-2023-020.html
https://lhcbproject.web.cern.ch/Publications/p/LHCb-PAPER-2023-020.html
https://hflav-eos.web.cern.ch/hflav-eos/semi/summer23/html/RDsDsstar/RDRDs.html

Branching fraction ratios R(D™) and R(D*"): decay topology

R(DY) =

e UseD*" - Dt

/K + - o K m*m*u~ final state common to all four

D \]l'+ D+—-——'—'71'+ modes.
BY - - B~ 2 bt NpO* 1
o, TEITTT—H e —~u R(D®*) = L T
IR PO NP B~ i)
T H o= / \
U
)7
Efficiency ratio Yield ratio from data
R(D*t) = determined from MC | | through a fit to m2;
miss
2 2
0 0 E, and = — )
,7[ /)’ B jz. /}, - U q (pB Pp
D*+' : D+<,[+ D*‘{ D+< zt * Main challenges:
— -+ I
0~ T — V2 BY— " Tt  Non-reconstructed v and no/y
LS ~ o — ] [ B
\v \:_~.f1j ‘\17 * Big data samples (> 3M candidates) —
4 v, 7 H Sensitive to small mis-modelings
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S a m p | e S e | e Ct I O n ><103 [I:HCb-ITAPER—2024—OO7, in preplaratioln]

180 |

. . . . , .
- Data LHCDb Preliminary

e Dataset: 2015 + 2016 (2.0fb™1) 160~ el
140 .... p*x

* Requirements on K~ "y~ candidates: 120 - Non-D* bkg.

Candidates/(1.08 MeV/c?)

* Kinematic 100

80

* Topologic 60

» Particle identification 40

_ _ 20
 Fitm(K-n*n™) and apply sPlot technique to remove fake i

D* bke. 1860 1880
M(K wtrtt) [MeV/c?]
 BDT-based isolation tool against bkg with additional charged and neutral particles:

* Create four samples enriched with different bkg contributions

* Final fit performed simultaneously in the four samples

Signal sample 1 sample 21 sample 1K sample
Dtu~ Dtu—m* DYumtm™ Dty K=

Ex: B - D§(2300)(- Dr*)pv,  Ex: B > D*(2640)* (- D*(2010)* n*n )pv, B - DYH.(= wv, X)X’
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https://www.sciencedirect.com/science/article/abs/pii/S0168900205018024?via%3Dihub

Simulation

Role: Obtain efficiencies and fit templates

Huge statistics needed: not feasible with full LHCb
simulation.

Solution: Use Tracker-Only simulation

* Missing detector effects emulated offline

e X8 faster than full LHCb simulation

« Reweighting of kinematics and D* - Kt ™ Dalitz
resonances

e QED effects through soft-photon corrections
[PRL 120 (2018) 261804]

Excellent Data/simulation agreement reached!
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Simulation corrections to match data distributions:
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[LHCb-PAPER-2024-007, in preparation]
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https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.120.261804

Templates building and form factors

e Simulation templates:

fFirst analysis to use and

e Signal (B — D(*)lvl). Form factors from BGL [PRD 94 (2016) 094008, Eur. Phys. J. implement HAMMER through

C (2022) 82:1141]

e Bkg from B — D™ X decays. Form factors from BLR [PRD 95 (2017) 014022]

e Double-charm bkg
* A) > nD*uv, bkg

* Data templates:

e Combinatorial bkg: Obtained from same-sign D*u

/'

data

* Muon mis-identification: Obtained from non-

muonic control control samples

June 4th 2024

RooHammerTool [Eur. Phys. J. C
(2020) 80:883, JINST 17 (2022) T04006]
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— Fast and exact form factors
Qariations in the fit model!

~

J

[LHCb-PAPER-2024-007, in preparation]
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T K P e
PID

8
Category

reconstructed
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https://journals.aps.org/prd/abstract/10.1103/PhysRevD.94.094008
https://link.springer.com/article/10.1140/epjc/s10052-022-10984-9
https://link.springer.com/article/10.1140/epjc/s10052-022-10984-9
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

Candidates / (0.67 GeV?/¢?)

Results

Slgnal sample

%10° x10° [LHCb-PAPER-2024-007, in preparation]
a o | L o — T T T T T T T
S 035 LHCb 2 fb! L LHCb 2fb’!
Z 03 > _
= 025E O B B—D'rv
g O = DTy
= 02 = B —>D+XX
2 0.5 = B 5Dty
‘g"c; ' § Comb+m|sID
g 0.1F § B B—D'uv
8 005f k= B 5D v
EI 1 3
0 5 10 0 1000 2000 0 5 10
m?, [GeV?/c'] E,[MeV/c?] PIGeV Y]
* Analysis results: Systematic uncertainties
+\ Source R(D*) R(D*)
R(D™) = 0.249 + 0.043stat * 0-047sys Form factors 0.023  0.035

= —0.39 _orm Jactors B .
R(D**) = 0.402 % 0.081gtat + 0.0855ys B D(D"Xa/rv rations 0024 0023

B — D*X_X fraction 0.020 0.034

Misidentification 0.019 0.012

: : : : Simulation size 0.009 0.030

* Main systematics from form-factor parametrisations and Combiustorial background 0,005 0.0%0
bkg mOde“ngS. 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*) HFLAV average

New result
g 04 / - I/ 17 7 68% CL tontours .
a?‘/ = Moriond 2024 -
0.35 — LHCb® —
B llell -
* New result compatible with N Belleb( =
World Average (WA) and SM [ -
I ! LHCbH
, , 0.25 S
* New tension with SM: 3.17¢ C 4 3
0.2~  +HFLAV SM Prediction R(D) =0.342 +0.026,,, —
- R(D) = 0.298 = 0.004 1;(_DB)3=90'287 +0.012,,, -
[~ R(D*)=0.254 +0.005 =Y. -
L P(%?) =35% -
] I ] ] ] ] I ] ] ] ] I ] I(X)I ] ] ] ]
0.2 0.3 04 0.5
HFLAV Moriond 2024 R(D)
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https://hflav-eos.web.cern.ch/hflav-eos/semi/moriond24/html/RDsDsstar/RDRDs.html

Comprehensive analysis of local and nonlocal
amplitudes in the B® - K*%u*u~ decay
[LHCb-PAPER-2024-011, arXiv:2405.17347]



https://arxiv.org/abs/2405.17347

B° - K*%u*u~: some intriguing effects

e Described by b = suu penguin transitions:

Heff =~

Left chirality

Cl.(') (Wilson coeff.): short-distance, sensitive to NP through C; = €™ + ACN?

4G
thVtSE[Clol + C{O0

-

\_Y_I

Right chilarity, suppresed by SM

O; (Operators): long-distance, dependent to QCD form factors

e Tensions with SM are present in angular observables and

differential decay rates of B¢ - K*Outu~

* Points to a NP vector contribution through AC(;\IP Z O [eur Phys..

C (2023) 83:648]

* Important question: Is this a genuine NP effect and a mis-

modelled QCD contribution?

June 4th 2024
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C, = Penguin

\

Cy/10 = Electroweak

photon penguin
M o
W_//- W_//— N
,1/ ) ‘l/ \x i
t t
— 2
i
W — 1 |
- LHCb Run 1 + 2016 Z
ﬂ | SM from DHMV §
0.5_ .
OF
~0.5 | -
K h+ﬁ —— ]
-1 A I N R T
0 10 15

g* [GeV?/c4]
PRL 125 (2020) 011802
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https://link.springer.com/article/10.1140/epjc/s10052-023-11824-0
https://link.springer.com/article/10.1140/epjc/s10052-023-11824-0
http://dx.doi.org/10.1103/PhysRevLett.125.011802

BY - K*%u™ ™ a complex system

Local amplitudes

Non-resonant b — suu
penguin transitions

B e

- = Standard Model (SM)

BO W+ K 0 ': ': New Physics (NP)

2
e
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BY - K*%u™ ™ a complex system

Nonlocal amplitudes

Contributions from c¢c¢ resonances!

<
B° K™

Charm loops!
C \j Difficult to model

C
21 theoretically
()
+
7< ¢ < B° - K*DD
f_ \ l > U

Dangerous /' They can enter the analysis

region and mimic ACiNP * 0
— Need a complete simultaneous experimental
modeling of local and nonlocal amplitudes!
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BY —» K*9u* ™ analysis strategy

* Unbinned measurement of angular observables through a
parametrisation of g and the 3 decay angles 8;, 8 and ¢

 Dataset: Run 1 (2011-2012) + Run 2 (2016-2018): 8.4fb~?!
— First analysis to use the full dataset!

Data Simulation Theory
* Background modeling e Selection + reconstruction + * Local form factors [JHEP 09, 133 (2022)],
« K*Y S-wave parameters detection + resolution effects gaussian constrained in the fit

N\ | /

FINAL FIT of 150 parameters. Among which:
© R(C) +R(CD)
e Form factors parameters

June 4th 2024 Guillaume Pietrzyk 17


https://link.springer.com/article/10.1007/JHEP09(2022)133

Parametrisation of local and nonlocal contributions

Combinations of Depend on

Decay effr 2
— o —
amplitudes C; (q?)

Angular
observables

C9eff(q2) = Cfgt + Yclg)+light(q2) + Yczép(qz) + er(qz) + YCOE(qz)

A Y B T

Penguin local 1-particle 2-particle 7-loop Subtraction term

term contributions contributions contributions determined
[Eur. Phys. J. C (2020) 80:1095] theoretica”y at
’ g> <0

[JHEP 04 (2020) 012]

K*
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https://link.springer.com/article/10.1140/epjc/s10052-020-08674-5
https://link.springer.com/article/10.1007/JHEP04(2020)012

Results
LHCb-PAPER-2024-011

106 .|_ 1 1 1 1 I 1 1 1 1 I 1 1 1 1 I 1 1 1 1 I 1 1 1 1 I 1 1 1 1 I 1 1 1 1 I -
LHCb 8.4fb"!
104 A -
* Data

~250p Total -
i - — Signal l: ]
O - : ]
a - — Background : ]
> 200 - Local amplitudes _: :
8 - 1 particle nonlocal {1 -
— 150 F amplitudes 3 -
- n 2 particle nonlocal : -
g B amplitudes ]
» 100 | Interference -]
L . 5 ]
= 5ol -
= -y / i
= ) : i

U O i e s ) i

§ § S b r\:;lQrE I IQ_% —§:

I Pﬁ ‘tl 1 1 I 1 1 1 1 I 1 1 1 1 I 1 1 1 t| I 1 1 1 1 Li 1 ‘N; i ‘|~‘ - I 1 T 1 1 ‘NI 1
0.0 2.5 5.0 7.5 10.0 12.5 5.0 17.5
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LHCb-PAPER-2024-011

T I T T T T I TT T I T T I

LHCb 8.4fb~!

Fmm e e e e e e

Impressive modeling of the full g2
spectrum!
Results in agreement with previous
LHCb analyses
Biggest deviation is seen with:

ACY?P = —-0.71+0.33

(2.10 from zero!)

Global significance: 1.50 from SM

19


https://arxiv.org/abs/2405.17347
https://arxiv.org/abs/2405.17347

Interpretation of the measurement

* Analysis makes it possible to separate local ¢ Cyan: Fixing experimental local results to SM predictions:
from non-local contributions! * Cyan and yellow: impact of non-local modelling
* Non-local contributions do influence angular * Cyan and red: impact of possible NP
observables , _ _
* — Pt tension cannot be fully described by non-local
\ contributions!
LHCb-PAPER-2024-011 LHCb-PAPER-2024-011
1.5 1.5]
[ - LHCH 8.4fb—1 == Total \Q‘m LHCbH 8. 4H1! s Total
Local only Total, SM WCs

SM from GRvDV

0 2 4 6 8 10 12 124[(}1{5/2/12] 0 2 4 6 8 10 12 14 16 18
¢ [GeV?/c q* [GeV? /Y]
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Towards Run 3 data




Candidates / 7.50 MeV/c?2

First B decays plots of 2024

e LHCb is collecting copious data samples of B decays thanks to increased pile-up
(from 1 to 5) and trigger efficiencies.

* Precision measurements expected with 2024 data! 2024

LHCB-FIGURE-2024-007/ x

LHCB-FIGURE-2024-007/

I I I I I I I I (\é I I I I I I I E LHCb Cumulative Integrated Recorded Luminosity in pp, 2010-2024
LHCD Preliminary 2024 1 = 30000 |- LHCD Preliminary 2024 ] [ mmEsTeTaT
8000 - + Daa 12 + Dua : g nf : momee [
—— Model —— Model E C e 2018(65Tev}:2.19/b ’
-~ Signal B 25000 F -~ Signal ] > F| o Eagsmieon
Combinatorial =~ Combinatorial 'g 10 215 @S TV 033 M /
6000 - B PartReco 1 3 B PartReco k= = e on@sTevyrim I
g 20000 - ] IS 8_ 2010 (3.5 TeV): 0.04 /ib » ’
-+ + +,- 3 i + _, ot Sty 3 T
BY > K'Jfb(-evem) 1 2 BT > K*J/Yp(= pu7) 2
4000 1 5oy : - LS LS2
N ] 8 B
— | r -1 i 5] - :
_ 430pb™1 | 10000f 430pb . S ’/
2000 . C ] g F '
5000 b 15 - :
E r 4
0 - Dy Y ) T 0 A R —— " 02—010 2011 2012 2013 2014 2015 2016 2017 2018 2019 2020 2021 2022 2023 2024
5200 5400 M]SS?OO 5800 5200 5400 5600 Year
mprg (K*e*e”) [MeV/e?] m(K*p* ) [MeVic?] LHCb Operation Plots Webpage
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https://cds.cern.ch/record/2898806
https://cds.cern.ch/record/2898806
https://lbgroups.cern.ch/online/OperationsPlots/index.htm

Summary

* New measurement of R(D™) and R(D**) using muonic T decays transitions compatible
with world average and SM expectations:

e ~30 tension remains

 Complex angular analysis of BY — K*%u* ™~ allows to separate local from non-local effects:
e Important input for theorists to improve our understanding of non-local effects

* SM tensions not fully excluded

* LHCb is collecting high B-decays vields:

e Expect precise updates on LFU and flavour anomalies measurements!
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R(D) — R(D") results in the 1m sample

xlOG' . . . . ' . . xlO(f
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R(D) — R(D") results in the 2m sample
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R(D) — R(D*) results in the 1K sample

x10° x10°
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Neutrino Reconstruction

= For muonic decay:
PB, My Py,

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

= For hadronic t 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
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Local form factors interpolation

 Comparison between prior and posterior
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Impact of non-local amplitudes on the WCs, shown per helicity
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P-wave differential BF

* Cyan: Fixing experimental local results to SM predictions:
* Cyan and vellow: impact of non-local modelling
* (Cyan and red: impact of possible NP
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Wilson coefficients results
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Angular fit:
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Angular fit: cen
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Angular fit: high-g2
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/-expension: another cool method!

Z-expansion
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O
First B decays plots of 2024
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