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® |epton Flavour Universality

® Rare decays
® Tree-level semileptonic decays at LHCb

LFU measurements

® R(D)-R(D*) measurements with muonic 7 decays

® R(D*) measurement with hadronic 7 decays NEW!
® Rare decays at LHCb

® |LFU measurements - Rk, Rk«
® Search for LFV decays
® Differential decay rates and BF measurements
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Lepton Flavour Universality

® Standard Model (SM) is lepton flavour universal
® Difference between e, u and 7 driven only by mass

® LFU tests with ratios of branching fractions of decays involving different £ = e, i, T
® Uncertainties related to form factor normalizations mostly cancel
® Sensitive to possible enhanced coupling to the 3™ generation [prp 85, 002025 (2012),

® In b — clu, transitions: tree-level

PLB 755, 270 (2016)]
semileptonic decays

el
Xp— X1t
R(XC) _ B( b—> AT I/.,-)

B(Xb—> chyg)
Xy = B% By, B oy .. Xe=D.D".DsiAc,
® In b — st/ transitions:

Ve/Vi/Vy

0 *0 — u > u
R — B(B— K*utp™) o W K
B(BY— K*0ete™) b —< oy <« §
g, ¢,
+ +o - .
RK _ B(B — K nop ) yiz° r
B(BT— Ktete™)

. [
Also ratios such as Ryk, Ry
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https://journals.aps.org/prd/abstract/10.1103/PhysRevD.85.094025
https://www.sciencedirect.com/science/article/pii/S0370269316001143?via%3Dihub

Rare decays

® \What are rare decays?

® Decays with a small branching fraction (< 10*)
® Penguin or box diagrams in SM

® Decays of the type b — s€t 4~
and b — sv, {=e, u,T
® Flavour-changing neutral currents A
® Rare in SM and sensitive to
beyond SM effects z'
e Examples - B — K¢ty
/\g — A®)¢t¢= or Lepton Flavour
Violating decays
e With up-type quarks, ¢ — uft e~
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Tree-level semileptonic decays at LHCb



R(X.) measurements at LHCb

e |FU tests in b — cfv; decays p—
1 sy
. LHCb Run 1 data : 3 fb y 2011_12 Bd\eZ(()}lgjﬁ(h?mmctau)
LHCb 2018 (hadromc tau)
® Neutrinos not detected; approximation s | BN
LHCb 2022
. 0.281 + 0.018 + 0.024
needed for B reconstruction nyee ]
SMP(SiIclIOﬂ =
® Measurements with muonic 7 decays Fompo s |
Hep (2017) 060 L
e T — /L_DMZ/T 5‘2547;95’53319“85 o
° * S'Rgal}éic(‘zé)lg) 9,091801 o
R(D*) and R(J/)) measurements Ecwgomon |
[PRL 115, 111803 (2015), PRL 120, 121801 (2018)] SRR VAP MOR HFLAV
® Same visible final state X ™ ! I
0.2 03
. . R(D*)
® Measurements with hadronic 7 decays
e I 7T+7Tiﬂ'7(7TO)I/7_ R }_‘:é:ri\(é\ﬁ.;,zn:you
0.242+0.026 + 0.040 £ 0.059
® R(D*) and R(A.) measurements SMprticion
[PRL 120, 171802 (2018), PRD 97, 072013 (2018), S
PRD 92 (2015) 034503
PRL 128, 191803 (2022)] c o Boaee, | [HFLAV]
0.2 0.3 0.4 0.5
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https://journals.aps.org/prl/pdf/10.1103/PhysRevLett.115.111803
https://journals.aps.org/prl/pdf/10.1103/PhysRevLett.120.121801
https://journals.aps.org/prl/pdf/10.1103/PhysRevLett.120.171802
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.97.072013
https://journals.aps.org/prl/pdf/10.1103/PhysRevLett.128.191803
https://hflav.web.cern.ch/

R(D™)) with muonic 7 decays Y&'\Cé

¢ Simultaneous measurement of R(D) and R(D*) with
Run 1 data

® Muonic 77 — u” v, v,

[arXiv:2302.02886] (Submitted to PRL)

® Supersedes the previous LHCb R(D*) measurement s —
T B' 5D r',
with muonic 7 l/ w
e Select D%~ and D**p~ candidates where o K
o
o DO K—xt, D*t — DOt
® Reconstructed D** — D7 is vetoed in Dyt sample

® Custom muon ID classifier, flatter in kinematic
acceptance

® Reduces misID background, the dominant systematic in
the previous R(D*) measurement

e Trigger on D° - preserve acceptance for soft muons

e D%~ sample five times larger than D**p~
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https://arxiv.org/abs/2302.02886

R(D™)) with muonic 7 decays \“\'xcé

3D Fit t 30—x10’ ?0[9.35, 12.6] GeVct LHCH  30fx10° o?0[9.35, 12.6] GeVict LHC]
| (o] D° E D°ur
AZO’ 20F
2 2 : <UF "
> 7 = (pe — ppe) e
— — 2 8 F o B-D
> M = (P = Ppey = )5 N a0y
» E; energy of 11 \733’ iChl g E10° CP0[9.35, 12.6] GeV/ct LHCh| pll -0 v
3F 3F L D™ Comb. + misiD
8 bS]
HN 2 2 B B-D%v
[arXiv:2302.02886] § 2 32 T
1 1 B0 uv
0 = 0

5 10 2000
MR, (Gevch) E, (MeV)

0
® Main background sources include

® Partially reconstructed B decays like B — D**pv, B — D*) D) (— uX)X
® Misidentified muons
® Combinatorial background

R(D) = 0.441 + 0.060(stat) £ 0.066(syst)

R(D*) = 0.281 £ 0.018(stat) + 0.023(syst)

Agreement with SM at 1.90
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https://arxiv.org/abs/2302.02886

R(D*) with hadronic 7 decays

“_ch— PAPER—2022—0521 (In preparation)

-k
-k ks R
7 . B
T B =Dy,
Vr
DO

D@y K
PV Az>40,, ”ff W
P . P a* P
0 *— _+
BO D*—35E ¥\ B(B — D* 7 VT)
R(D*) = Kc(py BB = D377 K(D*) =

B(B— D* ) B(B%— D*—37+)
® Hadronic 7= — 7 7 (7%,

LHCb partial Run 2 data : 2 fb™* at \/s= 13 TeV, 2015-16 (~ 1.5x Run 1 sample)
Update of the Run 1 analysis from LHCb

Same visible final state for the normalization mode B — D*~ 37+

Main backgrounds : » B — D*~37%X

» Double charm (B — D*~(DJ, D*, D°)X)
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R(D*) with hadronic 7 decays

g 10° LHCb Simulation [LHCb-PAPER-2022-052] (In preparation)
~N bb - D, 3reX _ L.
S 10t B D ® B — D* 37" X suppressed by requiring the 7 vertex to be
% 10° downstream w.r.t. the B vertex along the beam direction -
k] o
5 17 detachment criteria
§ ® A BDT classifier is used along with the vertex separation
10 . L
variables = >99% bkg rejection
1
T T T T |
0 10 20 LHCb simulation ;
Azlol E
Signal - D*tv |
357 . . . . : Background - D*3niX A
E ] —> E
F LHCb simulation Signal - D*v B 3
£ Background - D*DsX ] s - é
F —> 1 = . E|
25 - < E . .
F = - h E E o evstrooeeiihanyggesees™ E
E - - - ] lae® ! I I | b 3 S|
15 - 08 06 -04 02 0 02_ 04 06 08
C - - - ! Detachment BDT response
= - .- e E ® Another BDT classifier based on kinematics and resonant
o= S S -] structure to separate signal from B — D*~Df X
fass S J ° i ; ;
TR RIS SR AE This BDT output one of the fit variables

.An(I-D; BDT response
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R(D*) with hadronic 7 decays

® Double charm B — D*~ D7 (— 37% X)X events mimic signal topology
[LHCb—PAPER—2022-052] (In preparation)

+ .
D7 decay D production
R .
Data control sample with reverse e B D*_Ds(*’**)X sample selected
N+ . .
anti-D;” BDT selection with m(37%) around D} mass
° + 4 H . . . .
Dg" — 37= X BFs determined and ® Fractions constrained in the signal
corrected in simulation extraction fit
ﬁo\ T T T T T T T T T T T 4 —~ T T T T T T T
L. - o - —
- LHCb Preiminary ] L 3001 LHCh Prefiminery] |
() 2fpt 4 % L t Daa " g
g + Daa ] s L — Toa 2 1
— Total . = o - B &°-oor 1
:1500 =glo;ug?:;3:und 1 = 200 | & oD’ m
] 0 0: (g () ] ?8 I B o ]
T 1000 W o: ) 7 g | Lo oo .
2 ot n ) 1 o L [ s-5Dix i
] T 100 [Je-poix —
5 500 - % 3 [ combinatoria 71
] © ]
. 1 i ]

400 600 800 0

min{m(z*70)] [Mev/c?] D37 - n(mi?i?- ) [MeV/e]
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R(D*) with hadronic 7 decays
® A 3D binned template fit to extract the
signal yield
* ¢ = (pgo — pp-)?
e 71 decay time
® Anti-Df BDT output
[LHCb-PAPER-2022-052] (in preparation)
e N(B"— D*~7%v,) = 2469 + 154
® Run 1 yield = 1296 + 86
e B%— D*~37* normalization yield from a
fit to m(D*~37%) ~ 30k

&

2 4000k 1 Daa LHCh Prefiminay

g — Total 2*

n 3000 — B%-D"3n il

o Background

Z

@ 20001 3

&

©

g 1000 =

. ! "
é’lSO 5200 5250 5300 5350 5400

m(D"3m) [MeV/c?]

Resmi P K (Oxford)

Candidates/ (1.375 GeV?/c?)

LHCb Preliminary.
210t

LHC Preliminary
21

10
R [Gevicd

o

:

Candidates/ (0.117)

T T

LHCb Preliminary.
21’

02 04
Anti-D$ BDT output

charm bkg modelling
® Uncertainty from simulation sample size reduced

05 1 15 2
t,[ps]
{ Daa
— Total
EE DTy,
1B-D"rv,

[ B-DD(X)
EEB-DD(X)
[1B-D731X
B B-DDYX)
= Comb.E‘:)
Il Comb. D
[ Comb. D™

® Dominant systematic uncertainty from double

thanks to the use of fast simulation
Rare and semileptonic decays & LFNU at LHCb
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R(D*) with hadronic 7 decays

PRELIMINARY

[LH Cb- PAPER*2022*O52] (In preparation)

B(B°— D*~7tv,)
B(BO— D*37%)

K(D*) = = 1.70040.101(stat) 5133 (syst)

The absolute branching fraction of B® — D* =77 v,
decays, B(B®— D* 1t u,)=

(1.23 4 0.07 (stat) &= 0.08 (syst) &= 0.05(ext)) x 102
R(D*) = 0.247 + 0.015(stat) & 0.015(syst) £ 0.012(ext)

Combining with the Run 1 result

R(D*)2011—2016 = 0.257 + 0.012 (stat) + 0.014 (syst) &= 0.012 (ext)

Agreement within 1o to SM

Resmi P K (Oxford)

BaBar 2012, had. tag
0332+ 0,024 £ 0018
Belle 2015, had. t
0.293 + 0.038 + 0.01¢

Belle 2017, (hadronic tau)

0270 +0.035 + 0,027

LHCb 2023, (hadronic tau)

0257 +0.013 + 0.018

Belle 2019, sl.tag
0283 0,018 £ 0014

LHCh 2022
0.281+0.018 + 0.024
Average

0284 0,013

SM Average

0.254 + 0.005

PRD 95 (2017) 115008
0257 + 0,003

JHEP 1712 (2017) 060
0.257 + 0.005

PLB 795 (2019) 386
0254 0,007

PRL 123 (2019) 9,091801
0.253 + 0.005

ERC 80 (2020) 2, 74
S5 05580

EPJC 82(2022) 12,1141
e Bane

-

—

n
L R

HFLAV
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R(D*) with hadronic 7 decays

~ 04 e
a 4 HFLAV Ax?=1.0contours
o T [ preim 2025 | ]
r BaBarl2
0351 Bellel5 N
L 39/ T _
0ab , e HFLAV
C LHCE23 alszg PRELIMINARY
C - Bdle19 ]
0251 SRl e . [LHCb-PAPER-2022-052]
- — (In preparation)
r Bellel7 T
r PRD 95 (017 115008 World Average .
0.2 = $HFLAV SM Prediction  +eP 1712 (2017) 050 Sgg)fogggf Ot%%s\m -
- R(D) =0.298 + 0.004 PLB 795 (2019) 386 *) = Q.. +0. " -
E o ROY-0mesoos  Jnn b0 R
I~ PRD 105 (2022] 634503 P(X )_ 25% .
oo by b PO b T e b by

0.2 0.25 0.3 0.35 0.4 0.45 0.5 0.55
. . R(D
® Including this result, the world average becomes ©®

R(D*) = 0.284 +0.013; R(D) = 0.356 + 0.029
® The deviation w.r.t. the SM at 3.2¢ for the combination of R(D)-R(D*)

Resmi P K (Oxford) Rare and semileptonic decays & LFNU at LHCb 12



Rare decays at LHCb



Measurements in b — s// transitions

im0 : .
= LHCb Run 1 +2016
- . . a [7] SM from DHMV ]
® Several deviations seen in branching 05 3
fractions and angular observables oF ﬁ ]
® Hadronic effects largest contributor to ~0sf 5—" .- +4 -
: - [ 5 = =4
the theoretical uncertainties b T 3

1 1 1

0 5 10 15

¢ [GeV¥cH
[PRL 125 011802 (2020)]

® BF and angular observables potentially suffer from underestimated hadronic effects

® Ratios between decays to different leptons very well predicted

B(Hg— Hutp™)
Ry = =1.00 4 0.018
H B(Hg— Hete™) 0000

[JHEP 2016, 92 (2016), EPJC 76, 440 (2016)]

® Deviations would point towards NP!
Resmi P K (Oxford) Rare and semileptonic decays & LFNU at LHCb 13


https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.125.011802
https://link.springer.com/article/10.1007/JHEP06(2016)092
https://link.springer.com/article/10.1140/epjc/s10052-016-4274-7

Ry(+) measurements at LHCb

e At LHCb, we measure the double ratios

B(B— KW utp=) [B(B— J (utu)KM)
B(B— KXete™) / B(B— Jhy(ete )KH)

Rk =

® Better control of efficiency in double ratio with control mode
® Cancellation of most experimental systematics
® Detector efficiencies from simulation are calibrated with control channels in data
B* =+ K ./,r(]‘.‘%‘)rf/ )
‘ - »
Y B* — K*(25)(£%4

Define three regions

® Rare region (1.1 < g% < 6.0 GeV?)
® Control region, dominated by J/t) resonance
® 1)(2S) region

fam(0)?] -

Resmi P K (Oxford) Rare and semileptonic decays & LFNU at LHCb 14



Electrons vs muons at LHCb

® Muons detected from hits in muon stations matched to extrapolated tracks

® Electrons are light, scatter more in detector = Bremsstrahlung emission

B mass resolution with e and p in the final state

ECAL T T T

Magnet ]
T e o ~140 MeV/ | ECALT
Upstream -~ Downstream 06| 0 ~ 40 MeV -
brem = brem resolution
— .
\ .y 04
€ _— e |
K ‘ 02 v
Air E 0.0

I
4.6 48 5.0 52 54 5.6
m(Kwtl) [GeV/c!]

® Recover the energy loss by adding photon cluster energy compatible with electron
direction, to the electron momentum

Resmi P K (Oxford) Rare and semileptonic decays & LFNU at LHCb 15



Latest R,(.) measurements from LHCb

® Simultaneous measurement of Rk and Rk+

e | HCb Run 1+2 data :

[arXiv:2212.09152, arXiv:2212.09153]

(Submitted to PRL & PRD)

® Ranges of g°: low [0.1 — 1.1] GeV?/c?, central [1.1 - 6.0] GeV?/c?
® K*0 selected around m(K*9) € [792,992] MeV/c?

(0]
o

D
o

Partially reconstructed
BT = Kt J/j(—etem) A

IS
o

Counts / (32 MeV/c?)

[N}
o

LHCh Rp- central-¢? ]
1 <+ Data ]
9fh ——- Total )

£ Signal B

[} Combinatorial 1

! ! Misidentification N
|

.
I Partially reconstructed
I B’ KJ/y(— eter)

-

m(K*ete™) [MeV/c

Resmi P K (Oxford)

5000 5500 6000
m(K*r~ete”) [MeV/c?
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https://arxiv.org/pdf/2212.09152.pdf
https://arxiv.org/pdf/2212.09153.pdf

[)
Latest R,.) results Y&'\Cp

[arXiv:2212.09152, arXiv:2212.09153]

14k LHCb Ri  low-¢® = 0.99453% (Submitted to PRL & PRD)
9 fh! Ry central-g> = 094910018 low ¢?
- Ry low-¢> = 09277095 -
: 0.090 0.029
1.2 +0.077 Rk = 0.99415 085 (stat) g 57 (syst)

L Ry central-¢° = 1.0277007%
' +0.093 +0.036

- R+ = 0.9277 557 (stat) Tg o35 (syst)
1.0 [ I ¥ central ¢?

Ric = 0.9491 547 (stat) "5 525 (syst)

Ric- = 1.027+9:972(stat) *9:527 (syst)

R i+
p—e—q

0.8F
- }: Data 2=16,p=0812, 0 =02 Ry central g2 result supercedes
0.6 -_ - SM Nature Physics 18, 277 (2022)

r » Tighter e™ identification criteria

Ry low-¢> Ry central-¢> Rp- low-¢°> Ry~ central-¢

Agreement within 1o to SM

Resmi P K (Oxford) Rare and semileptonic decays & LFNU at LHCb 17


https://arxiv.org/pdf/2212.09152.pdf
https://arxiv.org/pdf/2212.09153.pdf
https://www.nature.com/articles/s41567-021-01478-8

Lepton Flavour Violating decays

® Forbidden within the SM, possible via BSM FCNC processes
® B meson decays are ideal for these searches

e Several recent measurements at LHCb with Run 142 7

dataset [arXiv:2207.04005, arXiv:2209.09846, arXiv:2210.10412]
(Submitted to JHEP, JHEP & PRD) b s

B(B® — K*0u*e¥) < 10.1 x 107°
» Most stringent limits!

B(BY — ¢uteT) < 16.0 x 107°
B(B® = K*rtp~) < 1.0 x 1075
B(B® — K1~ put) < 82x107°
(
(B2

i

B(B® = pp~) < 2.6 x 107°

B(B? — pu~) < 12.1 x 107° .
» First search for the decays! BB pir) B(B)— pi)

No signal observed for any of the decays
Resmi P K (Oxford) Rare and semileptonic decays & LFNU at LHCb 18



https://arxiv.org/pdf/2207.04005.pdf
https://arxiv.org/pdf/2209.09846.pdf
https://arxiv.org/pdf/2210.10412.pdf

AY — A(1520)p T~ differential branching fraction

[arXiv:2302.08262]
(Submitted to PRL)

® First measurement of differential branching fraction of /\g — N (pK ) p~ in
intervals of g2, squared dilepton mass, using LHCb Run 142 dataset
® A(1520) resonance has spin 3 and a narrow width of 16 MeV
® Complementary info on potential NP effects in b — sf*¢~ transitions
® A* selected with m(pK) in the range [1450, 1850] MeV/c?

% 500 LHcb § Pk ' ' LHCb
] F -1 ] 3 _,
= 400f ot & b+——+—y. + O
<= o —+ Data ] o F 4
Tﬂ 300F Combinatorial ] g !
E e T
& F — A~ K ] Tt i
=] o 1 = —4 Daa
g 200p T E I M (LFQM)
3 E ] 4 - SM (NRQM) i
© 100 = < SM (LQCD)
E 3] OTD SM (LQCD+DB)
of== : Sion , - -
5600 5700 5800 5900 Q 0 5 10 ) 15 )
m(pK ') [Mev/e?] @ [Gev?c]

e Better theory calculations needed at low g2
Resmi P K (Oxford) Rare and semileptonic decays & LFNU at LHCb 19


https://arxiv.org/pdf/2302.08262.pdf

More FCNC decays Y&'\Cé

FCNC decays with B ~ O(1071*) — O(10712) Key in constraining NP!
DO — /’L+/’L7 [arXiv:2212.11203] [PRD 66, 014009 (2002), EPJC 73, 2678 (2013)] Dominated by D® — 77~ decays
(Submited to PRL) o 220FT T T 9 ~ . T T 3
L 205 LHCh —lE 1% mf = E
® LHCb Run 142 dataset g m o —Sae, 1 3™ Lho _éﬂfiﬁ% ]
O 1a0F 0666<BDT<10 Dm0 3 200F P i
° B(DO — /‘L+/‘L_) < 29x% 10—9 ) 1;8; L LA I [ 0666<BDT <10 BT
8 100§ 4 I
at 90% CL g o5 * EQ
) . 5 o ;“% ke, g
® Most stringent limit on FCNC © %t ok B : ‘
. h 1800 1850 1900 1950 ZDOOm(IZI?jE) [2’\;03\// CZ%SO 0 40 e} 144'4 1\‘_‘46 [y T80
In charm Am[Mev/cy
g4 LA
KS,L — pt T T T [arXivi2212.04977) SishLHCD O,
(Submited to PRD) = S5 fb! E
® LHCb Run 2 dataset 5.1 fb™ Dos
® B(KQ — prp—ptp™) <5.1x1071 2o 1
&)
0 _ _ 9 L5F ]
* B(KY = prp ptp~)<23x%x10 )
. . o
® First reported limits % 0 0
Resmi P K (Oxford) Rare and semileptonic decays & LFNU at LHCb My [MeV/e?] 20


https://journals.aps.org/prd/abstract/10.1103/PhysRevD.66.014009
https://link.springer.com/article/10.1140/epjc/s10052-013-2678-1
https://arxiv.org/pdf/2212.11203.pdf
https://arxiv.org/pdf/2212.04977.pdf

Conclusions QLY

® | FU measurements from our Run 142 datasets
® R(D*) measurement including partial Run 2 dataset using hadronic
7= =t 1 (7%, decays PRELIMINARY

R(D*)2011—2016 = 0.257 =+ 0.012 (stat) & 0.014 (syst) + 0.012 (ext) | NEW!

® Agreement within 1o to SM
® Global picture unchanged for R(D)-R(D*) combination with tension with SM at the

level of 30
® Charm and baryon sectors give promising results
Run 2 Run 3 Run 4 Run 5 Run 6
® We have started taking data 14 ‘\“\ B
with first upgrade of LHCb, TR eiimiste o} SR
TR —_ L

exciting times ahead!

Upgrade Tt

Total uncertainty [%]
[~
1
1
1
1
]

2 |
[arXiv:2101.08326, arXiv:1808.08865] unofficial  |EESNERNS

Dataset up to year
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https://arxiv.org/pdf/2101.08326.pdf
https://arxiv.org/pdf/1808.08865.pdf
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LHCb experiment

® Excellent vertex resolution
(10 — 40 um in xy-plane and

Side View HCAL
ECAL M5 . .
e w M 50 — 300 pm in z-axis)
Magnet RICH2 M2
T3

® Particle identification
efficiencies ~97% for yu, e and
~3% pion misidentification,

good separation between

= T, K,p

JINST 3 (2008) 08005, Nucl. Phys. B 871 (2013) 1-20, JHEP 74 (2017)



Latest Ry, measurements from LHCb : cross-checks

® Fit crosschecks in J/1 and 1(2S) regions to validate the precedure, no expected
LFU violation effects

1.20 T T T 1.10 T T T T
LHCb LHCb
ofb ! —— best fit 0fh! —— best fit
L5k 0 68% CL. ] 108 [0 68% C.L. ]
’ 95% C.L. 95% C.L.
99% C.L. 1.06 - 99% C.L. 7
110} B
N 2 L0f ]
LS L2
S 1osf 1 % ,f ]
1.
1.00 00
0.98F B
0.95F b
1 1 1 1 0‘96 1 1 1 1
0.95 1.00 1.05 1.10 1.15 1.20 0.96 0.98 1.00 1.02 1.04

K K
T/\/.,r Riog)
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