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Lepton Flavour Universality
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| LFU

- b — s transitions extensively used to test the lepton
universality of the SM

> Rare processes, happen only via loop or boxes,

B~107"-107°

» New non-LFU physics mediators can contribute with
comparable amplitudes

- Test LFU by measuring relative rates

= m2(£Fe s BB = XuTu)
q° = m*( ) jq d q
qmm dq SM
Ry = g2 B(B > Xete™) = 1
J Hax —dq if mL% < g°

dq?

qmln

» are clean: hadronic uncertainties cancels out in the ratio

> are predicted by the SM with very high precision
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- |LHCb dominates the precision on LFU tests with
different hadronic systems X = K, K*, pK....

= TJoday'’s talk:

CERN seminar

NEW! » LFU test with By = ¢ g+x-¢ €™ decays

< First LFU test with a B, decay
% First LHCDb high-g* LFU test
% First observation of B, = ¢pe"e™ decay*

NEW! » LFU test with BT — Ktz n~£7¢~ decays

N/

“«* First inclusive LFU test with 5-body decays

__|__

% First observation of Bt - K™z z"e%e™ decay
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LHCb Rk low-¢> = 0.994100%
9 fb"l Ry central-¢ = 0.9497(%%
R+ low-¢* = 0.9271000%

Ry central-¢° = 1.027f8"82,§
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*together with very low ¢ analysis

[LHCb-PAPER-2024-030], in
preparation, see Lakshan Madhan talk l
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https://arxiv.org/abs/2212.09153
https://indico.cern.ch/event/1441577/
https://indico.cern.ch/event/1423686/contributions/6139363/

LFU ratios challenges: e vs u =

- — — PRL 122 (2019) 191801

=25 o JER

Not in scale o ECAL N;w LSRR e
= Most electrons emit Tracking | 3 20f 10"
bremsstrahlung photons: 7/ | 1 S 8 "

» Need to recover the
photon cluster energy

10°

Vertex 10

» Photon added if compatible with
the extrapolated electron track -

O(50%) efficient

46 4.8 50 52 54 56 58 6.0
m(K ete~) [GeV/c?]

10*

= High occupancy in the ECAL

10°

» Higher energy thresholds — lower statistics 1
10°

10

50 52 54 56 58 6.0

m(K*utu) [GeV/c?]
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https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.122.191801

LFU ratios challenges: e vs u

Not in scale ECAL

Tracking
Tracking ~

Eo

- Most electrons emit

bremsstrahlung photons: 200

» Need to recover the
photon cluster energy

— -

e

100

Vertex

» Photon added if compatible with 0
the extrapolated electron track -
O(50%) efficient _
| | 1500}
= High occupancy in the ECAL -
1000 |
» Higher energy thresholds — lower statistics ;
= Additional backgrounds in the electron modes 200
» Partially reconstructed decays, misID i — e, leakage 0

from resonant decays
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q* = m* (1)

PRL 131 (2023) 051803
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https://arxiv.org/abs/2212.09153

h —> miSID baCkgr()und PRD 108 (2023) 032002

0.6 :' L L L I:
. . ) 0.5 - LHCbH 7
— Data driven method developed in Ry & Ry analysis - L7
'4§O4 -+ Pions -
_ . L . =
Basic principles: 203 | +  Kaons E
> Define control regions enriched in misiD, by inverting §02 - T -
PID criteria on the electrons 0.1 | —— -
B ———— —— -
. 0 L=, v 1 oy e
» Compute weights to transfer knowledge from control to 5 3 A .
signal regions {
0.6 :' L L I
- LHCb E
g05; 1.7 b .
§O4 - <+ Pions * = : —
= - ag o
«g 0.3 E <+ Kaons . ++ E
Z - - 4
n B s 2
§ 0.2 :_ =0m -o-_._._.:.‘ +_:
OO:mf...l....l
3.0 3.5 4.0 4.5
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https://inspirehep.net/literature/2684465

X =Knr

[LHCb-PAPER-2024-046], in preparation

h — e misID background

()
-

o ]
: : : % LHCb 9fb~"

— Data driven method developed in Ry & Ry analysis 2 s -
: L. % :f/ N L Model

= Basic principles: £ o | [LHCH-PAPER 2024-046].

i - TN preliminary T

. . . . . . . =B RN :

> Define control regions enriched in mislD, by inverting § : L (1T :

o 5 1 -

PID criteria on the electrons : 1 M :

0 R | ! ! | ‘\»: | NS 2 T &

> Compute weights to transfer knowledge from control to 5000 5200 5400 5600
. . — — 2
signal regions m(K"mtr"ee”) [MeV/c]

> Use the mis-ID weighted events in the control regions to
estimate lineshape and amount of misID background

i
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X = Knnr

[LHCb-PAPER-2024-046], in preparation

h — e misID background

—~207p | ]
. : : % LHCb 9fb "

— Data driven method developed in Ry & Ry analysis 2 s -

: . . % 'q“”/ . Model
- Basic p”ﬂClpleS. 4% 10 7 11 *\\ [LHCb-PAPER-2024-046] _|
% i T \\ 1 preliminary ]
> Define control regions enriched in mislD, by inverting § : L (1T :
L 5 il -
PID criteria on the electrons : T M )
0 R ! ! | ‘\» &

> Compute weights to transfer knowledge from control to S0 5200 5400 5600
signal regions m(K ntreTe”) [MeV/c’]

~20 T

> Use the mis-ID weighted events in the control regions to % : LHCD 0fh-1
estimate lineshape and amount of misID background o i D O
= Main source of systematics, assessed by varying jg 10 ;7/ T \ L P -
= IR :
> The size of the contribution § 5 _ \\ " _
> The lineshape models | o I ﬁ-ﬁ}m L

0 5000 5200 5400 5600 |
» The PID criteria to decide it was a K or a 7 misID m(K*rtn—ete ) [MeV/c? l
° 8
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LFU ratio: Experimental strategy

- Ry are measured as double ratios, to mitigate e/u reconstruction differences

; n

B = XyQ2S)( = £7¢7)

> Yields: unbinned > Efficiencies: simulation 1
maximume-likelihood fits to corrected for well-known B - X¢+e-
the B invariant mass MC/data differences
[4m(0)?] —
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LFU ratio: Experimental strategy

- Ry are measured as double ratios, to mitigate e/u reconstruction differences

1
h B = XyQ2S)( = £7¢7)

> Yields: unbinned > Efficiencies: simulation 1
maximume-likelihood fits to corrected for well-known B — Xt+e-
the B invariant mass MC/data differences

= Resonant channels also used for checks/data driven studies

> J/y and y(2S) satisfy LFU, not mediated by b — s£¢

BB — X
Vi = B = Sndli) =1 Sensitive to e, i differences
Y BB - X (- ee))

BB — XWw22S) - up)) BB - X( — ee)) Efficiency related systematics

oo R — — 1 . . |
VED T BB - XUy~ pp)) BB — XW(2S) = ee)) cancel in double ratio |
LHCb-IW 23-25 Oct 2024 10 |
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R, - Strategy

.
—_
DO

= Measurement performed in in three q2 regions

.
—_
-

> low-¢%:0.1 < g* < 1.1 Gev?/c*

Candidates [a.u.
=
&

» central-g”: 1.1 < g* < 6.0 Gev*/c*

=
o
S

» high-g* : 15 < g% < 19 Gev?/c*

- Take advantage of the narrow ¢ resonance and
excellent m(K*K™) resolution at LHCb

=S T T T T I

X

0.04 |
— Use full LHCb dataset (9 fb™1) 0.02:

0.00 L

1020

T T T T
LHCDb simulation -
B — (K"K )ete™ |
B - KK n )ete™ ]

LHCD Ly = 2.2
<+ Data (same sign)

arXiv 241013748

1080 1100

1040 1060
m(KTK™) [MeV/c¢’]

SHE BT - Cross checks:
1.2 F Lor 4
10 =- ;-a > Ty = 0.997 £0.013
0.8 [ -
0.6;— 10 AT — > Rw(zs) — 1.010 T+ 0.026
0.4 f ' .
02| ; = Uncertainties includes systematics due
00t AN S to the calibration sample size
0.0 0.2 0.4 0.6 0.8

)

elab (ﬁf_) [rad]
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https://arxiv.org/abs/2410.13748
https://arxiv.org/abs/2410.13748
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%25 [ + Data -
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=iy, | significance
— modeled with pass-fail = : |
@) ]
method : e
() — 4 ) :Z 2600 4800 5000 5200 5400 gédo 5506 | 6006 |
- Tree-level B, — D_e"v,in central and low-g _ (KK ete) Mev/ef
0 g 1.1<q|2<6.OGe{/2/c4 | | L_}iI_CIb Lim=9lfb‘1
—\ o Data -
— Leakage from B, — ¢J/w( — ee™) in centraland 2™kt e U
hi o) = 100 —BS%%J/W 1 ta.tlstlca
igh-g P B Misdentifiod 2 significance:
. , E S Combinatorial - 5.40
—\ . = 90 ]
— Leakage from B — ¢y(25)( — ee¢”) in high-g E
25 —
. . . . 9 ; = S :
= Challenges in combinatorial high-g~ due to the L T
limited phase space after the selection S SR IA VIR ARSI |
) , . . , A T i 7
> Use "acceptance” function validated on same-sign g | T ! L | Statistical
data 520 . —5, = v(25)¢ 1 significance:
= | s B0 $(29) (J/YX) 6 ] 3.60
=10 === Combinatorial |
*together with very low g? analysis [LHCb-PAPER-2024-030], in -
preparation, see Lakshan Madhan talk 0 e e

5000 5250 5500 5750 6000 6250 500
m(KTK ete™) [MeV/c’]
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https://indico.cern.ch/event/1423686/contributions/6139363/
https://arxiv.org/abs/2410.13748

|
-

| R - Results A

Q N I L L B I B
2L LHCb Ly =9~ -

zi i low-g*

2 2/ 4 1 . ffnﬁmlz'f

q° | GeV7/c% R, N . llg-q -
0.1<q®<11 157%92 4+0.05 | : e ;
1.1<¢><6.0 0.917% +0.05 N - _ : -
15.0 < ¢®> < 19.0 0.85792 4+ 0.10 L \ | '
1 - i ) éLocal minim ]
) L—— L u : BT | AT R N T T T T B
= In agreement with SM predictions U9 L0 = 20 29

= Dominated by statistical uncertainty

= Main systematics due to signal and background modelling shapes
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https://arxiv.org/abs/2410.13748

|
-

R - Results A

>Tl'o'_g''I""I'"'I""I""I""I""l"'

RS - T 0 N

% 5 i LHCb Liy = 9fb~! i %:2‘;5 -

O [ aXiv2410.13748 -7/ SM (LCSR+Lattice) |]

¢? [GeV?/ct]  dB(B%— gete)/dq? [1077 GeV2cd] | SM (LCSR)

SN SM (Lattice)
0.1<¢g’<1.1 1.38 1925 4 0.04 £ 0.19 & 0.06 —10 _
1.1<¢*><6.0  0.26+0.06=+0.01+0.01+0.01 e o T U(25) :

15.0<¢><19.0 0.394+0.1140.04 4+ 0.02 £ 0.02 ? R I — :

— : B —4— ﬂ_+—k—_

g | T | :

i) i

O-I....I....I....I....I....I....I....I...
0.0 2.D 5.0 7.5 10.0 12.5 15.0 17.5

¢’ [GeV?/c]
= |n agreement with SM predictions
= Dominated by statistical uncertainty
= Main systematics due to signal and background modelling shapes

- GB(B; — ¢eTe™) agrees with measured B(B; — ¢pu*u~)

—_
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https://arxiv.org/abs/2410.13748

X =Knr

R,

- [LHCb-PAPER-2024-046], in preparation
- - otrategy

— Measurement performed in central-g% : 1.1 < g* < 7.0 Gev?/c*
PRD 83 (2011) 032005

— Use full LHCb dataset (9 fb™1) Bt - K*ntn—Jap Belle
L o r K.(1270) » Kp
- Inclusive in the very complex Kz system 222— F Ki(1270) > K*(89)T
E i 1400) = K*
= Simulated with phase-space model 0 i Kl(}iggi_, E*SS;;E

> Reweighted to match resonance structures
seen in J/y resonant channel

Entries / 0.040 GeV?

> Extensive systematics studied
= (Cross checks:

R 1.033 £ 0.017
w(BT —=J/YK ™) _
14 |- (B IR ) _ > Ty = 1:V22 =
1.2 — > RW(ZS) - 1040 + 0030
1.O oo o p—— e . . . |
LHOR LHChpAPER 024 006) = Uncertainties includes only systematics

0.8 I relimin 5 o . |
Run2p2 TOS  Prefminary due to the calibration sample size |
0.6 | | | | | | | | |
SO N N \)\\9 < \) <
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https://arxiv.org/abs/1009.5256

X =Knr

BT — K n"n e e observation

- modeled with pass- 200 —
fail method § ¢ €[1.1,7] GeV?/c* LHOD 0]
o - < n [LHCb-PAPER-2024-046] .
— Leakage fromB"™ — K n'r JIhy( — ete™) E 150 preliminary T IT)jtt;
| \‘_'\/ A Statistical —-— Signal
= Partially-reconstructed background 8 100 i‘ significance: h—emislD 7
5 > 100 I J/+)-leakage -
> Challenging, no a priori information on = = Partreco
. % Combinatorial
underlying structure o 50} —
» Shape and amount extracted from J/y T e,
= . A

resonant data 5000 5200 5400 5600
m(KTntr~eTe ) [MeV/c?]
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Ry - Results

¥/

> | | | |
6L LHCb privat ilati ~
B 1018 Lo.1o private compilation
Ry = 131777 (stat) 005 (syst) _ )
1.4 - T -
= |n agreement with the SM predictions I
1.2 | | -
= Main source of systematics: N I
. LOfF -
» Background modelling : | ? : :
: - ET HH Ry  [PRD108(2023)032002] _
> Reweighting of the simulated 0l R I T p— .
h - T B ' I-I-I Ryr [LHCb-PAPER-2024-046]
phase-space l|—o—| +_ 1 4 Ry [arXiv2410.13748]

0.6 - J HH  Rp+ [PRLI128(2022) 191802] ~
| Ry, [PRL 128 (2022) 191802] ]
- R,k [JHEP05 (2020) 040 ’
e T T D D T T D T

0.0 2.5 5.0 7.5 10.0 125 150 17.5

q° [GeV?/c* |
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https://arxiv.org/pdf/2110.09501
https://arxiv.org/pdf/2110.09501
https://arxiv.org/pdf/1912.08139
https://arxiv.org/abs/2410.13748
https://arxiv.org/abs/2212.09153
https://arxiv.org/abs/2212.09153

B

Rare searches and Lepton
Flavour Violation
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| Rare searches

T —
— Strongly suppressed decays B < 0(107), sensitive to NP o _Ig‘lfng R :
contributions = s e imivals o B T
— First search for BXf — ntu™*u~ %10
» No theory predictions, can provide insights to QCD § Z :
» Fitto m(z utu™) in g% intervals
— First search of B § — pu*u~ decays in B} — B (u"u")x* ‘;: jz LHC | :
» Accurate SM predictions B ~ 107! eaL1162016) 14, 141801 Tz 10; |1 ! | _
» Exploit B displaced vertex to reduce combinatorial bkg ig 5 :“:.:H'_.M;: .T. ..ll..‘..
> Simultaneous fit to m(u*u™) and m(z*pu*u") 5 __.HHl*ﬁ

I53OOI II I54OOI | ISSOO
m(u i) MeV/e?)

_

LHCb-CONE-2024-003

|

Ryt ymy it < 3-8 X 1073
Rpeout sty < 50X 10‘

|

SOt ‘
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https://inspirehep.net/literature/1393756
https://link.springer.com/article/10.1140/epjc/s10052-024-12669-x
https://inspirehep.net/literature/2801848

Rare searches

— SearchforB = Du*u~

> Different inteiactions: Annihilation, B(B® - D u*yu~) < 5.1x10"8 B(B® - D% /) < 1.1x10~°

penguins, W exchange.... B(B* - DX utp~) < 3.2x1078 B(B* - D] /1) < 3.5%10~7

» Studied with and without a J/yr B(B2 - D°%utu~) < 1.6x1077 B(B? - D°J /¢) < 1.5x107°

Intermediate resonance fo/fu BB > Diutu~)<9.6x107°
, JHEP 02 (2024) 032

— Selected in g% € [0.044, 8.0] GeV?/c* S
: . > sfp D LHCb -
— World’s best limits at 95% of CL CRN Sy ol =
e - [ Bl - DYy AT .
o S 60 3Bl DYy A =
— Improved precision of B(BF — D J/y) 3 sof T Cmbe f_ :
S a0f =
I 5 g 30 | E
— - BB - D JIy) =(1.63+0.15£0.13) X 10~ - §
fu 201~ + E
10 o E

6000 6500

19!
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https://link.springer.com/article/10.1007/JHEP02(2024)032

- b — sC¢ transitions also used to look for LFV decays

» Related to possible LFUV
> Can help constraining NP models
— Search for B - K™ %u*e¥ and BY — ¢u*e™
> Results also forb — suTe” and b — su" e separately

’ o
No access found, best limits set @90% (95%) CL

B(B°— K™u'e ) < 5.7x10°° (6.9 x 10°°),
 B(B°—= K*uet) < 6.8 x 1077 (7.9 x 1077), 4
B(B’— K*u*eT) < 10.1 x 107 (11.7 x 1077), |
| B(B— gpte™) <16.0 x 107° (198 x 10~°)|

World first limit

» Provided limits on a scalar and left-handed NP scenario
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Candidates / ( 25 MeV/c?)

Candidates / ( 25 MeV/c?)

40

JHEP 06 (2023) 073

: LHCb
35__ . - 9fb—l
- B'—sK 1tet
30 # T T § Data
’5 — Bkg + sig model
Bl — Total bkg
20 --- Combinatorial bkg
A B s Higher excited D~
IS mil, o & Semﬂeptomc + 7
105_ 1 “."‘, l """ B — 5 X 10
s 1
| e, 525 2
4500 5000 5500 6000 6500
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14— LHCb
- 0 _ 9fb™!
12 B,—outet
- § Data
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- — Total bkg
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milir T i B, _1><10'7
Al Il om
A -a..u ]
I l"' il :1 11T !
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https://link.springer.com/article/10.1007/JHEP06(2023)073

[LLFV with taus
@90% CL

- Uset” = nntn (7', «93(30 — K*OT Iz ) < 1 O 107 ‘
99(30 - K*% H ) <8.2x 10—6

— Search for Bt — K Yz%u™

JHEP 06 (2023) 143

> Separated treatment for charges

(<‘-\ I l f/\l-\ [ L L L
. . § 40 LHCb Y LHCb ]
combinations 2 3 / 6 fb~' (Run 2) E 10f 61 (Run2)
S 30 o S sk :
. Q )5 — Fit CO\] N
~ & N K . B 5kKk" ¢ N~ B
» Corrected mass used to recover neutrinos = + ] Wkl S of
% | / ‘ Background 9 -
5 15 S 4
energies: m.,,, =+ /p> + mz.. +p Skt :
corr — 1 K*zu 1 I 4 5 of
@) - "
arxiv:2405.13103 = A < 0 0 SO I - 1 e 3% o ol s
— —_— S 3000 4000 5000 6000 7000 3000 4000 “5000 6000 7000
14 - LHCh Data — Total fit E 14 — ——Data — Total fit - Mo, [MeV/c?] m... [IMeV/c?]
1k 9 fiy! -- Smooth bkg. -D(])n' bkg. = . o --Smooth bkg. D¢z bkg. 3
- 37 signal  [7]377° signal J3rsignal [ ]37x°signal -

- Search for Bf — QT

Candidates / (100 MeV)

> Mass re-fitted including missing neutrino
momentum and kinematic constraints

Candidates / (100 MeV)

— » No charge separation possible
| @90% CL
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https://arxiv.org/pdf/2209.09846.pdf
https://arxiv.org/pdf/2405.13103

Outlook

. . . = PH _ pP¢
= More updating/searches ongoing with Run2 data O =F =P
. . . ] ,;_4% 0.4 - LHCb oreliminary ABCDMN
» Direct searches in 7 — 3u (under internal review), s 9 fb-! £ D 7
T— ¢/’ta T — DUU 'c§ 0.2 | T I !
see Lakshan Madhan talk 53 1 T F 1 41 I
> LFU observables in angular analysis g 00 | ool
—0.2 |
_04 L | B> K*¢te

Or, 01 01 Os O 0s Os O

[LHCb-PAPER-2024-046], in preparation

—

Sara Celani LHCb-IW 23-25 Oct 2024


https://indico.cern.ch/event/1423686/contributions/6139363/

Outlook

= More updating/searches ongoing with Run2 data

» Direct searches in 7 — 3u (under internal review),

T — P, T —> puu
see Lakshan Madhan talk

» LFU observables in angular analysis
= New data from Run3!

> Collected with an upgraded detector and trigger
system

» Reducing systematics due to data driven methods

» Better sensitivities for LFV and rare searches
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LHCB-FIGURE-2024-030
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https://cds.cern.ch/record/2912743
https://indico.cern.ch/event/1423686/contributions/6139363/

Back-up
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R, Secondary minimum

= Secondary minimum characterised by flatter combinatorial
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Phase-space correction

Bt - K KO- Ktn)at) ¢~
= BDT reweighter comparing simulation and = K (= K2(= K'a0m)

B - K n"n=J/w( = u*u~) s-weighted data

> Trained on
m(Kr), m(rrx), m(Knr), cos 0;, cos Ok, cos Oy,

» 10-fold cross validation

» Also transferred to electrons

» Data unfolded with efficiencies maps to take ir
account acceptance effects

= Systematics uncertainties are assigned by:
» Training the reweighters on BY - K 7727y decays

» Using no angular information in the training

» Training on custom simulation where the Kz system is in different spin configuration ‘
24
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R, Phase-space correction

Ricen = 1.3175 5 (stat) X3 (sys0)

~ 10 R D
Q i | _
= Profile log likelihood used to evaluate the & g [ LHCb ofb™ _
agreement with SM: 1.7¢ SR T
a\ i ! o -
) . B . | N +20 —
= First observation OfB+ —> K+7T+7T e+e 0 i i [LHCb-PAPER-2024-046]]
decay, significance > 100 (Wilk’s theorem) Al preliminary b
= Systematics directly added by convoluting
the likelihood with a Gaussian kernel ol i -
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-
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Pass-Fail
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Control regions

[PRD 108 (2023) 032002]
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