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Rare decays as New Physics probes

« Rare b — s£¢ decays are sensitive New Physics (NP) probes since they are loop level and CKM
suppressed.

* NP contributions could be of same size as the SM (e.g. enhancing/suppressing branching
fractions, angular distributions).

* |n the Standard Model (SM) couplings of vector bosons to leptons are flavour universal (LFU):

—any deviation from LFU is a clear NP indication.
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>
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NP example
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A coherent pattern?

Over the past decade a coherent set of tensions with SM predictions has emerged in b — s£¢
transitions:

» Branching fractions (e.9. B, = ¢u*u_, B — KOutu).

T+ 4 )

- Optimised angular observables (e.g. Ps in B > K%*tu"and B* - K tutu
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https://link.springer.com/article/10.1007/JHEP06(2014)133
https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.127.151801
https://link.springer.com/article/10.1007/JHEP06(2015)115

A coherent pattern?

Over the past decade a coherent set of tensions with SM predictions has emerged in b — s£¢
transitions:

» Branching fractions (e.g. B, = ¢u u~, B — KOutu).

- Optimised angular observables (e.g. P« in B > K% *tu"and B* - K tutu").
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https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.125.011802
https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.126.161802

The R;; observables

e B - KO¢+t¢Y~ BF and angular observables known to suffer from B ?ﬁ K*
potentially underestimated hadronic uncertainties.

* Define a set of theoretically clean observables:

q2 = momentum transfer to the pair of leptons

q2 . dq? S _9
Ry = - — =1+0(10 7)
s qi .« dB(B—HgeTe
e S dg QED
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The R;; observables

. B - K¢ £~ BF and angular observables known to suffer from B K*
potentially underestimated hadronic uncertainties.

* Define a set of theoretically clean observables:

I w-g? — +0.094
g* = momentum transfer to the pair of leptons L4r LH({ Hie 1o q2 0'994_8'8;7
i O{h Ry central-g® = 0.9497005
i * weg? — (0.097+0.09
qrznax dB(B—)HSu"I_u_) 2 19k Ry low-¢7 = 09277 o
2 2 dq Tl Ry~ central-¢* = 1.02710077
9min dq SM —2
R,, = 5 =1+0(10 7) " : T
H Ahax AdB(B—Hgete™) da? S Lol _
qr2nin dq2 q QED é .0 ’ i . T
0.8 [Phys. Rev. D 108, 032002]
. . j t  Data 2 =1.6,p=0812 0 =02
« [2021 Ry], [2017 Ry-] claims of LFUV evaporated after a o6l — SM
more thorough study of misID & — e background '

Ry 10'\7\/'-612 Ry Central—q2 Ry 10W—q2 Ry Central-q2

SOUrces
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https://journals.aps.org/prd/abstract/10.1103/PhysRevD.108.032002
https://www.nature.com/articles/s41567-021-01478-8
https://arxiv.org/abs/1705.05802

The LHCb experiment @ LHC
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designed for heavy flavour
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* Excellent vertexing and PID
capabilities to identify
displaced (few mm)
b—hadron vertices and rare
decays.
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I .
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Light leptons at LHCDb

* Since probability of bremsstrahlung

emission &« E/m’ — electrons and

muons interact differently with the

detector, and exploit different w '
subdetector systems / SPDIPS 2 e’

Magnet RICH2 M2
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Light leptons at LHCDb

* Since probability of bremsstrahlung

emission &« E/m?* — electrons and
muons interact differently with the
detector, and exploit different

BCAR, ik Ma M5
subdetector systems A R L RSIWAN
Magnet . RICH2 M i\_/l_— -
» Muons traverse the detector P \a \ v
undisturbed s S
Loghtoy 2 e

W s
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Light leptons at LHCDb

* Since probability of bremsstrahlung

emission « E/m* — electrons and

muons interact differently with the

detector, and exploit different D
subdetector systems ‘ oS v M o

e Muons traverse the detector
undisturbed

* Electrons lose significant amount of
energy to bremsstrahlung radiation:

O Poorer mass resolution and reconstruction . |
efficiency than muons. .

o Effect mitigated by bremsstrahlung
recovery algorithm.

5
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The double ratio strategy

» Control electron-muon differences using double ratio between nonresonant B™ — K¢ ¢~
and resonant Bt — KT J/y(£7¢7).

N (K™ ee) ’ e)
N(K+J[iee)) (K ec)

known to be LFU within 0.4% [PDG]

_ N(K'tpp) |
N(K+J/vy(up)) -

R K ) "

7 S 7| Bt — K*J/y(1S)(¢*¢7)
| - KT A
h —= g Bt - Kty(Q2S) (1)

| ‘ g~ e )|
| BN
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https://pdg.lbl.gov/2020/tables/rpp2020-tab-mesons-c-cbar.pdf

Definition of R,

<
. Resonant D(JSF) — (¢ 7)™ are ideal control T ol
channels in the low dilepton invariant mass region /

 Allows to precisely verify i — e mis-ID rates
estimation strategy

 Muon anomalous results still stand, important to
check that we understand their detection efficiencies

at low q2 as well I

RIG) _ 4 B(D(yy = ¢(u)m™) /B(BY — J/(uu)K*) |
o B(D(J;) — p(ee)nt) / B(BT — J/¢(ee) KT)

—1/2
where B=B(¢ —e e )/B(¢— p pu™ )~ (1 — ) ~ 1.022 ratio of phase space factors
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Analysis Strategy overview

e Using 5.4 fb~! of data collected in 2016, 2017 and 2018 measure:

d(s ( —I; ¢(,LL,U)7T+)
RIS —pg. ) -
0¥y 7\7([)‘2 |

1. Efficiency calculation: Blindedd

» Eff. computed using simulated samples and corrected using control channels selected from the data
(mother kinematics, trigger, PID).

2. Signal yield extraction:

* Perform separate maximum likelihood fits for each year of data taking and trigger category and
combine as a direct sum.

3. Systematic uncertainties:

» Evaluated by taking the standard deviation of jo(:) values when alternative strategies for yields

extraction/efficiency calculation are employed.

8
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Efficiencies



Corrections to simulated efficiencies

« Align the efficiencies correction strategy to [2021 R;]

« Calibration of B+/D(JSF) kinematics

* Particle identification efficiency corrections

* Trigger corrections & fiducial cuts

* (Correction of imperfect resolution modelling

9
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https://www.nature.com/articles/s41567-021-01478-8

Kinematic corrections L
E 13 * no weight
-g ;‘ « uTOS nominal
8 1.2:.
« Align the efficiencies correction strategy to [2021 R;] S LE
) -
% 1?(.)»- .
. . _|— _|_ . . “'6 09 :_°
. Calibration of B™/D_. kinematics 2 OOF,
\ } E_U 08;_ .-o- o
— Simulation is reweighed to match the mother kinematic 78 BT = KV Jy(pu™u™)
. . . . 06 llISI()IIIII(I)OIIIIISIOIIIXK)
distributions observed in data p (B") [MeV.
O 14
. . . . . . . g E e no weight
* Particle identification efficiency corrections g R IOShominal . TOS
o l12F . 4 TOS nominal X VTXy2ee
) :
| | | | S gl
* T[rigger corrections & fiducial cuts 2 Ee |
e P w—
o 0.9:— a8 .
* Correction of imperfect resolution modelling &% 08 F
07 Bt - K*J/y(ete™)
06E . . . ! . . . . ! x10
50 100
p.(B) [MeV.

10
D. Lancierini (Universitat Zurich) Joint SPS - APS Annual Meeting 5th September 2023


https://www.nature.com/articles/s41567-021-01478-8

= = 200000 LHED
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[EPJ T&I (2019) 6:1] |—
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« Align the efficiencies correction strategy to [2021 R;]
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» Particle identification efficiency corrections Fit to the data samples used asa ~ m(K) [MeV/c
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— Correct for mismodelled particle ID efficiencies 1
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using PIDCalib for K, 7 and u, fit&count for e 0.96
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* Trigger corrections & fiducial cuts 0.9
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PID efficiencies for 7z~ as a p() [MeV.

11 function of their momentum
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« Correction of imperfect resolution modelling ProbNN_ () > 0.2 -



https://www.nature.com/articles/s41567-021-01478-8
https://epjtechniquesandinstrumentation.springeropen.com/articles/10.1140/epjti/s40485-019-0050-z

Trigger corrections

« Align the efficiencies correction strategy to [2021 R;]

Calibration of B+/D(J;) kinematics

Particle identification efficiency corrections

e Trigger corrections & fiducial cuts

D. Lancierini (Universitat Zurich)

— Imperfect modelling of LO efficiency in simulation

corrected using Bt — K1J/y(£1¢7) data

Correction of imperfect resolution modelling

12
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https://www.nature.com/articles/s41567-021-01478-8

Correction to resolution

)

>
» Align the efficiencies correction strategy to [2021 R,] =7
+ Calibration of B™/D, kinematics 215000

10000

5000

* Particle identification efficiency corrections

* Trigger corrections & fiducial cuts

>
§ 300
 Correction of imperfect resolution modelling % 20
£ 200
55 150
— Extract resolution parameters from o
BT — KYJ/w(£7¢ ™) data and apply them to 50
0

Df — z¥d(ee™)
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Signal yield extraction



Warping of the combinatorial background shape

. + 50005 - | | | | | II:| IDatal5.4 ﬂli, IIJOW clomb.lBDTI scorle, | | | | _:

« Tight cuts around the reconstructed D™ mass at % P oot B g ol

: : : C = 0.004 ~

trigger level induce a strongly varying efficiency as a =

: : + c% 0.003 |- -
function of the ¢-constrained D™ mass |

0.002 F -

» Warps shape of all backgrounds — causes the 001 L | :

combinatorial to have a bell shape instead of the usual - | | | S

fa”lng exponentlal 0000 1600 T 1800 o 2000 2200 2400

m(mee) [MeV]
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Warping of the combinatorial background shape

« Tight cuts around the reconstructed D™ mass at
trigger level induce a strongly varying efficiency as a

function of the ¢-constrained D™ mass

 Warps shape of all backgrounds — causes the

combinatorial to have a bell shape instead of the usual
falling exponential

 (Combinatorial modelled with a third order Chebychev

polynomial — choice is validated against control
samples

o Sample with inverted BDT requirement

e Sample obtained from selecting final states
with electrons of same charge

14
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Peaking background sources: D™ — K z7z™

LE o Data 5.4 fh™! E
. e 4 — 4+ 4+ 150:— C
* Doubly misidentified D™ — K~ 7n"7n™ were not expected :
to contaminate the signal region due to large ¢ — K mass 100 |- :
difference _
50 - n
* |ndividuated a sizeable contribution of this source due to 0318 SN et
incorrectly added bremsstrahlung radiation, bringing N - mt?“ggk@(w Zi ) [MeV]
background events back in the mass window
4c§2000_l | | | I_
63
Data 5.4 fh~!, mTaK(e e, m) € [1850, 1895] MeV
1500 |- ' -
1000 | -
500 | -
0— I R L 1

0.0 0.5 1.0 1.5 2.0
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Peaking background sources: D™ - K 7" zn™

50 s i
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100 .
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0 1800I | I18|5OI II I1:9I00I — I19I50I II IQOOO
mtraCk<e(—>K)7 C(—=n)s 7T> [MGV]
« Has non-trivial m(e*e™) distribution and affects only D™ e ey
channel due to charge of the final states and CKM mi | -
suppression N ﬂ[ﬂ[ ;
—\Vetoed this component “E ;
10F .

0 | l9éOl - lQéOl - llOlOOl - 1101501 ll 111100
m(ete™) [MeV]
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Peaking background sources: D™ — 7z x"

data, 0.87 < m(ete”) < 1.11 GeV MC, 0.87 < m(ete™) < 1.11 GeV
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Peaking background sources: D™ — 7z x"

"% ETTHCb Unofficial
4000 -

<4 Data 54 fb”
— Total fit
Combinatorial
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» Use PID inversion technigue to extract doubly sWeight; X wi(p, n, LOElectron)

 — e misidentified component from data: - 0
\E Dt — ¢(ee)n™ :Z DI — ¢(ee)nt
* Obtain sWeighted distribution in inverted : )
selection PID region - 0
PIDe > 3 | «»f PIDe > 3
* Project into nominal selection PID region using e PR e e SR O ~ A
transfer weights obtained from data myTTe'e) (MeV) mpTaree) (Mev)

invt invt

wpip(e™)i - wprp (e7):
wpint(et)s - wipt(e)s
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Signal yield extraction
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Systematic uncertainties



Peaking backgrounds systematics: D™ — #7727z

 Deployed technique enables important cross check of data driven approach by comparing
different mass fits in orthogonal regions of PID variables

~ 1600 ~16000 [
S - LHCb Unofficial PIDe > 3 S - PIDe < 3 & LHCb Unofficial
% 1400 = - Data 5.4 b % 14000 = +4-Data 5.4 fb"
> [ — Tomlfit > - — Total fit
\O 1200 :_ g+: $EZ+Z%§E+ * \O 12000 - Combinatorial
= 1000 Combinatorial $1000O __ D" — 3n
~ - EBD —3n > - D — 3m
O - Di — 3n QO C
2 800 2 8000 F
= n = -
'c% 600 :— g 6000 x
O 400k O 4000

200 - ;:;:‘,"\‘ 2000 :

E ] ] ] I Iﬂi‘ ) : ] I ] ] ] ] I ] ] ] ] I ] ] ] ] I ] ] ] ]
1700 1800 1900 1850 1900 1950 2000 2050
mTk(mwrer, e, ) [MeV/c?] mTk(wret e, ) [MeV/c?]

* (Clear separation in the nominal PID
region adopting 7 mass hypothesis
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Peaking backgrounds systematics: D™ — #7727z

 Deployed technique enables important cross check of data driven approach by comparing
different mass fits in orthogonal regions of PID variables

1600
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—$— Data 54 b

— Total fit
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1000

800
600
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1900
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* (Clear separation in the nominal PID
region adopting 7 mass hypothesis
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Summary of systematic uncertainties

« Evaluated by taking the standard deviation of R;;S) values when alternative strategies for yields
extraction/efficiency calculation are employed.

 Systematic error due to trigger, PID Source RS, -
and tracking are of per-mille order 2 resolution 3719 374,
| | Event multiplicity 2.61% 2.68%
* Fit modell systematics due to Simulation reweighting 2.72% 2.22%
assumptions in the backgrounds are Combinatorial background shape parametrisation 1.51% 1.04%
at percent level Statistical uncertainties of control samples 0.79% 0.57%
PID 0.24% 0.28%
— Important confirmation of the PID Trigger 0.277%  0.26%
Tracking 0.16% 0.14%

inversion method to estimate 7 — ¢

_ H Background from doubly misidentified electrons 1.10% 0.04%
misID at low g

 Sources above the percent level are expected due to imperfect cancellation of mother meson

kinematic corrections and relatively tight cuts around the D and ¢ masses for the electron signal
mode
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Results




Differential Rdfj)

= LHCh Unofficial 5.4 th™!
. As a cross check, R is performed in *#:H:#:—+—
. | or +
bins of variables relevant to the
detector response + D
4+ D
* In each bin different years are T 8 TR
combined as a weighted average, a(tH)
Interbin correlations are not taken into e
account ELB - LHCb Unofficial 5.4 fh~! .
. . oo . ED/1.10— .
* No significant trend is observed =S
E/ Vo ]
>i++i++ ____________________ |

 |Important cross check of brem recovery &
algorithm at low dilepton invariant mass %

using data

D. Lancierini (Universitat Zurich)

3 + o
o @ D} -
: T s

log[pPr®™(e*)/1MeV]
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@kl L L e e e
= S
= LHCb Unofficial 5.4 fb"
_.—.
_._#:#4:—4'—
<4 DT
<4 D
é "1'0""1'1""1'2""1'3"
log[min(p(e*), p(e™))/1MeV]
_1.20 . ——
=k LHCD Unofficial 5.4 fbh~" :

+ o
+ D

0.4 0.6 0.8
pPreM () /pp(et)
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Conclusions

. First cross check of LFU at low g using D(JS“) — @(£7¢7)r™ decays will be public soon

* (Challenging measurement, however it shows understanding of the portability of the corrections
derived at g ~ m?*(J/y) to lower values:

* Once the peculiarities arising from a different decay mother and type of backgrounds are
taken into account

» Offers unique opportunity to cross check tools and technigues used by the collaboration:

* Important check of reliability of # — e double misID contamination estimate with a control
channel

« Stability of the result as a function of bremsstrahlung variables is an important check of this
tool at low dilepton invariant mass

* Cementifies our confidence in light leptons detection efficiencies at low dilepton invariant
mass
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Thank you!






The selection chain

The selection is kept as aligned as possible between signal and control modes and consists of the
following steps:

* Online selection:
o Set of LO, HLT1 and HLT2 trigger requirements
» Offline selection:

» EXxploits the existing stripping lines for signal and control modes, introduces a filter for
simulated signal samples to reduce disk usage

* Fiducial cuts are applied offline to align data to the control samples and optimise eff. correction
procedure

. qzand mass(es) window and MVA techniques reduce contributions from partially reconstructed,
misidentified and combinatorial background sources
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Online selection: trigger requirements

 LO and HLT1 lines are aligned between
signal and control mode

* Exploit dedicated [HLT2 lines]| that were

introduced in Run?2 for rare LFV charm
searches. [JHEP 06 (2021) 044]

* These HLTZ2 trigger lines each use similar
selections, most importantly:

_———

ALLSAMEBPV

ADAMASS (D+) < 200 MeV

D. Lancierini (Universitat Zurich)

Electron mode Muon mode

Signal mode

L0

LOElectron(e) & FEr(e) > threshold  LOMuon(u) & pr(u) > 0.8 GeV
LOHadron(m) & Er(mw) > 3.5 GeV & pP () > threshold
LOElectron || LOHadron ||

LOMuon || LOPhoton (TIS)

HLT1 Hlt1TrackMVA(D) H1t1TrackMVA(D)
HLT2 Hlt2RareCharmD2PiEEOSDecision(l)) H1t2RareCharmD2PiMuMuOSDecision(D)
Control mode
L0 LOElectron(e) & Er(e) > threshold  LOMuon(u) & pr(u) > 0.8 GeV

LOHadron(K) & Ep(K) > 3.5 GeV & p’ () > threshold
LOElectron || LOHadron ||
LOMuon || LOPhoton (TIS)

HLT1 Hlt1TrackMVA(B) H1t1TrackMVA(B)

HLT2 H1t2Topo[2,3]BodyBBDT(B) H1t2Topo [2,3]BodyBBDT(B)

Joint SPS - APS Annual Meeting

H1t2TopoMu[2,3]BodyBBDT(B)
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https://gitlab.cern.ch/lhcb/Hlt/-/blob/2018-patches/Hlt/Hlt2Lines/python/Hlt2Lines/RareCharm/Stages.py
https://inspirehep.net/literature?sort=mostrecent&size=25&page=1&q=find%20eprint%202011.00217

Offline selection: stripping selection

e Stripping requirements are similar between signal and control modes, requiring a three track
combination with a well-defined vertex significantly displaced from any PV

* Particle identification criteria are loosened in simulation, while transverse momenta are tightened by

fiducial cuts
D2XMuMuSS_Pi_EE_0SLine | D2XMuMuSS_Pi0SLine
DOCA,.x (mm) < 0.15 < 0.15
cos(DIRA) > 0.9999 > 0.9999
Dey : Xip < 25 < 25
Xpy/ndof < 5 < D
m(GeV) > 1.763 > 1.763
|m — mng(D+>| (MGV) < 200 < 200
144 m (MeV) > 250 > 250
pr(MeV) > 300 > 300
/ p(MeV) > 2000 > 2000
isMuon — true
2
all tracks XTraC;?z i g i g
- pr (MeV) > 300 > 300
p(MeV) > 2000 > 2000

D. Lancierini (Universitat Zurich)

Bu2LLKeeLine2 | B2XMuMuLine
X?o py > 100 > 121
cos(DIRA) > 0.995 > 0.9999
B Xip < 25 < 16
Xpyv/ndof < 9 < 8
m(GeV) > 3.78 > 4.9
< 06.78 < 7.0
gé X]23V<—>PV > 16 > 9
X5y /ndof < 9 < 12
Xip > 9 > 9
/ pr (MeV) > 300 —
PID,, > 0 > =3
isMuon — true
all tracks prgbghost B < U5
XTrackFit < 3 I
% Xip > 9 > 6
pr (MeV) > 400 —
event nSPDHits < 600 < 600

Joint SPS - APS Annual Meeting
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Offline selection: fiducial cuts and mass windows

Signal and control modes are aligned to control
data samples using fiducial cuts in order to
optimise the efficiency correction procedure

* Signal is selected by requiring the dilepton

invariant mass and the ¢/J/y constrained D/B
masses to lie within windows to maximise the
signal yield

* Doubly misidentified backgrounds from

DT — K n 'z decays in the electron mode
are rejected by dedicated vetoes

D. Lancierini (Universitat Zurich)

ee mode

(14 mode

signal mode

m

track

(et—>Kt e —n—

prObghos‘c (ﬂ-a e)

0.76 < ¢° < 1.23 GeV*
1.75 < m@pp(ntet

Event quality
nSPDHits < 450
< 0.3
Clone veto
cos(mte™) < 0.99999
Double mis-ID vetoes

Fiducial cuts

pr(e) > 0.5 GeV
ple) > 3 GeV
hasRich(m,e) = true
hasCalo(e) = true
lrpcar(e)] > 363 mm
or lygcar(e)| > 282 mm
PID cuts
probNN_(7) > 0.2
PID.(7) < 0
PID.(e) > 3

Joint SPS - APS Annual Meeting

e7) <213 GeV  1.81 < m@pp(nt

\(mee) ¢ m(DT) £ 20 MeV

0.98 < ¢ < 1.10 GeV*
utpT) < 2.04GeV

Event quality
nSPDHits < 450
Clone veto

cos(mtut) < 0.99999
prObghost ( :u) < 0.3
Fiducial cuts
hasRich(m, ) = true
pr(p) > 0.8 GeV
PID cuts
probNN_(7) > 0.2
PID, (1) > —3
isMuon(p) = true
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Offline selection: multivariate classification

e A 10-fold MVA classifier based on
GradientBoost is trained to distinguish signal
simulation from sidebands

* Training variables are;

B+/DE;) P, Og X12P7 X%)V? DIRA7 X%)V(—)PV
I pr, log Xip

K*/m*  pr, log xip

[ min,max(pr), min,max(log %)

cos 8, (sighal mode only)

. Optimised using S/\/E for all modes
except the electron signal mode where the

Punzi FOM is used with significance of 5o

D. Lancierini (Universitat Zurich)

Counts/Bin

Counts/Bin
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0.08 — E 8 ] T T, S
.o BE‘:T_A
0.06 . 3
. B i Fg 0.4 i S s Ry
_ = u
0.04 S
¥ 2
- Q 0.2 e E e e
002 [— 2 | MVA Method
_ -~ —e— BDT_Ada0 :
O B g i g e ks g g g g T 1 O : —o— BDT_GO 1 1 l 1 1 1 1
0 0.2 04 0.6 0.8 1 0 0.5 1
Classifier, BDT Signal efficiency (Sensitivity)
+ +,, =\t
DT — ¢( T
(s) H U
E\‘b 1 — I E e e e e aras
S (Train) 'S -
0.12 — []B (Train) qa
—4— S (Test) 8-‘ 03 B
0.1F —4— B (Test) %) i
o
- 2
008 — *5 06 B :_Ada
B O
[ g
0.06 B]?T_GO
- 2 04
| g -
0.04 - TR o
- -
- Q2 02
0.02 — M _hf:f
[ -
O C 1 1 i ] 1 1 0 | —0— 1 1 1 1
0 0.2 04 0.6 0.8 1 0 0.5 1

Classifier, BDT Signal efficiency (Sensitivity)
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Offline selection: fiducial cuts and mass windows

* Fiducial, mass ranges and substituted mass cuts applied to the control mode

ee mode (444 mode
control mode 6.00 < ¢° < 12.96 GeV*~ 8.68 < ¢° < 10.09 GeV-

5.08 < miY (KTete™) < 5.68 GV 5.18 < m Y (K putp~) < 5.60 GeV

Event quality
nSPDHits < 450

probg. (K,e) < 0.3
Cascade vetoes Event quality
m(K*e~) > 1885 MeV nSPDHits < 450
mi (Kte™) ¢ m(D")£40 MeV  prob,,. (K, ) < 0.3
Fiducial cuts Fiducial cuts
pr(e) > 0.5 GeV inMuonAcc(y) = true
ple) > 3 GeV hasRich(K,u) = true
hasRich(K,e) = true pr(pn) > 0.8 GeV
hasCalo(e) = true PID cuts
lrpcar(e)] > 363.6 mm probNNy (K) > 0.2
or lygcar(e)| > 282.6 mm PID,(n) > -3
PID cuts isMuon(u) = true
probNNy (K) > 0.2
PID.(K) < 0
PID.(e) > 3
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Efficiencies calculation

tot _ ggeom(. gﬁlter) . TeC,strip | gpresel . oPID g 8BDT

E E

Ghost computation:

» Signal events which are misclassified as ghosts are taken into account

PID efficiencies:

« Use PIDCalib to extract u, K, r efficiencies

« ¢ PID efficiencies obtained by fit and count procedure on BT — J/w(eTe™)K™ calibration data

 Correction for electron PID factorisation bias

Calibration of B/D kinematics:

. Use BT = J/w(£+¢7)K™ and D(J;) — (¢ )t selected data correct for remaining discrepancies between data and MC

q2 smearing:

. Use parameters from a fit to m(J/y) to better match g resolution observed in data

Electron tracking efficiency corrections:

* Use the available WG tables to correct for inaccuracy of simulated track reconstruction

D. Lancierini (Universitat Zurich) Joint SPS - APS Annual Meeting
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Corrections to Particle ID efficiencies

CGU\ - LHCb = 200 +0%
%zooooo_ ——— o E " NNy €50:0% 8<p(e*)<12 GeV
. . = D" — (D' - K 7")m" | fo, €0£0%
 (Correct for mismodelled particle [ (2019) 6:1] = 160 2.76<n(e")<2.92
N | o | | -1 150000 - 5 140 ELy €40.10.4% .
identification efficiencies uSing E E 120 H. brem(e™)=1
data: ERL: ”23
”C% I 60
O 50000 F 40 Bt - K*J/y(ete)
i 20
° K , /U and MU (left) ————— S 0 5200 5400 5600
. o . (e e mPTF(K*e*e’) (MeV)
using efficiency histograms ke M/
from PIDCalib Fit to the data samples used as a source of T+ (left) and ei(right) PID eff calibration
é 1= —oq © 1
%/ 0.985— o @ E * sWeights
. - % 095H « fit&count
e ¢ (Il ht 096 F 3 = e fit&count, alt. binnin
( J ) o 094f PrObNN (7) > 0.2 ™, b == cou, e g
Dedicated calibration of ePID 0.92 F- . - _41
. . . . 0.9 = . :_
with fit&count method in bins of 088 F ok +
—+ + 0.862— . &
(p(e™),n(e™), hasBrem)
0.825— 07:. A B R 3 (0
08— EE— e | o o P(e) [MeV]
0 O pe Mev)

PID efficiencies for 7+ (left) and ei(right) as a function of their momenta
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https://epjtechniquesandinstrumentation.springeropen.com/articles/10.1140/epjti/s40485-019-0050-z
https://epjtechniquesandinstrumentation.springeropen.com/articles/10.1140/epjti/s40485-019-0050-z

Trigger corrections

Simulated trigger efficiencies are
calibrated using sWeighted

Bt — J/w(£7¢7)K™ data using a
tag&probe approach

« uTOS : pr(p)
« eTOS : Er(e)
« ATOS!: En(K)

« TIS!: max(pp(e™), pr(e))

* TIS tags are used to compute nominal

weights, other tags are used for
systematic

D. Lancierini (Universitat Zurich)

data/MC LOE weight

data/MC LOu weight

4 -
15 Wros, 2018
3
2 sE
2
1> E_ —— TIS tag
1 —
05 E_ —a—-Eltag
0 - A T .
0 2000 4000 6000 8000 10000
E(e) [MeV]
1.3
125 —— TIS tag
1.2
1.15 U tag
1.1 — Ktag

1.05

0.95
0.9
> W,ros 2018
0.8 L
10000 15000 20000

p.(W) [MeV]
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data/MC LOH weight

data/MC LO ey splitTIS ratio

[\

1.8
1.6
1.4
1.2

0.8
0.6
0.4
0.2

1.2

1.1

0.9

0.8

0.7

0.6

0.5

E_ —— uu, TIS tag

=3 —— ee, TIS tag

— : —— W tag

: 1 1 I 1 1 i I 1 1 I 1 1 1 I 1 1 1

0 2000 4000 6000 8000 10000
E(K) [MeV]

%ﬁl“' —e— ¢e WTIS tag

8 wirgr 2018

- ] 1 ] 1 1 1 1

0 10000 20000 30000

max(p (¢, p,(¢)) [MeV]
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O 14
| | | 2

Kinematic corrections 5
5 12

Use Bt - K J/w(u"u™), and D(J;) — 7 p(u ") 2 )
to correct for B/ D kinematics mismodeling in MC é 22
- 0.7
Simulation is reweighed to match the data 06"

distributions

(p1(BID) x n(BID), yip(B/D), x5 (BID)) S
3 13F

Nominal approach uses sWeighted 4 TOS data 3 1121
=

Weights from 4 TIS! tags or electron modes are used g 08
o 0.8

as systematics T
065

D. Lancierini (Universitat Zurich)
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BT — K"J/y(u™u™)

; * no weight
™ « uTOS nominal
e
1 I 1 1 1 1 I 1 1 1 1 I 1 1
50 100 150 ]
p (B") [MeV’
BT — KVJ/y(eTe™)
C_ * no weight
e « uTOS nominal e ¢TOS
— . uTOS nominal X VTXy?ee
- ¢
=gt |
Qili' l=‘=
— -8~
I 1 1 1 1 I
50 100
p.(B) [MeV.

L Ix10

x10
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Kinematic corrections

Weights derived separately for
D/D, data

Variance of alternative weights

reduced by adopting J/y

reweighting histograms due to

low statistics of signal electrons

D. Lancierini (Universitat Zurich)

D" = n"p(u*p)

Ratios of sWeighted data/MC

S 2 2o 29 - = =

o) <3 oo Ne —_ — \®} V) ~

REAALRERAN RRRRN LRAF “8) RRRsS LAE= VIARRY
i:
A

| 20000 | | | 40000 | .\
p,(D*) [MeV]

Dt — atgp(ete)

% 14
I 13 * no weight
= « uTOS from ¢
3 12 H
S 4
o 1.1 l
= 3 it | |
w
5 1gH|
2 FiE T
:'C_?S 0'9: T |
i !
0.8
0.7F
oo 1 1L

20000 40000 60900 |
p,(D%) [MeV]
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Ratios of sWeighted data/MC

Ratios of sWeighted data/MC
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Di-electron mass smearing

Simulated resolution is better than the one observed

In data

Extract smearing parameters from

BT — K*J/y(eTe™)

D. Lancierini (Universitat Zurich)

//tdata — //tMC-|- A//t,Udam =5_- GMC

N " £, €25.93+0.26% Ap=3295 =027
25000 oy
= - A =-0.00273 = 0.0012
N - N_ . = 414 =203
=20000 |—f,, €49.8+0.5% N, = 169685 = 460
& - fo, = 0.2696 = 0.0024
= ~ :
2s000 -  Simulated m(ee) f,, = 0.5202 = 0.0045
H - 5, = 1.263 % 0.018
_ s, = 1.1308 = 0.0054
10000 |~
5000 [~
O - 1 1
2500 3000 3500
m(e*e’) MeV)
%5000 o, €25.89:0.26% Ap= 157027
Y
= - ) =-0.00321 = 0.0018
N - N_ . =234=162
—20000 [—f,, €49.90.5% N, = 169865 =+ 444
2! — = +
% : Smeared m(ee) fy, = 0.2689 = 0.0024
2. 5000 = £, = 0.5193 = 0.0045
H - S = 128520017
_ s, = 0.9994 = 0.0046
10000 |—
5000 [~
N"
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2500

3000

3500
m(e'e) (MeV)
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Di-electron mass smearing

; - A, = 336074
. . . S 300 :_foéienzfdzi{%??q(ee) a xu= 20.01300 = 0.0056
* Simulated resolution is better than the one observed « F PN =87=86
T 2501, €493:05% + N = 152+ 60
iIn data £ 200 - ) 1\}1; e
3 - ; ‘ £ = 0.9488 + 0.0095
= F ++ 9 “\ £, = 02878 £0.0029
= ’ R £, = 0.4940 = 0.0049
* Extract smearing parameters from 100 - N
B* = K*Jly(ete™) TE ittt R
900 950 1000 1050 1100
m(e'e’) (MeV)
//tdata — //tMC 4 A,M, Udata =5_- GMC
S a0 " §, €28.68£0.29% Ap=033=048
. . . OEO = smeared m(ee) ‘ 1}:1 = -=0.(2);3+64¢10.0022
* And correct simulated signal mode resolution % 250 fr, caonosn frl e
_ 2 - AN N, = 3226260
aCCOrdlng to: s “VE S\ f= 109497 £ 0.0094
&a - ++ ~ . fo, = 0.2874 = 0.0028
150 — / f,, = 0.4942 = 0.0049
- Vs, =05=18
100 |~ y o
msmeared — mtrue 4 Sa(m o mtrue) 4 A//t 4 (1 o Sa)(ﬂMc o m(¢)) : s,= 1019+ 0025
50 — .
_ i ‘-_4."" .
900 950 1000 1050 1100

m(e'e’) MeV)
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» Strategic choice: use ¢-constrained D™
mass for the signhal mode yield
extraction to improve resolution

Warping of the combinatorial background shape

 The Standard Model (SM) of particle physics represents our best understanding of nature at

the tiniest scales.

It contains the building blocks of matte

However, we know what they say about

free lunches...

D. Lancierini (Universitat Zurich)

#events [arbitrary units]

#events [arbitrary units]

1
osl= w#TOS, data
013_

0.4

0.2

1

0.8
0.6
04

0.2
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Peaking background sources

Several sources of peaking backgrounds affecting the signal channels are considered:

I e e B B e L
| o ' W D, < glee)* from D, = oX MC
T jﬁ%ﬂ o b5 o i _ D, :gbg Z; r(;jlfrom_l)) S X MC ]
Dy — ¢(pp)e’, v from Dy — ¢ X MC 600__ D —>¢<€€)€ v from Dy — X MC
L 0 Dy — o(pp)p +fromD — ¢X MC D, —>¢<€€) +fromD — ¢X MC
1200 _- D _Hbt( )hlth)l( from Dy — X MC B D, — ¢(ee)rt X from Dy — ¢X MC
. . . mass cuts fn bt fine 500__ —-—==mass cuts in hlt line i
* Partially reconstructed and semileptonic wl Dt mass, u '
backgrounds of the kind:
300 |
600 | I

200f

D = ¢(£8)p(x*n°)
D—- @), v

100}

qOOO 1200 1400 1600 1800 2000 2200 2400 2600

L 14|00 60 1800
m(mee) [GeV]
o0 T """"'_ 60— T T T T T[T T
- B Dy — ¢(pp)m from Dy — ¢ X MC . r .
Dy — ¢(pup)pt, v from Dy — ¢X MC ] 0 Dy — olee)r™ from Dy — ¢X MC
i Dy — ¢(up)et, vy from Dy — ¢X MC i ok Dy — dlee)p”, v from Dy — ¢X MC ]
150 o Dy — ¢d(pp)p* from Dy — ¢X MC _ L D; —)(;5(66)6 v from Dy — ¢X MC
B D, — ¢(pp)rt X from Dy — ¢ X MC ] L -D—>¢(ee)+fr0mD - X MC
===+ mass cuts in the fit : |
1500 ] ook ™ D, = glee)r X from D, — X MC A
i : L ——-— mass cuts in the fit
I : ]
 Are checked with full simulation and reduced =} , I _
n n i 4
to a negligible level by the mass cuts | I :
: ] L
wof i ] 600 [ .
: _ L
500 - i ] 400 _ -
i L
250 I i 7] 200 _ -
I E I
0 20 0 w0 1800 000 0_' Y N L
me(mup) [GeV] 1200 1400 1600 1800 2000 2200 2400

¢-constrained D' mass, u mifree) G

¢-constrained DT mass, e
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Peaking background sources

Several sources of peaking backgrounds affecting the signal channels are considered:

» It is checked using phase space only goept
simulation (RapidSim + PHOTOS) that y _ gs — 1 eey)m
background sources of the kind: 0] ———— :Sjc(j?” _
+ / + - —
~ GO eern

4000
are reduced to percent level from acceptanc '

D mass window and lepton p, pr cuts

2000

05 06 07 08 09 10 11 12

V2 [GeV]

I
[
I
I
!
[
[
[
[
[
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Signal yield extraction: electrons

The signal yield is extracted separately in each year of data taking and trigger category

* Fit model for electron signal mode consists 5000
of: 4500 : LHCb Unofficial
4000 | —3-Data54 b’
e Signhal mode is parametrised as a sum t4 — Total fit

3500
3000

of double crystal balls, one for each
bremsstrahlung category with

Candidates / (7.6 MeV/c?)

parameters obtained from simulation Combinatorial
2500 BB D — 3%
* Chebychev coefficients of combinatorial 2000 ; g
model are free to float in the nominal fit 1500 )
1000 G
» Doubly misidentified D — ztz"x™" 500 : .
background shape and yield are et L e ey
obtained from inverted PID sample 1800 900 2000 2100

m(7*ere”) [MeV/ c?]
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Signal yield extraction: muons

The signal yield is extracted separately in each year of data taking and trigger category

* Fit model for muon signal mode

consists of: ) - LHCb Unofficial
e Signhal mode is parametrised as a = -
double crystal ball with parameters fﬁ R
obtained from simulation ~ 100k
N -
O _
 Combinatorial model as falling § e,
exponential 2= I
P FC% 10° =
. Doubly misidentified D* — z*z 2zt  ©  E T
background is negligible from PID and BT
mass window cuts 10 E ‘
| | I | | | | I | ks | | | I | | | | I | “I
1850 1900 1950 2000

my(wrutus) [MeV/e?]
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1.1

Systematics

e(PIDe)

» Statistic of MC and calibration samples 0.9

* Evaluated using bootstrapping method 08

0.7

0.6

0.5 L llllll L L L llllll
10* 10°

1.1

e(PIDe)
II|IIII

0.9

0.8

0.7

0.6

1
5

e ETA

0.5

S}
w
N

Applying bootstrap method to the
calibration sample used to extract ePID
efficiencies
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Systematics

e PID corrections

* Choice of PID tables binning scheme or trigger bias evaluated requiring TIS on the probe

electron

D. Lancierini (Universitat Zurich)
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Systematics

®)
2 L4
S 13F * no weight
:g 4 e uTOS nominal
% 1.2 ;— . uTOS nominal X VTXy?ee
() @
= 1.1
N u
% | |
_c% ;.-l '?“
@ 09 -+
0.8
0.7
» Corrections to B/D kinematics: - | . 10
0.6 1 1 1 I 1 1 1 1 X
50 L 100
 Syst. related to the choice of reweighting scheme, evaluated varying the tags used to derive p.(B) [MeV.
the kinematic corrections o 14
=2 - * no weight
;{é 13F « WTOS from ¢
o 12F
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Rt
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[ ; 1.1 : | i I I
7)) = T 1
o 1 e !
8 ETET
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Systematics

* Occupancy systematics

* Evaluated adding to the kinematic reweighting occupancy proxies (nPVs, nSPDHits, nTracks)

D. Lancierini (Universitat Zurich)
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Systematics

T 00 FLoy €28.7120.29% Au=-0495=0.75
> . A ) =-0.01196 + 0.0054
% - \ N, = 109 = 87
~ 20 f €49.4205% + N__ = 164+ 66
2 - TN N, =34542134
s “OF £37 = 0.9489 + 0.0095
& - ++ g “\ £, = 0.2876 00029
150 VR £, = 04942 x0.0049
- LAy, = 3016
100 - ! S \s, = 0.987 = 0.044
50
— " ' L xscticale .. gl
l_:L :%_E -'--‘l- L L L L L L L L L I ..I ..I. — - e
900 950 1000 1050 1100
m(e'e’) MeV)
momentum dependent smearing
T 0 Ffoy €27:46:027% + A= 27720065
> - A =-0.01190 = 0.0042
Q - N, = 354 =76
3 250 ), €49.8+0.5% N = 19154
2 - N, = 3182107
§ 200 - for = 0.9502 = 0.0094
m - fo, = 0.2756 x 0.0027
150 - f,, = 0.5003 = 0.0050
2 . 100 [~
* ¢~ smearing: -
50
* Uncertainties on the smearing parameters, smearing parameters momentum dependent o

1 1 -
m(e*e) (MeV)

¢ mass smearing using alternative procedures
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Systematics

* Fit model systematics

* Variations on the model used to parametrise combinatorial events and misidentified
backgrounds in the electron mode

D. Lancierini (Universitat Zurich) Joint SPS - APS Annual Meeting 5th September 2023



Combinatorial background systematic

 Parametrise the combinatorial shape as a L 400E 1 Heb
third-order Chebyshev polynomial, validated > 450 F 4 Same sign data 5.4 0"
against: % - — Same sign fit
] o 300 - Inverted BDT data 5.4 fb™!
~ E Inverted BDT fit
e Sample with inverted BDT requirement 250
O :
| L 5 200
« Sample obtained from selecting final = :
states with electrons of same charge § 150t
100 -

—
| 1

.,;.II 1

 Extending the number of terms in the

polynomial to 4 >

1 I 1 1 1 1 I 1 1 1 1 I 1
1900 2000 2100

m ¢( wrete”) [MeV/c?]
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Combination method ,
i o
I == 1- < RS%t T syst uncorr>
0.3 F : !
I
. I
* Even though measurement is not affected by |
D’Agostini bias, it is still systematically dominated  °°[ i
I
I
» Using the BLUE method to combine values in T i
different categories yields a biased average |
I |
0.0 —4 —3 —2 —1 0 1 2 3 4
« This is because sizeable off diagonal matrix b AgFor) L]
elements appear in the systematics covariance |
matrix 2 05 B : L R;;Tstatjtsyst corT
| St s syt o
04 : - 1= <R;§;£at—|—syst uncorr>
|
0.3 :
|
l
0.2 |
I
l
0.1 :
I
| : |
0'0—4 —3 —2 —1 0 1 2 3 4

bry Ag (RS,
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COmblnatlon methOd 504 !
| S O L
0.3 F : ’
 Even though measurement is not affected by i
D’Agostini bias, it is still systematically dominated  °°[ i
e Using the BLUE method to combine values in T |
different categories yields a biased average | i
0.0 —4 —3 —2 —1 0 1 2 3 4
* This is because sizeable off diagonal matrix b AgFom) A
elements appear in the systematics covariance |
maitrix | ~ 0.5 estal + syst corr

__Ter
1 sstat + syst uncorr
Ry,

sStat + syst corr

—-— - 1 R¢7T
N < pestat + syst uncorr>
oz

| [—. 0.4
V 0.3

5 R;bl](:) IS obtained as weighted average between T
the different categories 0.1F
* (Obtain systematic errors by averaging the L 0 1 2 3 1

combinations instead of BLUE method b Ag(£25:) 1]

D. Lancierini (Universitat Zurich) Joint SPS - APS Annual Meeting 5th September 2023



Combination

T < L2, Oy, < O g,

 Even though measurement is not affected by
D’Agostini bias, it is still systematically dominated

e Using the BLUE method to combine values Iin
different categories yields a biased average

* This is because sizeable off diagonal matrix
elements appear in the systematics covariance
matrix

 Example of combination of two values of the
same measurement using BLUE method
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R I X].
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