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Motivation

o 20

» b — s€T£~ transitions strongly suppressed in Standard Model (SM)

Loop topology and CKM suppression

» New particles (NP) may significantly alter observables:

— E.g. branching fractions B, angular distributions, etc.

= Rare b decays: potent laboratory to test SM

SM (example) ~/Z°

NP (example)
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% The b-Decay Playground @

» Measurements span big range of branching fractions

» Forbidden decay topologies violating flavour universality (LFV)

» Rare b — s/T/~ transitions, b — su™u~ covered by Jake

» Tree-level b — ¢/~ 7y transitions covered by Guy
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https://indico.cern.ch/event/1166059/contributions/5407580/
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Flavour Universality Ratios

» Test LFU in b — s¢*¢~ transitions using:
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> With g2 = m(£+£7)2

» Hadronic uncertainties cancel in ratio

= Rx can be precisely predicted in the SM

» Here focus on X,: KT,
[LHCb-Paper 2022 045]
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% LHCDb Detector @3@

» IP resolution: (154 29/pr[GeV]) um

» Momentum resolution: o,/p~ 0.5 —1%

HCAL
ECAL M5
SPD/PS s p

Magnet RICH2 Mg
T3

> ey = 97% for exyy ~ 3%

> cx kR 95 % for ErsK ~ 5%

» e ~90% for €, ~ 5%

[2008 JINST 3 S08005}
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https://iopscience.iop.org/article/10.1088/1748-0221/3/08/S08005/meta

% LHCb Detector - Calorimetry L)

. i
» ECAL resolution: 1% + 10 %/+/E[GeV] T1-T3 [ o]
I onfrom o
= exarapoittioi)
» Bremsstrahlung recovery for electrons: mognetic feld -
VE B Tt ool m)mTT ________
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LN

[2008 JINST 3 S08005}

P Extrapolate search window

\J — From VeLo

— From TT

» Add photons in search
window
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https://iopscience.iop.org/article/10.1088/1748-0221/3/08/S08005/meta

iiﬁﬁ@ LFU: Trigger Strategy @

Muon

» Different trigger-signatures for decays
involving muons and electrons

» Trigger thresholds consequently different:

— Muons:  pr 2 1.5GeV/c (2012)
~ Electrons: Et > 3.0GeV/c? (2012)

» Trigger on signatures independent
of signal that fire any trigger

» Exclusively combine trigger categories
to improve efficiency:

1. Trigger independent of signal
2. Trigger on signal lepton (u/e) (and not 1.)
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% LFU: Analysis Strategy ﬁ!@

» Experimentally Rx measured as double ratio of branching fractions:

Ry — B(By = Xsptp™)  B(Bg = XsJ/¢(eTeT))
T BBy~ X Jfo(utum)) B(By— Xeete)
— Large majority of systematic uncertainties
cancel to first order

— LFU in J/v — €t¢~ decays established
at %o level [PRD 88, 032007]
» Measurement in two g2 regions:

low-g¢2: 0.1 <¢®><1.1GeV?/c?
~ central-¢%: 1.1 < ¢* < 6.0GeV?/c*

tree-level

BS}(T‘];UM* b sce

B s 0t
flavio

dB (By — Xsl7)
dq?

» Ratio experimentally determined using:
yields and calibrated efficiencies

» Selection to enrich signal in dataset and A T [ PP
remove background contributions 2 [GeV2/e]
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https://journals.aps.org/prd/abstract/10.1103/PhysRevD.88.032007

% LFU: Analysis Strategy ﬁ!@

» Experimentally Rx measured as double ratio of branching fractions:

Ry — B(By = Xsptp™)  B(Bg = XsJ/¢(eTeT))
B(By — X J/¢(utp™)) B(By — Xsete™)
— Large majority of systematic uncertainties
cancel to first order
— LFU in J/v — €t¢~ decays established
at %o level [PRD 88, 032007]

» Measurement in two g2 regions:

low-g¢2: 0.1 <¢®><1.1GeV?/c?
~ central-¢%: 1.1 < ¢* < 6.0GeV?/c*

] tree-level

. Bs_l«l (‘l[l\' oy b — scc

== B K¢
lavio

dB(By — XsT07)
dq?

» Ratio experimentally determined using:
yields and calibrated efficiencies )

» Selection to enrich signal in dataset and I ]
remove background contributions ’ ;2 (Gev2/cl]
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% LFU: Background Vetoes

0.16

» Combinatorial background

012

LHCh
Simulation |

0.10

— Multivariate classifier using kinematics
and vertex information

0.08

Arbitrary Units

0.06

0.0

» Partially reconstructed (ete™) - -
— Multivariate classifier /7 ettt i " ' ' ‘
— Cut on corrected K<*)6+67 mass w00b B2 _93%  9T1% 6% 82 ]
. —_—
x 80k 1
» Explicit vetoes for specific decays 2w} ]
. . . 5 A0k LHCD central-¢* 1
» Mis-identified decays b OECh b Sigual effciency
v 20F : ~+  Background rejection 7
Novel data-driven approach to estimate S : - -
i xVe & XNV
pollution and shape el ,xg/“) 2/@" /\xf /\_\'f
A > Vohe %0 ¢
— Explicitly modelled in fit to data S PRSI o
o o X)\ ) N ]\Q W &b\
More information in backup $ § g7 ¥ <

$ ¢~ [LHCb-Paper 2022 045]
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LFU: Background Vetoes

» Combinatorial background

— Multivariate classifier using kinematics
and vertex information
» Partially reconstructed (e*e™)
— Multivariate classifier

~ Cut on corrected K™ ete™ mass

» Explicit vetoes for specific decays

» Mis-identified decays
Novel data-driven approach to estimate
pollution and shape
— Explicitly modelled in fit to data

More information in backup
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% LFU: Analysis Validation &!@

» Validation using ratio of resonant branching fractions:
B(By = XsJ/¥(u*p7)) B(By — Xsp(28)(u*p7))

—1
" BB, 5 X jb(ere)) ) T BB, X@S)(ere)
m 1.20 0 : : .
LHCh i
9fh! —— best fit
> Single ratio of branching L5} ggg oL
fractions 9% C.L.
Probe electrons directly L0 1
versus muons L2
— Limited cancellation of © Losh 1
systematics
= Stringent validation 1.00
» 74 compatible with unity )
0.951 ) ) ) ) B
| » Independent of kinematics | 095 100 105 110 115 120
5 [LHCb-Paper 2022 045]
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LFU: Analysis Validation

» Validation using ratio of resonant branching fractions:

B(By — XsJ/{(pnp™))

B(By = Xs(25)(utp))

T I/ = —, Ry2s) = —
T B(By — XoJ/ib(ete)) 25 7 B(B, = X4(25)(ete))
1.10 T T T T
) Lo 9 6% CL 1
» Double ratio of branching o6 e
fractions '
Measured like Rx 8 104
Same cancellation of & e
systematics
= “Rehearsal” of Rx 1.00
» Ry(2s) compatible with 0.98
unity 0.96 L L L L
L J 096 098 100 102 104
RS’(ZS) [LHCb-Paper 2022 045]
RWTH

Sebastian Schmitt
S —



https://arxiv.org/pdf/2212.09153.pdf
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LFU: Mass Fits

» Very clean muon final states

» Branching fraction compatible
with previous measurement

» Electron mode more challenging

» Part. reco. BY — K*0¢te~
constrained in BT — Ktete™

» Bremstrahlungs tails from
B, — X J/1 constrained in
central-g® region

[LHCb-Paper 2022 045]
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% LFU: Mass Fits «;@

Z60 Z6o
» Very clean muon final states a0 a0
Z2 %
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» Electron mode more challenging

50 i i

» Part. reco. B — K*Vete~ P 2 3
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% LEU: Results «g@

» Most precise test of LFU in
b — s¢T¢~ transitions

» Supersedes previous result and marks 14 LHCb Ry low-q® = 09947009
: r -1 contraloa? — 0.040T0-048
final result on Rx and Ry+o0 with L 9fb Ry central-g 0-9497(?:;0,
I Ry low-¢* =0.9277305
Run 1 and Run 2 data 1.2f :

Ry central-¢* = 1.02720077

» Compatible with SM prediciton < |
at 0.2 0 level ¥ 1.0:— T ﬂi

» Statistical uncertainties dominate 0.8k

R

. . r Data 2 _ . e
» Leading systematic from ! i M x'=16,p=0812,0=02

e 0.6F
mis-identified backgrounds -

¢ LOW- 2 ¢ central- 2 {* (]\V—(Z C+ central -(2

» Shift with respect to [Nat. Phys. 18, 277-282 (2022)]; 7w fccontmba i lowq™ fic: contrabg

Tighter PID working point (40.064)
— Correctly accounting for mis-identified backgrounds in fit (+0.038)

[LHCb-Paper 2022 045]
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% LEV: Analysis Strategy

Lo 20

» LFU violation in most NP models tied
to existence of LF'V decays

» Here, parallel search for
— B = K*(K*tn)uteT
Split into K" and Ky~ combinations
BY - (KK )uteT
» Trigger on muon in final state
> Tight selection criteria against backgrounds
Tight particle identification requirements
Multivariate classifier + explicit vetoes
» Limits set using CLs method

[LHCb-Paper 2022 008]
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% LEFV: Results ﬁ!@
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[LHCb-Paper 2022 008]
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% Conclusion

>

>

b — s¢T¢~ decays are a potent laboratory to
test the SM

LFU ratios and searches for LFV decays are
among the cleanest probes in b — s¢T ¢~

Data in excellent agreement with SM
predictions

» All measurements are statistically dominated

» Run 3 will increase sample size by

approximately factor 5

Unrivaled precision and new possibilities
in LFU and LFV observables

Tensions in b — su* ™ remain, see talk by Jake

14

1.2

Ry

0.8

0.6f

[LHCb-Paper 2022 045]

[ LHCb Ri low-g = 0.99470%%%
9 fb’] Ry central-g° = 0.9497)01%
Ry low-¢% = 0,927
Ry central-¢® = 1.027707%
{ g)l';‘[“'“ =16, p=0812 0 =02
Ry low-¢> Ry central-g* Ry low-¢* Rpc. contral-g?
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% Mis-Identified Backgrounds

— T T T — 100 T T T T T T
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% Ry and Rg+o Systematic Uncertainties «s@

Source low-¢° Ry central-g> Ry low-¢g> Ry. central-g® Rp.
Form factors 0.09 0.08 0.83 0.76
q° smearing 0.30 0.19 0.28 0.31
Particle identification 0.17 0.22 0.10 0.12
Kinematics and multiplicity 0.35 0.26 0.57 0.52
Trigger 0.27 0.16 0.26 0.13
Stability of r£, and r&° 0.78 0.38 1.79 0.47
JJ fit model ' 0.35 0.35 0.40 0.40
Fixed fit parameters 0.14 0.07 0.25 0.16
Combinatorial shape .99 0.16 1.39 0.38
Specific backgrounds 0.24 0.20 1.24 0.51
Misidentified backgrounds 2.50 2.22 1.87 2.29
Modeling of meqe 0.25 0.24 0.33 0.33
Total 2.86 2.33 3.73 2.52

[LHCb-Paper 2022 045]
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Stability versus PID Requirement

LHCb
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Background Vetoes
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Corrected Mass Variable

L
» Developed corrected mass meopr [JHEP 08 (2017) 055]
— Missing energy evaluated from ratio of pr

< &

= @f
N D)
g Q
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= T .= and Pcorr = O * Pete—
pr(ete™)

o
Primary
. L. Vertex
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s Weighted Data
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% Planned Future Measurements &3@

» Expected sensitivities on the planned measurements

» Uses Run 1 measurements or muon branching fraction to extrapolate

Table: Expected sensitivity on Rx with different dataset sizes,
extrapolation from 2018 Physics Case [1808.08865].

Rx 9fb~' 50fb !

Rk 0.043  0.017
Ry 0.052  0.020
Ry  0.130  0.050
Ry 0.105  0.041
R, 0302 0.117
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% LHCDb Detector

» Single arm forward spectrometer
» Coverage: 2<n <5
» Designed for heavy flavour physics

HCAL
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Magnet RICH2 Mg
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https://iopscience.iop.org/article/10.1088/1748-0221/3/08/S08005/meta
https://lhcb.web.cern.ch/lhcb/speakersbureau/html/Material_for_Presentations.html

% LHCDb Detector - Vertex Locator

» B mesons are longlived, 7 ~ O(ps)
» Impact Parameter (IP) resolution:
(15 + 29/p1[GeV])pm
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% LHCDb Detector - Particle Identification s

» PID key figures:

T 50|

E 45

— o 97% (m = 1-3%) Eo:
K 95% (1 — K: 5%) 3%
e: 90% (h—e: 5%) B uf
2%

Magnet

Calorimetry

Muon chambers
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https://cds.cern.ch/record/1978280?ln=de

e

LHCDb Detector - Calorimetry AN 2
» ECAL resolution: 1% + 10 %/+/E[GeV] LT3 % “

» Bremsstrahlung recovery for electrons:

Magnet

[2008 JINST 3 S08005]
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Ml

magnetic field
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from TT

\» Extrapolate search window
' ] — From VeLo
~ From TT

» Add photons in search
window
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% Bremstrahlung Categories ﬁ!@

» Bremstrahlung categories based on number
of photons added to electron candidates:

— “Brem-0": No v added to either e é 0006 " g T 7]
“Brem-1": One v added to one of the e = - Combined ]
-~ = . —
~ “Brem-2": Two or more 7y added to the e ='0.005 Brem-0 1
= r Brem-1 1
» Brem. fractions well modelled in sim. :%0004  — Brem-2 ]
» Fit shapes are determined for each category . ]
0.003 = ]
[JHEP 08 (2017) 055] g ]
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A Ry [PRL 128, No. 19] Lo A
s
» Decay: B — Kg€+€_ g » LHCb  § paasib® |
— Total
» Measured in ¢? € [1.1,6.0] GeV?2/c? g T, ) -~ B Kiee
7 Comb. Back. ]
» Run 1 and 2016-18 dataset (9fb~1) K A me- e o
5 F 7| B Jy(ee)Ks
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K64 Ry [PRL 128, No. 19 o 20

> Decay: BT — K** (K%nT) (T4~ < LHCb § paasi® -
— Tota 3
» Measured in ¢2 € [0.045,6.0] GeV2/c? 2 Zz ----- A
> Run 1 and 2016-18 dataset (9fb™?) g o me - ]
> First observation of BT — K** (K3rT)eTe™ 3 zz /i WPt R0
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g T o B - K™yt
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mKS7r pur) [Mevic?]
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% Ry / Rpe-+ Differential 7/, Measurement «3@
> Differential r;/, measurements [PRL 128, No. 19]:
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% Ry / Ric-+ Uncertainties &!@

» Statistical Sources from measured yields:

— Performed unbinned extended maximum likelihood fit
Dominated by uncertainty on B” — Kgete™/ Bt — K*t (Kgnt)ete™

Table: Yields RKg: [PRL 128, No. 19] Table: Yields Rg«+: [PRL 128, No. 19]
Decay Mode Yield Decay Mode Yield
B® - Klete™ 45  +10 BY — K** (Kgm +) ete” 67 +£13
B® — K%yt~ 155 +15 Bt — K™t (Ken) pp 221  +17
B® = K9J/p(ete) 21080 =+ 170 BT — K™ (Kem™) J/v(e’ 14330 £ 170
B — KJ/¢(utp™) 118750 & 360 Bt = Kt (Kgnt) J/yp(ut ,f) 75420 + 290

» Various systematic uncertainty sources studied [PRL 128, No. 19]:

Simulation sample size (O(2 — 3 %))
— Fit model, shape determination (O(1 — 2 %))
Simulation calibration (< O(1%))
Residual background contamination,
B - D= (KYX)Y, BY —» D’ (K2rt X)Y) (< O(1%))
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&6k R,k [JHEP 05 (2020) 040] Lo o

» Decay: Ay — pK (T4~
» Measured in ¢2 € [0.1,6.0] GeV?/c*

and m(pK~) < 2600 MeV /c? N§ 45 o '_'AELIDK,;; 3

» Run 1 and 2016 dataset (5fb~1) = jg"lbigi?:j"% :
» Only LFU test using baryons so far i’ 3 =Q§:|’2ﬁ2/e i _
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> 17, = 0.96£0.05 (stat. @ syst.) § 20 -

> Ry(2g5) compatible with unity within 1o é 15 E

| ] T 10 E

T " " " | " " h
» R, = 0.8617014 (stat.) 4 0.05 (syst. 5 5.5 6
pK —0.11 (stat.) (syst.) m(pK “e'e) [GeV/cd

> Agreement with SM at < 1o level
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E

R,k Differential ry/, Measurement

g 13 F T T -g 13 F T
2 b LHCb [JHEP 05 (2020) 040] 2 b LHCb
£ E £ E
5 1 ol
O e =S R T ‘
s : ++ ! 1S : = B S
09F 0.9F
o08f osf
07 10000 20000 . 30000 07 2000 4000 6000 . qobo 10000
p. (/) [Mevic] max p_(I*,1") [Mevic]
§ 13 F T -§ 13 F T T T
5 12 LHCb 5 12F LHCb
E E
g uf 2 11p +
T_i 1 —4= S—— T_;,:‘ 1F } }
osE osf +
08 * 08 —
°" 1500 2000 2500 075 o1 02 03 0z 05
m(pK") [Mev/c] 6., [rad]
RWTH

Sebastian Schmitt


https://arxiv.org/abs/1912.08139

i
'

=
n

8

Candidates per 13 MeV/c?

N
(=}

n
Ny

[

Candidates per 50 MeV/c?
[$2]

=
o

R,k Mass Fits [JHEP 05 (2020) 040]
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% R,k Future Opportunities

» Future opportunities: [JHEP 05 (2020) 040]

Dedicated analysis in split g regions
Study the rich m(pK) spectrum

= HKasier interpretability of the result
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% R,k Uncertainties [JHEP 05 (2020) 040] &g@

» Statistical uncertainties from unbinned extended maximum likelihood fit:

N(Ap = pK ete™) =122+ 17 N(Ap — pK~ J/p(ete™)) = 10180 + 140
N(Ay — pK~ptp™) =444 423 N(Ap = pK~J /(™)) = 40980 4 220

» Systematic uncertainties (on R;;{):

Source Run 1 LOI Run 1 LOE Run 2 LOI Run 2 LOE | Correlated
Decay model - - - - 1.9
Efficiency corrections 34 3.6 3.6 3.2 -
Normalisation modes 3.7 3.7 3.5 2.7 -

¢ migration - - - - 2.0
Meorr Cut efficiency - - — - 0.5
Fit model — — — — 5.2
Total uncorrelated 5.0 5.2 5.0 4.2

Total correlated — — — - 5.9
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