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Semileptonic and rare decays at LHCb

» LFU measurements in tree-level b — ¢£7, and loop-level b — s£ £~ transitions, provide sensitive null-tests

to New Physics.
-
/-
/< 7, v, / o+
4%
b > > c t,c,u
> > S
b e
» High signal yields * Low signal yields
* Neutrinos not reconstructed, more * Fully reconstructible final states
backgrounds

* Probe higher-loop diagrams -> sensitive
* Tau decays accessible -> probe LFU in to tree-level NP
couplings to 3rd generation

» LHCDb has access to all hadron species including B’ AO (0, = :O z
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Experimental strategy and challenges for SL.

Final states cannot be fully reconstructed due to neutrinos.

Many backgrounds enter, especially partially reconstructed

ones.

Signal yields are determined from template fits.

Templates obtained from simulation and control samples

need large statistics.

At LHCDb two decay topologies for tau decays are used:

hadronic: t* — 2t~ 2 (2")D,

TS uv v

muonic: 7 ;
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Phys. Rev. Lett. 134 (2025) 061801
R(D?*) and R(D"*) using muonic t decays

Efficiency ratio from simulation and control

“  Measure simultaneously R(D+) and R(D™*) using 2fb-! of data samples
from 2015-2016. Signal yields from 3D template fits to:
o - BE=Dww) [N 4 = Ppo = Py

%  B(BY —» DM+ uv,) e, N) B~ - uo,0,) * muon energy in B0 rest frame
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Phys. Rev. Lett. 134 (2025) 061801

R(D?*) and R(D ") using muonic t decays

Largest systematic uncertainties come from form
factor parametrisation and background modelling 3 0.4 W —
(e.g. higher excited D** states). 1 Sprng 2025

0.35 xﬁ LHcﬂ .

R(DY) = 0.249 + 0.043 £+ 0.047 N ”;eueb( X :
R(D™) = 0.402 +0.081 = 0.085 1\ \ :
. {ng\ : LHCbE>

|
o)
(@]
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0.25 Ale
\ / —

02—  4HFLAV SM Prediction R(D) =0.347 £ 0.025, —

- R(D) = 0.296 + 0.004 R(D*) =0.288 £ 0012, -

: : 3 - R(D¥) = 0.254 = 0.005 0 &2')0 > o .

Results in agreement with previous ones. C e T ) _

0.2 0.3 04 0.5

: X R(D)

Global discrepancies at 1.90 for R(D) and 2.7c for
R(D*). Combined 3.80.
HFLAV: arXiv:2411.18639 and online updates
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arXiv:2501.14943

Evidence for B~ — D**OT_I?[ decays

£ *k() — : (3700; 4
Search for B~ — D" Yti_using the full Runl + 5 F oo D
S g0~ 91b ¢ Tata1
o L — Tota
Run2 dataset. 2 ok D 2460y
Y I D (2420)°
Three BDTs to reject: fake D0, muli body Ds* 3 w0 Background
e S 300 Baitey a8 ”
decays, Dst mimicking t decays. - 300
200 9z
. * s . o S u 92256
Fit to D"t~ spectrum to investigate D" * states. ooE * s
. .« (o == ot [ et E.Jh.........u--n}-‘w"‘;"‘.\‘o. ooy | .";"".""."'1"-.----.--.--.--.|.-.....,...‘.......1..J,..J...1.'.L...L.......‘....‘.J...
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3.50 significance for B~ - D "7 U, w0 20 o7
: k() . : *y : = k3% ()
Estimated D " yield in R(D*+) hadronic - s o )

2 £ oo %4 R(D V) = ’ =0.13 £ 0.04
(8.9+/-2.1)% => 0.013 shift in R(D*+), below B(B- — szol/wﬂ)
uncertainty. : : e

in good agreement with SM prediction.
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LFU: Rk at high ¢~

Test of lepton universality in B* — K=/ ¢~ (£ = e, u) decays
in region of dilepton mass-squared g > 14.3 GeV~/c* using
Runl+Run2 dataset.

Challenges from electron bremsstrahlung corrections and
distorted phase-space distribution at high g°.

Ratio of branching fractions Rk compatible with SM prediction.

R(q” > 14.3 GeV*/c*) = 1.08%;35 %0,
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LFU On BS —_ ¢ f +f_ Phys. Rev. Lett. 134 (2025) 121803

« Test of lepton universality with B, —» ¢Z ¢~ decays.

« First LFU with a Bs meson. Narrow ¢ meson leads to low background.

*  Limited sample size, but etficient selection and clean data sample.

Low-g2 bin: 6.80 Central-g2 bin: 5.40 High-g? bin: 3.60
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LEUonB, — ¢ "¢~

Rq;l and differential decay rate in good agreement with the
SM.
Measurements still statistically limited. Expect >3x data in
Run3.
¢ [GeV?/c?] R, dB(B?— ¢ete™)/dg? [10~7 GeV2c?
0.1<¢g®><1.1 15710224005  1.38 102 40.04 £0.1940.06
1.1 <¢><6.0 091159 +0.05  0.26 £0.06 4 0.01 & 0.01 £ 0.01
150 < ¢><19.0 0.851935:4+£0.10  0.39£0.11 4 0.04 & 0.02 £ 0.02
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LHCb-PAPER-2025-005

LF V: leltS OIl b - S T€ preliminary
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: : 6000 e e -
Lepton flavour violating decays would be enabled /enhanced = : HHED Simulation | ;
by leptoquarks or Z' models [JHEP 01 (2020) 067]. =" g, :
S 4000 : =
: : : : : ¥O) + T Z - -
First LHCb search with ez combination in B — K 'zFe™ 5 3000 =
] - ]
decays (Run 2 data). 2000 =
1000 [~ -
Some New Physics models predict BR up to 107° X | :
[arXiv:1709.00294, arXiv:1603.04993, arXiv:1504.07928] 5000 . Uffgg e
Use of hadronic 7 decay to get decay vertex information.
Improves mass resolution. L [ LHCb Preliminary_ +— Data
2 'Og 'H' T S4 b E B'— K™ b hl
% = =3 S - - = - re', T = nnrn'n v, bremsstrahlung
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Increasing and improving the data sample

~1 visible today ~5 visible
s . interaction interactions
» Gain in Run 2 was \/E == hlgher Opp 2021 2022 2023 2024 20‘55 2026 ] 2027 2028 2029
J[FIMAM]3]3]A[S|ON[D| 3 [FMAIM 3] 3]A AMJ[J]A S|oN[D|3[FIMIAM[3]3]A[S|OIN]D| [ F[M[AIM] 3] 3]A[S[OIN[D] 3 [FM S[OND
«  After Run 2, increase instantaneous Run3 Long Shutdown 3 (LS3)
: . U de I
luminosity. —
: , L 2030 2031 2032 2033 2034 2035 2036 2037 2038
°oe Malntalnlng the performance. J|FIMAIM 3| 3|Als|oNID| 3| FIMAM| 3] 3|AlS|OIN[D] 3| FIMIAM 3| 3 |A[S|OIND] 3| FIMIAIM] 3| 3 |AlS|OIN[D| 3| FIMIAIM 3] 3 |AlS|ONID| 3 | FiM[AIM] 3| | AlS|OINID| 3| FIMAIM| 3| 3|A[S|OIN[D] 3| FIMIAM| 3| 3 |A[S|OIND] [ FIMIAIMI 3| 3 |AlS|OIN[D)
'Run4 LS4J H‘ ‘H(Runs ‘ ‘
“ Beyond that: grade
. . e , 2039 2040 2041
X8 1mp]_‘ove Selectlon efﬁCIQHCIQS. JFHAHJJASONDJ FMAMiJ JASONiDJ FiMiAiMJJASOND o recca o
“ improve trigger efficiencies. S—) adars oo
“ increase acceptance (instrument new Run 1 + Run 2 pp data (2011-2018) = 9 fb-!

regions of detector).

Run 3 pp data (2023-ongoing) = 11 fb-!
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Prospects for SL decays

Major systematic uncertainties from background modelling
and limited size of simulation samples.

Fast simulation tools being already used.

Dedicated measurements to understand backgrounds. Will
improve with more statistics.

Expected absolute uncertainties of 0.003 with 300 fb-1

More statistics opens the door to beyond BR measurements
-> angular analysis already ongoing.

Work already ongoing for other b-hadron species: i.e: Bs, Bc

More data allow to measure b — uZv decays, i.e.:
B™ — ppfv decays.

Ricardo Vazquez Gomez (UB), rvazquez@cern.ch
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Prospects for rare decays and LEV  mossose

Current limits for B — Keu and B — Kty are in the 10 and 105 region.

Complementary analysis ongoing in different channels with tu or ey combinations.
With full Run 2 expect upper limits at 10-10 and 10-.
Expected limits after Upgrade Il scales with 1/& (1/ \@ ) for decays without (with) t in the final state.
Limits in the region of interest of models explaining the B anomalies.

During Upgrade Il 77 — u"u~u™ decays can be probed down to 10 (current limits at 10-8).
Production at LHC 13.6 TeV is five orders of magnitude larger than at Belle II.

New LHCb Calorimeter willl suppress more effectively backgrounds as D™ — n( = u u~y)u +1/ﬂ.

Ricardo Vazquez Gomez (UB), rvazquez@cern.ch - CEPC workshop, Barcelona, 16-19/06/25
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Prospects for Rx

« Ultimate precision in Rx measurement will be below 1%.

» Different NP scenarios could be distinguished at more than 5c.

« Estimated yields in b — seTe"and b — dete™ reaching

thousands of events.

arXiv:1808.08865

TR 16] !
— RK‘ [16]
—a R, [16]

1 | | I | | 1
LHCDb Upgrade II -

Scenario |

LHCDb Upgrade II -

Scenario I1

LHCb Upgrade II T

Scenario 111

Yield Run 1 result 9fb~1 23fb~1 50fb~! 300fb~ '
BT o Ktete 254 +29 [274] 1120 3300 7500 46000
B K*Oete— 111414 [275] 490 1400 3300 20000
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Conclusions

Some recent measurements and prospects for Upgrade II presented.

The key of LHCDb’s broad programme is the extremely-flexible full-software trigger.

Many LFU tests in b — s£ "¢~ statistically limited by the electron channel.

More data brings expansion to new sectors in the (near) future.

LFU in Bs: R(Ds*), R(Ds)
b—df ¢, b— ufv
heavy baryons: 2, €,

Rare charm sector (more in backup)

Ricardo Vazquez Gomez (UB), rvazquez@cern.ch T CEPC workshop, Barcelona, 16-19/06/25
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Lepton Flavour Universality (LFU)

LFU in electroweak interactions: equal couplings of gauge bosons to the 3 lepton families.
Accidental symmetry in the SM.
Differences in decay rates can arise from phase-space of long-distance hadronic effects.

Yukawa coupling is flavour specific (B(H - p"u~) # B(H - t771—))

LFU is well established in decays of W*, Z', pseudo-scalar mesons, quarkonia and purely leptonic 7+

decays.
B(Z" s RB(ZY 05 BW* - 5y

R E ) 10009 +0.0028 e 01016005 ( — L = 099240013
B0 — ete™) B(Z0 — ete™) BW* - u*v,)

Nature Physics 17, 813 (2021); Phys. Rept. 427 (2006) 257
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B~ — D7 U_decays
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Semileptonic decays at LHCD

BH, > Hz'D)
BH, - H.p*v,)

At LHCb compare tau leptons with respect to muons in the final state R(H,) =

Multiple experiments see (small) deviations from the SM in R(D'") with a total significance of 3.80.

Yield Run 1 result 9fb~* 23fb~' 50fb~' 300fb~*
Bt — Ktete~ 254429 [274] 1120 3300 7500 46 000
BY— K*Vete~ 111 + 14 [275] 490 1400 3 300 20000
BY— gete~ 80 230 530 3300
;-'12 — pKeTe™ 120 360 820 5000
Bt atete” 20 70 150 900
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Integrated luminosity

“* Run 1 + Run 2 pp data (2011-2018) =9 fb-1

—i
-

— 2025 (13.6 TeV): 1.58 tb™ .
— 2024 (13.6 TeV): 9.56 fb™ * Run 3 pp data (2023-0ng0mg) =11 tb-1
— 2023 (13.6 TeV): 0.37 fb™"
2022 (13.6 TeV): 0.82 fb™
— 2018 (13 TeV): 2.19 fb™
— 2017 (13 TeV): 1.71 fb™
(
(
(

e
|

61— —2016(13TeV): 1.67 fo
— 2012 (8 TeV): 2.08 fb™
— 2011 (7 TeV): 1.11 fb™’

Integrated Recorded Luminosity (fo™)

41—
2 L
//_— —
0 | ,__-’_-"f“'ﬁr | |
Mar May Jul Sep Nov
Month of the year
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*  Angular analysis of the decay
B, — pete .

* Extend previous results to high-g2.

R/

Ricardo Vazquez Gomez (UB), rvazquez@cern.ch

* Observables compatible with the muon
mode and SM.

~ 1t T T
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arXiv:1808.08865

Prospects for rare charm decays — meicia

Current LHCD limit in AT — putu~ is set to 2.9 X 10~° away from the hadronic resonances.

Limits for D(J;) — h*¢+¢ ¥ where h* is a kaon or pion and ¥ is an electron or muon are in the

107° — 107® range.
Expect an one order of magnitude improvement atter Upgrade II.

Beyond BR, LHCb will have the ability to measure angular observables which provide additional
separation between the LD and SD contributions.

BDEIAT = hu*u™)

B(DEIA; — hrete)

Also LFU test in charm decays can be explored via the ratios

Similar improvements are expected for D — h™h=¢ "¢~ decays.

Ricardo Vazquez Gomez (UB), rvazquez@cern.ch - CEPC workshop, Barcelona, 16-19/06/25
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Prospects for Rx scenarios

Scenarios motivated by explanation of B anomalies,
explanation of B anomalies and R(D/D¥) measurements,
and addition of small right-handed chirality coupling.

Ricardo Vazquez Gomez (UB), rvazquez@cern.ch
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LFV: lelts Oon BS _— ¢T//l Phys. Rev. D110 (2024) 7

Leptoquark models explaining B¥ — K™uv results predict enhancements of LFV modes [Phys. Rev. D109

(2024) 015006, Phys. Rev. D109 (2024) 075019].

Use of hadronic 7 decay to get decay vertex information. Improves mass resolution.

Background modelled using 4 different parametrisations. Use conditional best-fit bkg descritption to

Use Runl+ Run2 data.
get the limit.
@ T T T T T T T
=6 - —= - Exponential X’X
sE  LHCb  — Linear S
: 9 fb! -+~ Quadratic X
4 ~»- Lin. X exp. e E
B(ou"7t)x10°
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