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Lepton-flavour universality in semileptonic B decays

Motivation

- Wboson couples equally to e, u, 7 in the SM— Lepton Flavour Universality (LFU).
« Non-SM contributions (H*, LQ, SUSY...) can generally violate LFU.

- Different ways to investigate LFU with semileptonic B decays:

1. Asymmetries in B = D*{v angular distributions.

2. Ratio of rates suppress most theoretical and experimental uncertainties. .
BB — DOzv)
BB — DM¢Y)

Persistent anomaly observed between 7 and light lepton ratios, e.g. R(D(/?) =
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Dealing with missing energy

Reconstruction techniques

The measurements discussed in this talk are based on two different methods to deal with non-signal

side B meson (B,,,):
4 High 4 Low e
o . Do
1. Hadronic tagging: B, ‘/Btag
. D s Y(4S) m-
reconstruct Btag by hadronic decay modes. v 4 y 0
A
Purity Efficiency et o=
: , : AR
2. Semileptonic tagging: B _— Bisg Do
—
reconstruct B,, by semileptonic decay modes. g b < /-
Low High
4 v e "

Reconstruction efficiency is ©(0.1%) and ©(1%) for the hadronic and semileptonic tagging, respectively.
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Dealing with missing energy Belle IT

Fit variables

Fully reconstruct the partner B meson in hadronic/semileptonic decay modes. Match remaining particles

with signal decay. Identify invisible particles using:

1. Missing mass of undetected particles M2, = (D,+,- — Pyisivie) -

2EXEE — mj — m?
i | 2 Y with Y = D? system.

2. Use available kinematic constraint cos 0, = -
2|pgs || pyl

3. Residual energy in the calorimeter £ g)gza

>

A
N 7] (7]
2 — 1 missing neutrino g — 1 missing neutrino £ signal deca |
2 — >1 missing particle B — >1 missing particle 2 — background with
& = = unreconstructed particles
O 0 o |\

. X /\ X
2 0 2 4 92 K 1 g 0 0.5 1
M? cos Oy B 6

DESY. miss
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R(D;‘; f) with hadronic B tagging
Strategy

- Measure R(D* ) by reconstructing D™t - D%*,D*z%and D™ — D%".
Identify lepton from 7 — £vv.

. Extract signal/normalisation yields using a 2D likelihood fit to Eg’gz" and M,fu.ss.
M,%m_ projection Signal-enhanced

for D™t = D% mode

projection for D™ = Dzt mode
Belle I D™t — D%+

e 800 E‘- Belle Il D*+ —_ Don‘+ —e— Data 30 2 —e— Data

S 700 [Lot=1893 10" E z*l”' S [ Lat=189.3 1" E ID)*[T\V

> s v, = v

8 600 | & P - D**l(t)v (3 25 I D*Tl/ - D*5(T)v

7o) E_ D 2% B Hadronic B o 20 a I Hadronic B

g 500 3 ot B Fake D o - B Fake D

> 400 F [ Other BG 8 15f [] Other BG

% 300 E— Eit-wienaingy g ; Fit uncertainty

3 200F 5 B

o - - : “3.'

S 100 : -
0 E._._..m—‘ P ; ! o T
2 - l-----:-"---------: ----- : ............................ 2 ;‘- . .

E 0 o > - . . . s o ” o o " . . o E 0 :—. 7 O ae) iy “ st -y % . .

_2:-...l1.'.|. 1 .l | " _2:'_vll|llllhIllllllllllhllll |||..|.|T|...
-2 0 2 5 4 9 64 10 0 0204 06 08 1 12 14 16 18 2
extra
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PRD 110, 07202

R(D o f) with hadronic B tagging

Results

« Main challenge: validate modelling of background fit templates.

Data-driven validation of background and signal model based on studies of control regions.

. Main sources of systematic unc.: PDF shapes: fg'égz , MC statistics: t;é? BB — D**Cv) : +§ EZ’
. Statistical uncertainty: experimental sample size: *_’ii'%ﬁ
’ g 0.4T ’_7,:?/“/ i \ " 68%CL 5ontours
.

L;i R(D#, — 0.262+0: Ml(stat)fgzggg(syst)

0.35

—-0.039

Belle' H BaBar
LHCH '
ng iy ‘

Belle® (

03

Compatible with the previous measurements. LHCH

- = / -
llllilllMlllllllllll

0.25 ' T - e
HFLAV 25: R(D*) = 0.288 = 0.012 - 4
Overall mean of all R(D* ) measurements 021 bemvaummsee: RD% 0288 L0915
T/t ” R(D*) = 0254 = 0.005 g(x )0?31 0
. : . ~ ~ . L I A L 1 L l L L L L I L L 1 L I 1 L
indicates a tension of 2.70 with SM prediction. = T 5% o

=
=
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arXiv.2504.11220 Belle I
submitted to PRD

R(Dr/f) R(

Reconstruction

" Lﬂ) semileptonic B tagging

« First R(D(*)) Belle Il measurement using semileptonic B tagging.

Reconstruct B,, = Dfvyand By, — D*Cvy.

- Reconstruct B, candidates in D*¢~ and D**¢~ final states not

associated with the B,, candidate.
« Identify signal 7 decays from 7~ — £ U .

- D mesons reconstructed in multiple hadronic decays on both sides:

Tag side: 26 decay modes

Signal side: 13 decay modes

+ Require cos 0,°¢ € [-175,1.1] and cos 8% € [—15,1.1]. Signal side
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arXiv.2504.11220 Belle IT

% . . . submitted to PRD
R(D_,) — R(D* ) semileptonic B tagging
, _ T/t
Fit extraction
- Extract signal and normalisation yields using a 2D binned likelihood fit of z_ and z .
oo ® P i * i * i
- The fit is performed over 4 separate channels: DYe~, D*u~,D e~ , D *pu".
« 10 fit parameters: 2 for the signal, 2 for the normalisation and 6 for the background.
Belle 11 [ L£dt = 365fb~"
5000 Dte- ' 2500 D* +om 250 ‘ o ) D+ u 2:00 2000
4000 800 2000 _— ) —B - DYy 100 )
wdl | £ £l | Es000 —B - D*¢ D08 || B
& %0 fitted signal yield (g < 1500 1 | fitted signal yield | 1505 | | < _B — D¥*zy Lk 8 .
g 5[ | & ] g _ [400g 5 5
é 2000 ‘mﬂg “_—‘_:-:: 1000 1()()% é Ll — continuum and BB 3005 ‘é 1000 j‘%
- 1000 200Z . 500 [ 50 ‘ 1000 200 “ 500 “
100
ot 0 ( = 0 ok 0 0
%, Eb o L & 1b o 15 1
% :; ) . + 4 144 1 = Z 1
g 1.0 ;.-.-a.‘4.3..9._*-o-.4,.;.ﬁ.t...*ﬂ.(v. % 1.0 + i H‘«r ¥4 + 11, 14 + { JT | + + E 10 fevwspdydpetis ; +f JT ¢ +J‘ S 1w "H‘fﬁfﬂ*i + * f
- 0.5 + M 0.5 + = 0.5 3 0.5 +— + v + v
0 2 4 6 8 10 12 14 16 18 20 0 2 4 6 8 10 12 14 16 18 20 0 2 4 6 8 10 12 14 16 18 20 0 2 4 6 8 10 12 14 16 18 20

Zgiff VS Z, bin number Zgifr VS Z, bin number Z4ifr VS Z, bin number Zgiff VS Z, bin number
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R(D_,,) — R(D;*; Lﬂ) semileptonic B tagging

Results

« Main sources of syst. unc. R0, MC statistics: 47% B(B - D**¢v) : 0.1% Muon eff. [misID]: %1% [9-9%,

R(D,p) 8.0%’ " 6.4%’ 5.1% 12.9%
. . REDRY . .. 11.0%
« Statistical uncertainty R( D:; ) experimental sample size: ¢q -
HFLAV
' i " 68% CL tontours
R(D;;Z) = 0.306 £ 0.034(star) = 0.018(sys?) HFLAV

R(D},) = 0.418 + 0.074(stat) £+ 0.051(sys?)

The tension between the LFU-sensitive quantities

R(D,,) —R (D;'; Lo) and SM predictions increases to 3.80.
s ‘ , S 025

R(D:/:) = 1.08 £ 0.04(star) £ 0.02(sys?)

LI W L L
Y
o |/
c; /
lll\]\n-/l/xlllllllllll

,I 4 02  $HFLAV SM Prediction Efglf _"g‘z*;gt 0 é’gﬁm =
i — il R(D) =0.296 + 0.004 Yl age +0. total =
| RWD;}) = 1.07 £ 0.05(star) £ 0.02(syst) - e el

Consistent with the SM within 1.606—1.2¢ respectively. D 02 04 05 RD)
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PRL 132, 211804 Belle I

R(X_,,) with hadronic B tagging

Strategy |
Inclusive meas
» Measure R(X,,) by combining events with B, + 7.

Remaining particles attributed to X.

- Innovative and complementary measurement w.r.t. R(D(*)) potentially more

precise with different sources of systematics.

« Extract signal and normalisation yields using a simultaneous 2D likelihood fit Pl jCd= '};‘1"(“’_'
B::k*a)(lr*—*/ Yulv, E=ep — g
B 2 A —Xtv
to lepton momentum p, (B rest frame) and M. .
S e — Xtv
>
B — X7vand B — X?v well separated in the 2D plane. S
N st ’
« Main challenge: modelling the X system. Corrections based on comparison ol (e

of simulation with control regions. 5l
05 1.0 15 2.0
pE[GeV] 16

DESY.



R(X_,,) with hadronic B tagging

Belle |l

Results

PRL 132, 211804

« Main sources of systematic unc.: X £v My shape: 7.1%, B(B — X¢v) :77%, X (£ )v form factors: 7.8%

« Statistical uncertainty: experimental sample size: 7.1%

Norm. Resid. 103 events per bin

DESY.

Belle 11

Electron channel

JLdt=189fb"

- Mﬂlll\ﬂ < l

M2, €(1,23]

s

—_ ~
=)} o
Lhaddt aadad Maa)

,_.
N
T

-
Mnn“

€(2.3.4]| M2

2.4

|||||

H X[r— ewly
Bl Xev

01 BB Background
HE Continuum

: MC tot. unc.
Exp. data

||||||

nnnnnnnnnnn

PR R S S

I N T |

Norm. Resid. 10? events per bin

—
N

N
o

—
(=]
asass

@
Iy

Belle 11

Muon channel

JLdt=189fb~"

L=
—
—
=

{

@2 MC tot. unc.

X|t—= pwlv

Xuv

BB Background
Continuum

Exp. data

llllll

||||||

nnnnnn

1

T e B}

PR 1

AAAAAAA

;—_R(Xt/f) = 0228 + 0.016(staf) =+ 0.036(sys?) i

SM prediction: R(X,,) = 0.223 + 0.005
Compatible with SM and R(DT(;?) measurements.

: : Rt ikl B e
\xtted signal yield Py [GeV]

17

D
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LHCDb
Probing cLFV and LFUV in b — s transitions

* Flavour changing neutral currents (FCNC) involving the third quark family are extremely interesting

NP probes since they are:
e Initiated by a b quark which is heavy (various final SM @
states accessed) and long lived (rel. easy to detect)
* Loop induced and CKM suppressed in the SM @

(BF of order ~ 107 — 1077):

* NP contributions of same size as SM could modify 2
decay properties (e.g. enhancing/suppressing NP
branching fractions)

* Probe higher energy scales than direct searches (of @ :
order 1 ~ 100 TeV) C @



LHCb
LFU probes: the R, observables

* SM distinguishes flavour only for mass effects, hadronic

1.4
contributions are LFU
— the value of Ry |s predicted to be very close to 1 for u/e 12
ratios. <
q2 = momentum transfer to the pair of leptons é 1.0
qq“fa" dB(B_*;;S“ 4 ) dq? s [EPYCT6 (2016) 8 440] Ue
RH = ;m“ dB(B—Hzete ) o 1:|:0(].O ) 0.6
s ) qfnmi:x dqg dq* QED '

LHCb Ry low-¢? = 0.994139%
9 fb'l Ry central-g® = 0.949+0013
Ry low-¢* = 0.92710%%
Rg- central-g* = 1.027+47
1 T
[ t [
t Data X2 =16 p=0812 0c=02
— SM bR 131 023 051803

Ry low-¢° R central-¢* Rg- low-¢> Rk- central-¢?

Recent results from LHCb are in agreement with SM predictions within uncertainties, no competitive

measurement of LFU ratio from LHCb above charm resonances, until now.

exploit collected dataset and reduce orthogonal systematics

Important to keep testing LFU with b — s£Z processes involving different spectator quarks to fully



LHCb

Strategy for R; measurements at LHCb

 ECAL
» Experimentally challenging as sensitive to u/e detection differences (e.g. i
trigger strategy, PID) + different occupancy — tighter requirements for e :
Upstream e s Downstream
 Significant energy loss to bremsstrahlung photons from e, mitigated by c 'f’j':,//:»\\;’“'\“y
recovery algorithm “& -
— Degraded mass resolution and reconstruction efficiency for e w.r.t. y Air
Ru=N (Hupp) e(Hee) [/ N(HJ/Y(up)) e(HJ/y(ee)) n
* 7 N(Hee) e(Hpp) | N(HT[y(ee)) e(HT /() "
H,
T3/
et EffiCi€NCiES
\\ Yields
* Excellent control of efficiencies in » Obtained from maximum likelihood fits to
simulation thanks to double ratio w.r.t. iho/ B invariant mass

control channels

: * Use data-driven technigues to obtain
Standard candles since these decays robust and conservative estimate of

kare known to be LFU within 0.4% [PDG] background contamination
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LFU ratio with B — ¢¢*¢ decays i3 ozs 12, 121803

« First LFU test in BY decays:

-
* Measurement performed in low, central and high q2 regions Tog = 0.997+0.013

« Background is significantly reduced thanks to narrow width of ¢ N

e First LFU measurement at high qz: challenging backgrounds due to vicinity of phase-space endpoint
and charmonium resonances leakages

S ) 1%, i P e T S P B L LRSS |
1.1 < ¢* < 6.0GeV?/c* LHCb Lint = 97"

| WA A LI B .
L 15 < ¢ < 19GeV?/ct LHCb Lint = 9b™*

T ™7 T o e

&

—~ —— T T Y N T
‘E 0.1 < ¢ < 1.1GeV/e! LHCb Ly =97 ] I< . <
% o Data E é 125 g Data ] 2 30 - + Data h
= —— Model = ;1;3:" = Model
5y ~--- Signal ] K 100 isti e - . . = ignal
§20 s Statistical == Misdentfcd = Statlistlcal -t I/ %20 [ Statistical - s J/ys
= B Semileptonics 8 75 significance: — e g AT = B ¢(25)¢ i
% 15 BN Combinatorial E _4§ N gn = ?‘i’:]ﬂ}fiﬁ:;g:i::] g B Misidentified ]
= : 5 50 5.40 ' ] = - 50 s $(25) (J/$X) ¢ |
=10 El 210 B8 Combinatorial ]
< ) (E_E) |
D 3 25 - I
| }
. | ! 0 ~ Oy | % 4 it
0 = 0 :
1600 4800 5000 5200 5400 5600 5800 6000 WO B Wl B 5000 5250 5300 5750 6000 6250 6300
m(K*K ete ) MeV/c m(K*‘K e'e”) [MeV/c'] m(K+*K-ete™) [MeV/c?]

0.1 < g®>< 1.1 GeV?/c? 1.1 < g*> < 6.0 GeV?/c? 15.0 < g% < 19.0 GeV?/c?
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LFU ratio with B) — ¢¢*¢~ decays

[PRL 134 (2025) 12, 121803]

First observation and measurement of BF of B? — ¢pe*e” decays

Results are compatible with SM, uncertainty on R{;l is statistically

dominated, main contributions to systematic come from
misidentified background estimate

q? [GeV?/ ] R;! dB(BY— ¢ete)/dg? [1077 GeV~2c?]

01<g®< 11 15719284005  1.38 025 +0.0440.19+0.06
11<¢?<60 091707 +£0.05  0.26 & 0.06 +0.01 & 0.01 £ 0.01
150<¢*<19.0 0.85%323+0.10  0.394+0.11 £0.04 & 0.02 £ 0.02

« The differential BF Bf — ¢pe*e” is obtained by combining Rdj L
with dB(B® — ¢u*u™)/dg*IB(B® — Jlyg)
[PRL 127 (2021) 151801] and B(B? — J/y¢) [PDG]

—Alog L

dB(B? — ¢£*¢7)/dq* [GeV2c

LHCb Ly =9fb7!

low-g2
central-g°
—— high-¢?

SM (LCSR)
SM (

Lattice)

I/ ¥(25)

=4

——
S

—— |

5.0 75 10,0 125 15.0 175
¢’ [GeV?/cf]
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[PRL 134 (2025) 18, 181803]

LFU ratio with B —» K"zn7zn~ "/~ decays

* First LFU test in these decays: i JIZ? — 1.033 + 0.017
« Measurement in central-g% 1.1 < g < 7.0 GeV?/c?, inclusive in v’f(fé’g) = 1.040 + 0.030
T

1.1 < m(Knr) < 2.4 GeV/c

« First observation of BY — K*z*z"e*e™ decay, > 100 | RK7r7r = 1.81:042 (atat) "o (syst))

* Result is compatible with SM

e | d " Y | Y N 5 | 3 B | | e | |
§200 -+ S LHCb 9fb~" ] §7—00 = LHCb 9fb~" ]
ota 1 L -
. . o = ~-BtaK*trtr~ete~ = A 9
9 Stlll domlnated by Stat|Stlca| g 150 IL—-)(’A;\‘I:Si(l(‘,lltiﬁ(‘.?l‘i()ll & j 150 E i 'Il)':tt,:l Fit =
i = [ BB KtrtroJfy(oeter) I | o AR R !
uncertalnty < ;|_ I Partially reconstructed ? i g b.h t:r: lrr B4 1
. . . ) § 100 Combinatorial _E % 100 _ ombatonda _:
* Main systematics contributions g IR L I
come from mis-ID background g s0f8 E sof 2 €[11,7.0] GeV?/c!
shape and contamination estimate ° |

i i i i 3 . B _‘_- 0 = B & 2 h
5000 5200 5400 5600 5200 5'300 5400 5500 5600
mK*rtr ete ) [MeV/c? m(K*tntn ptu) [MeV/e?]
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LFU ratio with BY — K¥/"£ : challenges at highq2

= 2 :
o - 10°
5 20 s
O, ; < 10*
NU‘ 15 =
10°
10 i
5 10
[PRL 122 (2019) 191801]
50 52 54 56 58 60 | 46 48 50 52 54 56 58 60 |
m(K utu) [GeV/c?] m(K*ete) [GeV/c?]

Peaking structures: BY — K*J/w(£*¢f~)and B" — K yw(25)(#"# ") (resonant decay modes)

Vertical band: Bt — Kt#1¢~ (rare decay mode) in high g? region

Radiative tails + incorrectly-added bremsstrahlung — most prominent background at high g% is BY — K*y(25)(£*7 ") leakage

White triangle: kinematically inaccessible — pink line: phase space cutoff
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[arXiv:2505.03483]
LFU ratio with Bt — K*£ 1/~ decays at high g*

103 =i 8().-' LHCh ]
L:-Ch -?"l,u"’rm-' - £ ,‘:ﬁ:";?" -
« Most precise measurement of LFU ratio Ry at at - P 6oF =
I Part. Reco.

B B - K QRS(=pt )

< Combinatorial
Combinatorial Y Z

high g*:

S
(=

Candidates / (80 MeV/c#)

Candidates / (10 MeV/c?)
2
T 8 T

G{K(q2 > 14.3 GeV?/ct) = 1.08+031 +0.4

105200 5300 5400 5500 5600 OAS00 | S000 T 3300 —m0en —d300
m(K* u* u) [MeV/c?] m(K*+e*e™) [MeV/c?)
gy S
%lb LHCbH
e Uncertainty is statistically dominated, systematic 2\ . RE=1OSHR
uncertainty driven by the partially reconstructed and i = ok

misidentified backgrounds 3 ——- RM=1

» Leakages from charmonia resonances are excluded from
systematic uncertainties, otherwise hard to evaluate 1




LHCb

’ * = .
LFV searches in B® — K Vz%e™ [arXiv:2506.15347]
g t Data
* LFV has been observed in neutral leptons through % F bbbl | A8 Y e Bs Kr e, 1 — 772V, bremssirablung
neutrino oscillations g B K" e, ¥ — 17 2 v, bremsstrahlung
O T S B N B~ K" ¢*, 7 — 77 2V, n0 bremsstrahlung
* For charged leptons however, SM predicts that LFV § ----------------- B~ K¢, — 77 2 7¥,, 0o bremsstrahlung
is beyond current experimental sensitivity o R — A
3000 4000 5000 so,(:‘(:' [Mem] e —
« Search for LFV violation helps constraining NP e S i
LHCb | : “

models that predict it

* Reconstructed B mass is refitted via a decay chain fit

with kinematic constraints to correct for the missing v
momentum

.« B> D~ (Kzm)D; (KKrn) used as normalisation +
corrections to simulated efficiencies

* Most stringent limits on b — s7e are obtained:

AE 54/

Candidates/(215 MeV/c?)

6000 7000
myg, [MeVic?]

B'— K"'v*e", v* — s x*V,, bremsstrahlung
B— K"r'e", v — n*a 1 a°V,, bremsstrahlung
B"— K"'1v'¢, v* = m*7 7'V, no bremsstrahlung

B'— K"1'e", v = ' ' 2%V, no bremsstrahlung

Total fit

@90(95) % C.L.

| B(B°— K*°ret) < 5.9 (7.1) x 10-6

L B(B°— K*rte™) < 4.9 (5.9) x 107°
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NAG2 NAGZ

Kfom It

LNV selection: m(n-e*e*) | - LNV selection: m(mp*u*)
et < signplisgion | G FNAG2 - Dia
* Run1(2016-2018) for K-> mee g, 210°F =;—m:xtn‘.v
* 25%Run1(2017) for KSmpp 3 e — PRty
E ;10 E EK._’,‘.“,“_
c © K'spivpp™ (x10)
PLB830 (2022) 137172 g S10°k T
w w 3
PLB797 (2019) 134794 - 102:
10F
i
10_2? 10"
200 250 300 350 400 450 500 550 10%380 400 420 440 460 480 500 520

m(n e*e*) IMeV/c?] m(r uu*) IMeV/cd

ot oo obnes __uion 005

K* > et et 0.43(9) 5.3*1011
K = ot 0.91(41) 1 4.2%1011



NAG2 NAGZ {
Kr=omue

LNV m(n-utet ) LFV: m(n*u-e*)
1055- + Data 0°F i ¢ Data
Data: %’: 5 Bl s %1 | | e
* Run1(2017-2018) - 4l | R s Y Sl
:\e 10° 3 B < —ree P 10° ; W K —rleey],
§ F ‘ B K —uive'e g 5 B K —nteuty
W02 a TS I K ety
PRL 127 (2021) 131802 ; 1 1] ey [
105r + E E Total uncertainty 105r
: + i ;
i3 Ly b3
10'F 101
102 102
216 RN —
s | 113,
%08 Y
82 '11.] T lfi[] 825#[1‘1(1]111“!1(11 111(1(11111
500 550 600 300 350 400 450 500 550 600
m,.,. [MeV/c?] MeV/c?]
_ Expected bkg N(observed) UL(BR) @ 90% CL
K* > 1 pt et 1.07(20) 4.2*%1011
Kfr>mnu et 0.92(34) 2 66710 °

n’ > p et 3.2*10"°



NAG2 NAGZ (),
Kr>m mletet and K*-> p-vetet

m(n-nle*e*) |
Data: T ~ ( H

Squared missing mass, (PK P Pa) l

“E % |[~Data é %

* Run1(2016-2018) T 1 [EKongevy c Y LK - | —
s e | |3 g aells =
> ki - < ¢ *onrtrl [

PLB 830 (2022) 137172 2 |EKoray = g [EEK T
0107 'e| E<10MeV 5 g

PLB 838 (2023) 137679 W F @K -rnly A P

L | E>10Mev g
1072 —

—
S
w

i
10400 420 440 460 480 500 520 540 560 580 600 oG5 —557 "0 001 002 003 004 005

m(n n%*e*) [MeV/c?]

m2,.. [GeVZ/c*|
m Expected bkg N(observed) UL(BR) @ 90% CL
Kt>nm nletet 0.044(20) 8.5%101°

Kfr>p vete' 0.26(4) 0 8.1*101



NAG2 NAGZ

Search for K*>n’me

Data: ’ K'>nonute K*—>non*u-e* K*—>nin*ute”

Run 1 (2016-2018) N | e e T

. > = o Seai e e A et n K'-ox' o
s K neveK ' sx'a'x | E T S Ll > .“2’. 4
C IElK —x'xe'e
COK =2 veK' sx'x'x
i & other coincidences

-« Data

B K -2’ i
s -K'-ﬂl'ﬂfﬂ .
EK —r're'e it
DK'—~:°@’V.K'—~:‘:’: :
e [ [N MO | S

PLB 859 (2024) 139122

||||||||

1 -li ”l 1Ll Iil et L l 1 11 1 I 1 11 1
600 650 450 500 550 600 650 450 500 550 600 650
m(r’rpe*) [MeV/c?) m(r’r*u-e*) [MeV/c?) m(n’z*ue”) [MeV/c?)

m Expected bkg N(observed) UL(BR) @ 90%CL

Kfr>non ptet 0.33(7) 2.9*%1010
K* > ot - et 0.004(3) 0 3.1*1020
K* > mont pt e 0.29(7) 0 5.0%1010

450 500 550




NAG2 NAGZ

LFV/LNV decays @ NA62: state of the art

LNV/LFV K* and =° decays, NA62 Run 1

102 107" 107"° 10°
Upper limits of decay BRs at 90% CL
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ATLAS

EXPERIMENT

Uy
Status with Run 2 data for Higgs LFV decay  Two independent background methods:

Two independent searches: H—et and H—pt - MC-template (for leptonic and hadronic decays)
Two categories: VBF and Non-VBF - Symmetry method (for leptonic decays)

{0 =

o
( =

-

q 1

-->--- H by >-->--- H

q




ATLAS

ATLAS

EXPERIMENT

Higgs LFV decay: ATLAS Run2 results

ATLAS —_ (EDbseNed ATLAS — Observed
Vs =13TeV, 138 ft' S Spoctecs 1o {s=13TeV, 138 &' @ Expecteds fo
= 1 POI Expected+ 20 1 POI Expected= 20
etV 1 0322 ur VBF 022
el |: B(H = or) = -0.097)7 % ol (e0 ; ] B(H - yx) = 0,067 %
0.35 {obs) 0.48 (obs,
er, . VBF X 0.1 ur, VBF 010
D.ZB“‘lexm i I ﬁ[H - er) = 0.07 013 % D?‘;‘(mn) ; l »(H =) =0.05 an‘u %
0.31 (obs) 0.24 {obs)
er, non-VBF 3 010 4 ur_non-VBF 3 o
0.18 (exp) - | B(H~er)=0.257 "% o;o;mpg [ I BiH — yv) = 0077 1%
0.41 {cbs) 0.26 {obs!
1,4 NON-VBF 012 o ur_non-VBF 007
0,;: (ex H B(H - er) = 0.03 a2 7° 0. !50’01‘); ! I B(H - y1) = 0.12 ]
027 (b8 023 {obs|
«, e foseen e s N gt s
I i | B(H—~er)=0.1970% 9 o o) i | B(H 1) = 0,071 %
0.34 (cbs) 0.24 {obs)
€49 ) 2 5 006 o nr, $ ® o 005 o
(H - er) =0.05""" 5 s B(H —pr) = 0,105 %
pieg) il s 316 1o ol
ler 3 a Toenr 3 i 005
O i i | BH—=en)= 01859 % |1 © lhopieg i BlH -~y =009°%% |
07 -1 (R vy e D PR PR RPCELS BV IR e oo (e 1| S v T e (OIS NSl NPV PPN bl v
0 02 04 06 08 1 12 14 16 0 02 04 06 08 1 12 14 16
95% CL upper limit on B(H — et) in % 95% CL upper limit on B(H = p) in %

- Combination of the three analysis approach with a 1 POI fit
setup:
» Observed limits are above expected ones for both signals.
» 2.20 excess seen for B(H—et) and 1.90 for 8(H—pr).
- 1 POI setup also used to extract branching ratio difference
with Symmetry analysis:
BH —put) - 8(H —e1) = (0.25 £0.10)%

THEP 07 (2023) 166
0'3 T T rrr Trr T T T T (A B Y a1 N OV §
T [ oamas T W
T 0250 s-13TeV, 13810 g
T x SM
L 02f .
xQ B
0.15 -
0.1F &
0.05 - 4
0 B = __
0.05 " L '

ll‘ll‘l All | .} Illll‘[lk lAlIlII ]
-0 005 0 005 04 0145 02 025 03

B(H —ert) in %

Observed limits are above expected ones, in
line with 1 POI fits.

1.60 excess seen for @(H—et) and 2 .40 for

B(H—u1).

A slight upward deviation.
Global compatibility with SM within 2.10.

16
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Belle |l

Physics Models

SM + Seesaw
SUSY + Higgs

SUSY + SO(10)

Non-universal Z’

PRD.77.073010

Lepton flavor violation

* Lepton Flavor Violation (LFV) in charged lepton decays is allowed via weak charged

currents and neutrino oscillation, but immeasurably small
om
BR(¢, — sy & (— )2 ~ 10-54-10"%

m

— observation of LFV decays would be per se a proof of non-SM physics!

decays ( B anomalies in b — cv , T Vs light leptons)

* Various new physics models predict LFV at observable rates

Bt~ = pu putu)

10-55
10-10
108
10-10
108

* Hints of lepton-flavor universality violation and deviation from SM predictions in rare B

New interaction that violates flavor
|(Z' boson, leptoquark)

— Special role of the third family
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JHEP09(2024)062 Belle II

Belle |l

Search for T*—= U’

* Motivated by new Z', charged Higgs models [1]
* Reconstruct signal in inclusive untagged approach — new at Belle Il [2] Tprong
+

* Reject £72-(y) and £*£-£"L processes with data driven selections + Boosted Decision 3prongs

Tree (BDT) classifier to suppress qa background exploiting signal and Rest Of Event
(ROE) properties — final signal efficiency above 20% ( ~3 x Belle)

* Extract signal by Poisson counting in clliptical signal region in A Es,= Es,.—+/(s)/2 and
Ms, plane
= { Belle 11 Signal region ,é =
— 3 ‘":I 4241 — 4204 region :’-: -
i_} “ ; l{:l ;,,‘ ,j]",, =6 %10 * Sishuniy 107 S B(T_ 4 — . =3 —) - 1 Ar()bs _ i’VG‘XD Experiment QQSOUL(T—F’IF‘J)
£, i " A T . (Luminosity [])  [x 107]
- E * One event observed in 424 fb! Belle (782) * 2.1
] ' il (expected 0.5 from data-driven estimate) “ CMS (13115 ‘ ’9
Lo 7« Compute 90% CL upper limit with CLs . (131) |
o 10 method: LHCb (3) © 4.6
] e B (T — MMM) = 1.9 x 108 I
if tails World’s best
1| "# -2 ; . "
R [a] Phys. Lett. B 687 (2010) 139, [b]
1.70 1.75 1.80 1.85 arXiv:2312.02371, [c] JHEP02(2015)121

My, [GeV/e) [1] PRD.77.073010 [2] ArXiv: 2305.04759
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Belle II

Extending the search to T= — e~ ™™™

* Inclusive tagging applied, add 5 modes differentiating via lepton ID selectors il e e A
WP kgt o« & e HeensteRptie et
« Higher background contamination from £7£=(y) and £*£-£*L~ processes 2
known to be mismodeled in simulation — data-driven BDT classifier <
L
— background training sample selected away from the signal region and rely =
on signal kinematics from simulation — &4, = 15 — 24 % -
* Improve sensitivity extracting the signal from unbinned max likelihood fits to 1 2z 3 9
M.y distributions — use sidebands to extrapolate expected background yields 00 Uk 04 L W
SBDT
* No significant excess in 428 fb* — observed upper limits computed with CLs vt pretyt Belle II preliminaip [ £dt =428 b1
method are between 1.3-2.5 x 108 ~, OF = BT i i
> 5k
O
o | l =
: 2
Most stringent Nis N Che Bx10® BULEx10"® BYEx107% S 3F
to date for four -t~ | 61723 5 o528 0 2.7 25 W P l
eetp~ | 121437 12 —0.40*18 0 2.1 1.6 Y >
modes Y e~pte” | 105753 1T 2907135 0 1.7 1.6 3 1F
jipte | 20735 18 =250 04830 1.6 2.4 ok - - -1 .
petp | TS5 90 0345 g 0 14 L3 3¢ 14 15 16 17 18 19 20

I\Il it l(;PV/('z]



600

Events /(0.018 [GeW\c?])

Belle + Belle ||

arxiv:2504.15745

Search for T— LKL (I=e, p) Aot

publication in JHEP

It can constrain new physics models with leptoquark operators [1]

First LFV search on the combined data set Belle (980 fb!) + Belle 1l (428 fb!) — 1408 fb!

Reconstruct in wong tag approach, use lepton ID to distinguish signal channels and tag sides, Ks .

candidate from two charged pions

Data-driven selections against £*£-(y) and £+£-£*{~ processes + BDT trained on input features from tag-

side, event and signal Ks° properties to suppress ee—)qa — & > 10%

Signal yield from Poisson counting in elliptical signal region (SR) in Mis, AE=(Eis - Ebesm)

Expected background extrapolated in SR from exponential fits to Mks sideband

Belle T (Preliminary]

T pK? G2 T-»pkd low — mult.
[edt=428fp-! R g + Data
B8 MC stat. Err
L__Bhad

“M(uK?) [GeV/c?]

| EPJ.C.10052-010-1482-4 [2] Phys.Lett.B, Vo

AE [Gev]

1.0

05

0.0

-0.5

-1.0

— Elliptical SR
Belle Il (Preliminary) — 35RSB
T—’EK? EZ3 Rectangular SR

Data [cdt=428 fb~!

16 b Y 4 18 19
M{eK?) [Gev/c?]

2.0

Better performance in the electron
channel due better particle ID

* No significant event found, set 90% CL
world’s best upper limits:

BF''(t—e(p) K%) < 0.8(1.2) x 10-*

Between 3.2(1.9) times more stringent
than Belle [2], 671 fb!



Belle

Invisible scalar boson in T decays

* T decays to new LFV bosons (e.g., ALPs) predicted in many models [1] Belle Il (63 fb 1): PRL 130 (2023) 181803
New at Belle: arxiv:2503.22195v2

« Search for the process ete— T (— M) T (— nmv), with I=e or I=1

* Approximate T pseudo-rest frame (ARGUS method [2]) as E_~ /s/2 and /.~ =7 /17 |

* Two-body decay: search a bump in the lepton momentum spectrum over irreducible background from T ,— Vv

* NEW at Belle (800 fb - ): enhance efficiency adding
. one-prong decays on the tag-side

* Improve estimate of 7., direction by reconstructing

opening angle between 7, and the hadronic system, 6,

: 9..Y,  tagside
e
3K Z tag-side (h:ni,nino,ninxni,etc..)

i 2 + B 2 = (V5/2 = Epe™)?
m. |

c.m. “ C.
2P Py 1

0., = arccos

[1] M. Bauer, et al. Phys. Rev. Lett. 124, 211803 (2020), [2] ARGUS Collaboration, Z. Phys. C 68, 25 (1995)



arxiv:2503.22195v2

Invisible boson in T decays at Belle NEW!

* Require the 7, aligned with the hadronic system ( |0-.| <4 ) improves the signal lepton momentum p;
resolutions — better sensitivity in the final fits

* Selections independent from the & mass: €, ranges in [0.3 -1.5]%

— validated on control samples in data and simulation using 7— 7 7°v events

10° x10°
S 100 : S 90p 1 .
S Ldt =800 fb" Brit—ua)=1.0x10°] S 80 Ldt = 800 fb"' Br(t— ea) = 1.0x10
L 4 ©
= 80 EITotal background - S 70 — Total background
s -Othhler backgrounds = gz)_t’heer\gackgrounds
~— o 2 -1 ~ 60
o T—pa, m =0 GeV/c == 1— e, m =0 GeV/c?
o 80 10 m'=0.5 GeV/c ]l o )t ea, m =0.5 GeVic?
= i m'=1.0 GeVic? £ 90 Y 2
= O —ha, m =1.0 GeVic, 41 c ) ea, m =1.0 GeVic
o O tuo, m'=1.5GeVic 1 @ 40FC3t— ex, m =1.5 GeVic
30
20| 20
N 10
O7TT02 0304705 06 07 08 09 %01 02 03 04 05 06 07 08 09
Qo . —
2 1.0 g '
8 £ BRI g 105¢ ’ o :
3 9; m’""o wINEEOENES 2 M3 oA o L O Y T aLall
: 0.95F Wo ' <
0. A A A A A A A E x 3 i . . . X " ) E
001 02 03 04 05 06 07 08 09 0% 07 02 03 04 05 06 07 08 09

P " [GeV/c]



arxiv:2503.22195v2

Invisible boson at Belle: results NEW!

----- Expected UL ----- Expected UL
_ gf-mon’ pmeccusa -800' g eyl <20 Between 0.4-6.4 (0.2-3.5) x 10"
; s Rt :;%;;:%0:;‘;:[83;%%3 8% CL UL :%;ngo:‘g‘ta?%%%"z%ﬁ for electron(muon) channels
5 18 — most stringent to date
0.

B it Rt S TT 2T

.1.....‘.. ...l...l...l... - B
% 02 04 06708 1 12 14 16 % 02 04 06 08 1 12 14 16 [1] PRD.102.115001
m, [GeV/c?] m, [GeV/c? :
Signal
Background
TEASER: new method at Belle Il, exploiting 1x1 7 pairs
topology and new kinematic variables [1]
— sensitive to the a mass at the lower/upper bounds of the
Idistributions, improves signal/background discrimination
WORK IN PROGRESS | ST WY WU T VRV UT R (NN VP W N oGV Y
a8 -2 -




Pacnaabl MIOOH3

>MEG II
ru ey

muon




MEG |l

Why u — ey search?

* No SM process for u = ey

e Even with v-oscillation,
Br(u — ey) < 107>

—> Evidence of new physics if discovered

10°% ; Too small for experiments

* BSM expectation for u — ey

e E.g. SUSY in O(10 TeV):
Br(u = ey )~ 1071*-10712

-=> Within experimental reach

Amw slepton mixing

i .- X 6 J,ﬁ
// \

/

/

1014 - 10~12; |n experimental reach



MEG ] H
How to detect u — ey? Sfs

Signal Main background RMD background
2-body kinematics Accidental coincidence Radiative muon decay (u_l—; evvy)
180° A -> Minor (effectively 107°)

(i\ e+ BG positron

52.8 MeV

Different kinematics

o
Ocy 180

-

What determines sensitivity?

V
' ( Nsig < R, X Br(u — ey) X efficiency
v 2 2

No correlation

2
Npc X Ry, 0, 09 O, O,

I l

E. 52.8 <52.8 Resolution
E, 52.8 <52.8 * High efficiency & high rate
L 0 Flat distribution * Continuous muon beam

* High resolution
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Analysis strategy

* Extended un-binned likelihood fit to estimate Ng;,
LN s Wit N Bsyrst) = ClNotopr Wi Fayet) s— Constraints on nuisance parameters

e—(Nsig""NAcc'*'NRMD)

X X (N
Nops! Hdataset S

e S(x),A(x), B(x): Multi-dimensional function
of energy, time & BG-y counter B
* Confidence interval calculation with B Blinded
Feldman-Cousins method

* Blinding according to
* Time difference
* Photon energy
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Sensitivity of this search

* Measured # of muons: k = (1.34 + 0.07)x10%3 Br(u - ey) = Nsig

* Number of effectively measured muons k

e Evaluation by background positron counting in dedicated dataset
—> Automatic incorporation of positron efficiency & beam rate fluctuation

400 ———
— .
.
[~ .
i .

=== Median for pseudo experiments

[-3 ns, -2 ns]

e Sensitivity to Br(u — ey ): 2. 2x10°13 3005—

* Defined as median UL of simulations 250
with BG-only hypothesis

[-2 ns, -1 ns]

[1 ns, 2 ns]
[2 ns, 3 ns]

0: .V.V|§ . W Vj_'—'““—,—..f i
0 2 4 6 8 10
90% C.L.upper limit on BR (x10™°)
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Events / (50 ps)

Events / (5 mrad)

Data vs Fit Ss

A 3 EEEN
= z (c) : .
3 < Best fit
g g E
g 5 UL on Ng;, x4
: , N.||f Accidental
- \ A
10-‘:}- N RMD
1072 '
525 5 535
E, [MeV]
3 @
s $
wn Z
3 g
§ 25
20 No signal excess
. 10"
10
2 S(x)
5 10 ) =i ( )
10
'-"-'-'-"q""-"-"""-‘blj 0 ---l-'—‘-."!'F'.-J-ttn.-.-.; e g . [ Slg B( )
-4 20 0 20 40 Sa0 20 0

20 40
9” [mrad] ¢” [mrad]
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___MEG—h’a'éi'hany BG events
|| _ 2 Curved shape

1 1 1 1

0 0.1 02 03
Branching ratio

Result
New "mlt: Negative log likelihood vs Br(u — ey)
—-13 SO
Br(ﬂ T eY) <1.5%10 2 35 —— MEG 1120212022 =
| : ]
g || s MEG 2009-2013 =
2.55— Linear NLL curve from this data =
Summary of numbers in this analysis 25_ - Still BG free E
# of muons 1.34x1013 1;_ _:
Sensitivity 2.2x10713 - -
Limit Br(u — ey) < 1.5x10713 a3 E

x10712
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