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See also A. Scarabotto’s talk on lepton flavour violation, rare charm & strange decays



Flavour Changing Neutral Currents (FCNC)

e Only at loop level in SM — sensitive to effects of New Physics (NP) in
the loops and access to larger scales than direct searches
e LHCb: tests of couplings to 3rd generation b-quarks in b — sll decays
e b — slldecays suppressed by smallness of V.V _
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FCNC observables 7 W

Complementary sensitivity to NP in: f

ng/) and 01(6)

Long distance B
contributions from CC

e Leptonic, semileptonic and radiative decays
o semileptonic: different g*=(m,)* regions
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o o N threshold
e different observables: 4 [m(p)]?

—>q
o Branching fractions (BF): predictions affected by hadronic uncertainties
Angular observables: first-order uncertainty cancellations
Ratios of BF: large uncertainty cancellation
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LHCb: Large Hadron Collider Beauty experiment

INST 3 (2008) S08005 Ap/p =0.5-1.0%
AIP = (15 +29/p_[GeV] ) pm
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AE/E.., = 1% + 10% / V(E[GeV])

x\‘\\\\ \) | Electron ID ~90%
:\\ \\\\ for ~5% e—h mis-id probability

\ \\\\' Kaon ID ~ 95%
o | for ~ 5% m—K mis-id probability

: Muon ID ~97%
e Run1(2010-2012)~3 fb" for 1-3% 1—p mis-id probability

e Run2(2015-2018)~6 fb™ IntJ.Mod.Phys.A30,1530022(2015) °



https://cds.cern.ch/record/1129809
https://doi.org/10.48550/arXiv.1412.6352

b — sll anomalies

Hints for deviations wrt SM in b — sp*u” BR and angular observables.
A lot of interest due to coherence and combined significance.
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Open question: NP (in C,/C. ) or non-local SM hadronic effects, eg charm-loop?
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http://arxiv.org/abs/2105.14007
https://arxiv.org/abs/2207.13371
http://arxiv.org/abs/2003.04831

Analysis of A, — pKp“p decays

IHEP 12 (2024) 147



https://arxiv.org/abs/2409.12629

Strategy

[HEP 12 (2024) 147

Measurement of A, — pKu*p" BF and angular coefficients in q* and m(pK) bins
e g% 0.10-17.5 GeV?, excluding ® and {(2S); J/U as control
e m(pK): 1.4359 - 5.41 GeV, including many A — pK resonances with different J°

5-dimensional decay rate:

i
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SWZK ¢*, my) fi(€2)

D = (g Mo cosep, cosep, ®)

e treat asunpolarised andinclude], <

° dlfferentlal BF wrt J/{ mode

5/2 = 46 angular terms

e K angular coefficients from moments of angular distribution:

[?Zz% Z w(P

event n

w: detector efficiency &
background subtraction



https://arxiv.org/abs/2409.12629

[HEP 12 (2024) 147

Overall compatible with SM. Better understanding of

Ab —> pKl.l+|.l- rESUI.tS hadronic system needed for detailed interpretation.

Differential BF in (g?, m.,) bins
e limited by BF(A, — pK]/{) knowledge

o first M o bin compatible with A —A(1520) p*y-
e g’shape not compatible with SM quark-model
o my shape similar to A,—pKJ/{ and A, —pKy,
consistent with available phase-space
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https://arxiv.org/abs/2409.12629

N, — pKp'prresults

Differential BF in (g?, m.,) bins

[HEP 12 (2024) 147

Overall compatible with SM. Better understanding of
hadronic system needed for detailed interpretation.

Complete set of angular observables:
e AY_:sign-change low and high g®> — vector and

e limited by BF(A, — pKJ/{) knowledge
e firstm_, bin compatible with A —A(1520) py axial-vector interference
e g% shape not compatible with SM quark-model o large AP — interference A states
. . . 2 .
e m, shape similar to A,—pKJ/{ and A, —pKy, e tabulatedvaluesing”and m  provided
consistent with available phase-space
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https://arxiv.org/abs/2409.12629

Comprehensive analysis of local and nonlocal

amplitudes in the B° — K'p*y decay
IHEP 09 (2024) 026



https://arxiv.org/abs/2405.17347

[HEP 09 (2024) 026

New approach to B — K'p*p angular analysis

Previously: exclude J/y and (2S);
effect on rare mode from theory

estimates

Here: fit full g% and measure local

and nonlocal amplitudes from data
e acceptance & resolution from MC
e background fraction from mass fit
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https://arxiv.org/abs/2405.17347

[HEP 09 (2024) 026

Extraction of local and nonlocal amplitudes

Fit 4-dimensional decay rate, with 796 < m(Krmt) < 996 MeV:

AT (B = K+tnutu)
FERTS = 35 Z J %) fi(cos By, cos Ok, 6) G,

f(Q): spherical harmonic angular coefficients s

o

e G: line-shape of Kmt system (including P- and S-wave)

° Ji(qz): functions of C. and local hadronic form-factors

e nonlocal effects absorbed as shift to C:|C = Cy + Yz.(¢°)
o one-particle {p(770),w(782), $(1020), J/, ¥ (2S),

(3770), 1 (4040), 1(4160)} | ;

o two-particle {DD,D*D, D*D*}

13



https://arxiv.org/abs/2405.17347

[HEP 09 (2024) 026

B — K'p*y results

e Measure contribution one- and two-particle nonlocal amplitudes across g2
Measurement of CY; and CY. j Wilson coefficients: still 2.10 deviation wrt SMin C,
Postfit local form factors compatible with priors, but results sensitive to priors —
improved calculations needed

e First measurement of C,_ from b—st't, T't— VAR TR TR G, [< 500 at 90% CL

o LHCD 841 == Total
== . Total, SM WCs

- SM from GRvDV

s

0 2 4 6 8 10 12 14 16 18
¢* [GeVZ/cY 14

Wilson Coefficient results
Co 3.56 +0.28 +0.18
Cio —4.02+0.18+0.16
A 0.28 +0.41 +£0.12

C,, —0.09+0.21+0.06
Cor (—1.0£2.6+1.0) x 10



https://arxiv.org/abs/2405.17347

Angular analyses with electrons

Allow Lepton Universality tests in angular coefficients
and give access to very low g° testing C,

HEP 03 (2025) 047/

arXiv:2502.10291
LHCb-PAPER-2025-006 in preparation



https://arxiv.org/abs/2411.10219
https://arxiv.org/abs/2502.10291

Lepton Flavour Universality tests

Leptons of different species couple identically to electroweak bosons in SM
Accidental symmetry — not necessarily realised in BSM scenarios

R low-¢* =0.9947)%%
Ry central-¢> = 0.94910:938
Ry low-g2 = 0.92700%

Ry central-¢> = 1.027+%:970
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https://arxiv.org/abs/2212.09153

Lepton Flavour Universality (LFU) tests

Measure ratio of same b — sll process with muons and electrons in final state:
Hadronic uncertainties cancel in ratio — very clean theory prediction

dT(B—Hutu™)
. dqu 12) dg?
H = f’ dF(B—>He+e )d 2

Experimentally:

events efficiency Challenges:
N(B—Hu*u™) e(B—He"e) e e and p behave very differently
Ry N(B—He'e) X cBoHp 1) ~ e hard to estimate efficiencies

= double-ratiowrt B — H )/
control modes

countin from simulation
experiment and calibration
samples



arxiv:2410.13748

LFUwith B. — @l'l’ decays

First LFU testin B_ system:
e same strategy as previous LFU tests
e low background thanks to narrow @ state — include high g for first time at LHCb
o more challenging bkgs at high g2 — dedicated BDT and fit model
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https://arxiv.org/abs/2410.13748

arxiv:2410.13748

LFUwith B. — @l'l’ decays

Results:
o first observation of B, — ¢ e*e” at low and central g and measurement of BF
e LFU results compatible with previous measurements and SM

o most precise measurement at high g2

R AL LA R TR I
LHCh Liy = 9fb7"

low-¢>
central-¢>
high-¢?

q? [GeV?/ ] R;? dB(B?— ¢ete™)/dg? [1077 GeV 2!

0l<g?<11 15722 +005 138 102 10.0440.1940.06
11<¢®<60 091757 +005  0.26+0.0640.01+0.01+0.01 [
150 < ¢* <19.0 08570224010  0.39+0.11 4 0.04 +0.02 + 0.02 21

Statistically dominated i
BF systematics: internal, dB(B,.—®u*u’)/B(B,—®J/), B(B.—®)/ )
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arxivi2412.11645

LFU with B* — K'n*n'l*l” decays

First LFU test in this decay, following strategy of previous measurements
e inclusive measurementin 1.1 < m(Kmrr) < 2.4 GeV and 1.1 < g% < 7 GeV?
e first observation of B* — Krrte*e’, exceeding 100 significance
e LFU results compatible with SM
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LHCb-PAPER-2024-056
in preparation

R, at large dilepton invariant mass

R, measurement at q* > 14.3 GeV”
e optimised selection and background studies for this g2 region
e most precise LFU measurement above Y (2S) region
e Results compatible with SM

Ri(q? > 14.3 GeV?/c*) = 1.0810-55 Tooa| Preliminary
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Outlook

LHCb completing FCNC results with full
Run 2 dataset, still statistically limited

Major upgrade for Run 3: >8 fb" in
2024 with improved trigger efficiency.

Expect even more in 2025 and aim to
reach 300 fb™" in Run 5 with Upgrade 2.

Precision of b — sll decays will be
hugely improved and precise study of
more suppressed b — dll decays.

Integrated Recorded Luminosity (fb™)

10

6i

— 2023 (13.6 TeV): 0.37 ib™'
| 2022 (13.6 TeV): 0.82 fb™
— 2018 (13 TeV): 2.19 fb™'

— 2024 (13.6 TeV): 8.35 fb™

(
(
— 2017 (13 TeV): 1.71 fb™!
— 2016 (13 TeV): 1.67 fb™
— 2012 (8 TeV): 2.08 fb™"
— 2011 (7 TeV): 1.11 b

May Jul Sep Nov
Month of the year

STAY TUNED!

22







Probing New Physics (NP) [ 01~ 100) Tev

Rare decays (AF = 1)
1. Direct searches (LHCQ): T
limited by £ = mc?, no discovery so far V) /,, el

Couplingyp(x) c

CKM-like % % generic
flavour violation " flavour violation

2. Precision measurements

o experimentally accessible
o suppressed processes = very sensitive to (small) NP effects
o precise predictions = smoking gun of NP

Flavour Changing Neutral Currents (FCNC)
24
s



LHCb: Large Hadron Collider Beauty experiment

Distribution of produced b-quarks

b

ol N

LHCb MC
s =8 TeV

Ve LU - |
\ 1y 3
i ‘:‘5 ‘; . | !
R & \
u - - .~

e Precision measurementg -of"h*eavy flavor hadrons
e Core physics: CPV and rare decays
e Much more: spectroscopy, QCD, heavy ions...

[INST 3 (2008) SO08005 25



https://cds.cern.ch/record/1129809

LHCb dataset

Integrated Recorded Luminosity (1/fb)

o 4 N W b~ OO O N O O

LHCb Cumulative Integrated Recorded Luminosity in pp, 2010-2018

All b-hadron species! [

[ e 2018(65Tev) 219/
E| o 2017(65:251 TeV): 1.71 /b +0.10/Mb 2
= e 2016 (65TeV): 1.67/fb I
E | 2015 (6.5 TeV): 0.33 /fb f
= o 2012(40TeV):208/fb I ® B.: < — 0 122 + O 006
Bl e 20m1@STevi 11 S fat1. : ‘
E 2010 (3.5 TeV): 0.04 /fb I
= . fa
= / o A; I _0.25940.018
- LS / fatf
= b
: / _ .
- / J and more:Z,,Q,, B B" ...
__2010 2011 2012 2013 2014 2015 2016 2017 2018
Year

Total recorded luminosity ~9 fb™':

Run 1 (2010-2012) ~ 3 fb""
Run 2 (2015-2018) ~ 6 fb™

x2 b-quark production from 7 to 13 TeV pp collisions
— around x4 b-hadrons in Run 2
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Angle definitions

(c) ¢ definition for the B° decay
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N, — pKp'p

e Unpolarised A,
Jy<=5/2

BF extraction wrt J/{p mode:

Q)] i

fi(§2)

PB(A = pKpt ) Nagopic—utu- BIAS = JfppK)BJfb— i)

dg?dmZy — Nao, sppk- A%, mpk)

Efficiency model:

= Z enijit Pu(mipgc) Pi(my,,,) Pj(cos 6,) Py (cos 6,) cos(I@)
hijkl

22
23

PY(cosb,)FY(cosb,)
I:’O(cosﬂ,,)P0 cos )

(
(
\/;Pg(cosﬂp)PO(coseﬂ)
P)(cos ) P (cos 6,.)
V3PY(cos 8,) PY(cos b,)
VBPY(cos,) P (cos b))
5Pg’(cosﬂ,,)Po(cosﬁﬂ)
V5P (cos 8,) P)(cos 6,)
%Pg(cosﬂp)PO(cos )
\/VPO(COS@;)PO(COSQM)
VTP)(cos 0,) P)(cos b))
\/%?Pg(cosﬁp)l)o(cosﬁ,,)
V3P (cos B,) P (cos b,)
3P0 cos B,) PP(cos )
VIEP)(cos 8,) P (cos 6,,)
@Pg(cosﬁp)ﬁ? (cosf,)
VI1PY(cos 6,) P (cos 6,)
\/7P0(0050p)P°(0050u)
[Pl(cose )P4 (cosf,) cos ¢
[Pl (cosB,) P} (cosf,) cos ¢
3‘/-Pl(cos 0,) P3 (cosB,) cos ¢

\/gPQ (cosB,) Pl (cosf),) cos ¢

%\/%Psl (cos 0,,)P21 (cosBy) cos ¢
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26

27
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32
33
34

35
36

37
38
39
40
41
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43
44
45
46

%\/gPSI (cos B,) P} (cos ) cos ¢
3P} (cos 0,) P3 (cosfl,) cos ¢
\3/_P41 (cos B,) P} (cosB,) cos ¢
\/> 1 (cos 0p) P3 (cos B,) cos ¢
\/> 3 (cos B,) Pl (cosB,) cos ¢
[P, (cos 0,) P3 (cos §,) sin ¢
\/:Pl (cos Gp)P (cosf,)sing
5P (cos0,)Pi(e
\/:PQ (cos 6,) P} (cosf,) sin ¢
[P3 COSOp PQ (COSGM)Slnd)
\/_Pl (cos GP)PI(COSH )sin ¢
1P} (cos ) P} (cos ) sin ¢
23—5P41 (cos ) Py (cos f,) sin ¢
\/gPsl (cos 0,)P3(cosf,) sin ¢
VB P (cos0,) Pl (cos,) sin

125\/-P2(cos 6,)P3(cosf,) cos 2¢

0sf,) sin ¢

i \/;P2 (cos 0,,)P22(cos f,) cos 2¢

ﬁipf (cos 0,) P3(cos B,,) cos 2
HP2 (cos B,) P3(cos ) cos 24
19\/-P2(0059 )P3(cos ) sin 2¢
[PQ cos 6,,)1’2 (cos@,)sin2¢
12J‘P i (cos 6,) P (cos ) sin 2¢
P2 (cos 0,) P3 (cos ) sin 2¢
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Angular observables

Range of observables sensitive to different WCs

1 dYT +71)
d(T +T)/dg® dqzd0

_.3 [%(1 —sin20K c0620K

C32r
+3(1 ~[FL]sin” 6k cos 26,
—JFkos? 6k cos 26, 4] S5 bin? 6 sin? 6 cos 26
B, — K'y'y +[B}in 26 sin 26, cos ¢ +[Sxfin 26 sin 6y cos ¢
[Altmannshofer etal] 4 4apg}in® 6k cos 6, +[SJsin 20k sin 6, sin ¢
S bin 26 sin 261 sin ¢ + [Sobin? 0 sin’ 6 sin 2]

P

F.: H longitudinal polarisation

A g di-lepton
forward-backward asymmetry

S.: CP-averaged observables

“Clean” basis: cancellation of Form Factors at leading order [Descotes-Genon et al.]

P = S5/+/FL(1— FL)
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https://arxiv.org/abs/1207.2753
https://arxiv.org/abs/0811.1214

B — K'p*p: angular coefficients

2
Tule?) =22 P (LALP 4+ LA + AT + |ARP) + 202 4"” Re (ALAR + AFAR)

: 4 4my )
elg®) = AP + IAST +=5° (AL +2Re (Angm)) ) @) =3 ((lA{;oP +1ABP) + o2 RB(A&A&‘)) |
o) = B (AL 4+ LAEP + AT+ ATP), I = —32 (Ml +1ABP),
)= (A5 1) ) = 2R (Al + A AT+ T (A + AEAE)),
2) _ :3_12 Li2 _ | ALJ2 R|2 _ | ARJ2 ‘ \/_
Ja(q7) ) (IAT] |4y ° + [AT]® — |4 ) ) ) -
8 Jo(q”) = ~ A Re (AGAs” +-Aoo-Ao‘)
H(e) =~ Z e (A AL + ARAT) 2 \[
el - ey B(e) = | 362 (Re (ApAR) + Re (ABAT)),
Jos(q®) = —2B¢Re (A]AT" — AJAT) Ji(q®) = 2\/;ﬁe (Re (A&AL) + Re (AKAT)),

Ji(¢%) = —v28, Im (ALAL — ARAR?) i
J5(g%) = —24/ =57 (Re (A AL*) — Re (AFARY)),
B = etm (A Al + AR, ) = 2372 (Re (Aptf) — e (45 A")

Jo(g?) = —B2Im ( Alll,s Al 4 Af’ Af) ’ J(¢®) = \/gﬂg (Re (AgAT") — Re (AgpAT")) .
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B — K'p*p': acceptance
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Figure 1: One-dimensional projections of the acceptance function determined from simulation. 33
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B —» Kp'p:
Nonlocal contribution
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Challenges: hardware trigger

ECAL occupancy > Muon one
= tighter thresholds for electrons:
e ep,>2700/2400 MeV in 2012/2016

e pMp,>1700/1800 MeVin 2012/2016
[LHCb-PUB-2014-046, 2019 JINST 14 P04013]

Mitigation:

e events triggered
(TIS)

e (hadron trigger)
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https://cds.cern.ch/record/1970930?ln=en
http://arxiv.org/abs/arXiv:1812.10790

ECAL

Magnet
Challenges: material interactiol e
Electrons radiate much more p
Bremsstrahlung — recovery procedure: ¢ Wi
Eqy
Limitations: — 71—
. 1.0H — B— J/Y(ee)K ]

e miss some photons and add fake ones i |

ECAL resolution worse than trackin [ o~ 140 MeV/ | ECAL
e ECAL resolution worse than tracking 1 g m 40 MeV |

resolution

. s
— worse mass resolution for electron modes *‘Missed L)
— more and larger backgrounds ‘Brem

— more complicated mass fit e R T
m(Kmtl) [GeV/c?] 37




How do we control the efficiencies?

Exploit J/ modes to build double ratio to cancel systematic effects

N(B—Hu"p™) e(B—HeTe™)
Re — N(B—HJ[p(ut p™)) e(B—HJ/¢(ete™))
H — N(B—Hete™) e(B—>Hutp™)
N(B—HJ/¢(ete™)) e(B=HJ/¢(utp™))

LFU well tested in J/{p modes — stringent cross-check

po = NBoHIY p) | e(BoHI/Y(e'e))
/Y = N(B=HJI/¢(ete)) e(B—HJ/Pp(utp~))
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Measurement of RK and RK*

B* — K*ll and B® — K'll studied simultaneously

e two g bins: [0.1, 1.1] (low) and [1.1, 6] GeV? (central)
e m(K'T) € [792, 992] MeV for B® — Kl

Main improvements:

e constraint cross-feed backgrounds from data
e tighter e* PID selection

e specific modelling of e* misID background

Details in arxXiv:2212.09152 and arxiv:2212.09153

Candidates per 24 MeV ¢

Pulls Candidates per 34 MeV/c?

[Nat. Phys. 18, 277-282 (2022)]

240

220 | LHCb

200 —4— Data9 fb™"

180 — Total fit

160 B 'Ll 7 8 e Bt> Kete

140 B 8= Jly(ete )Kt
120 B Part. reco.

| Combinatorial

80 F

60

40

208 : ':'w.— h4:

0 b 0 1 1 i D e
5,500

m(K*e*e™) (MeV ¢™?)

\ [JHEP08(2017)055]

4

LHCb E
...... BO—) K *oe"'e‘ E
[ Combinatorial
B—Xe'e =
B B°—K Iy
1.1<¢%<6.0 [GeV*/c*]

500 5000 5500 6000
m(K*mete”) [MeV/c?]



http://arxiv.org/abs/2212.09152
http://arxiv.org/abs/2212.09153

Measurement of RK and RK*

arxiv:2212.09153

Simultaneous fit to low, central and J/{ regions; K and K*; and p* and e*
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http://arxiv.org/abs/2212.09153

arxiv:2212.09153

Measurement of RK and RK*

Results of four simultaneous measurements:

) . 1.4 . LHCb Rk low-¢> =0.994109%
o Compatlble Wlth SM at 0.20 - 9 fb—l RK Central—q2 =0. 949+88i§
e Finalresult of Run2onR Ry low-g> = 092770459

KK* 1.2
e Muon BR agrees with prev. results

Ry central-g> = 1.0277907

o (B =099 58 (stat) 9087 ay), |
0.093 0.034 i
Riye- = 0.927 Zogs7 (stat) Zogss (Syst) o SDf/“[ta X2 =1.6,p=0812, 0 = 0.2
. - —
g | B 0949 1952 aat) 2% o), 0]
Ry =1.027 +8 8';)% (stat) i_g 83'; (S}’St) Ri low-¢ Ry central-¢> Ry low-¢> Ry central-¢°
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