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Lepton Flavour Violation (LFV)

 Standard Model (SM) — no principle that ensures lepton H
flavor conservation v
— Violation: Observation of neutrino oscillation Zly
— Charged LFV processes still strongly suppressed 0(10-92) w
[Eur. Phys. J. C (2020) 80:438] T
S ¥
Vi Vu
- 1—>3udecay: excellent probe for LFV test at colliders
— Extensions to the SM — predict a much higher BRs, which
can be tested in current experiments u
— Expected values: 0109 — 0(10%) [JHEP10(2018)148] /

— Very clean final state, easy to trigger and reconstruct

— Best result achieved so far:
B(t—=3u)<1.9-10%@90% C.L. by Belle ll . ., 1,05 073861

In this talk: CMS results on Full Run2 data K

[Phys. Lett. B 853 (2024) 138633]
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7—3u decay: analysis strategy

. 2017-2018 pp collisions at Vs=13 TeV (L=97.7/fb) "B+
* Previously: 33/fb on 2016 :Sg

D+
« Dedicated trigger for each channel of the analysis: :a,s

— Heavy flavour (HF): fau from decays of B and D
mesons

« High stat, low-pT leptons and higher background
Search for a peaking signal in the

\ 3uinvariant mass over smooth
— W: tau from decay of the W boson background

« low stat, high-pT leptons in the final state + MET

« Signal Candidates: 3 muons at charge 1 selected
by the trigger + offline selections

- Common displaced vertex, reconstruction quality,

invariant mass N | 17% Ge_\[ | Muuu
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https://www.sciencedirect.com/science/article/pii/S0370269324001916?via%3Dihub

7—3u decay: Background R
02f Simulation Supplementary
Background Composition : T8 [, rom b,~xu Mo
« two real muons plus one fake O18F" E rake muons (ki from D/B decays) MC
- 3 genuine muons two of which come from o
resonances (¢(1020) «(783), Ds — n (Uuy) uv) o
« Other combinatorial o8k
« W channel: SM W->3u 0.065-
0.043—
_ 2017-2018, 97.7 o' (13 TeV) | 2017-2018, 90.4 fb™' (13 TeV) 0-02;— o <@ 0
§0_12:_CMS S [ CMS %01 02 08 04 05 06 07
- t Data (sidebands) 3 + Data (sidebands) BDT
ot B HFt— 34 (MC) : W 1—-3u (MC) Background estimation:
! ok Fit data sidebands, used as proxy for
008 g background
0.06f 10—2;
- Background suppression
o . ol - BDT based MVA muon ID
ool .. ? ’ « Per-event BDT classifier with per-muon
T 00801 ..... = 10_40', _ T and per-triplet variables as an input
' ' ' ' T ' & imton relative isolation « W channel: cut on the three-muon

displacement
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7—3u decay: Signal exiraction

2017+2018 analysis resulis:

« HF: observed (exp) upper limit: 3.4x108 (3.6x108) 20% CL
« W: observed (exp) upper limit: 8.0x108 (5.6x108) 90% CL
2016 analysis results: doi:10.1007/JHEPOT1(2021)163

- Event categorization based on
production mode, data taking
period, three-muon mass resolution

. . . -8
- Signal extraction on the three-muon 8.8x(10°) 90% CL
mass shape
- Results dominated by statistical Full Run 2 result: 2.9x1 0'8(2.4X] 0'8) 0% CL
uncertainty
15X 10°° Up to 131 fb™' (13 TeV)
= i i
2018, 59.7 fo™! (13 TeV) 2018, 59.8 fb™! (13 TeV) ? CMS
> 3 [ - ]
= 12 CMS HF Category A1| = °F CMS W Category A % - .
- three global muons M 1 Data - -
2 10 2 it — Signal @=107) S 10 — Observed ]
§ i I Data . § 4:_ _B:ck mu;d_omyﬁt 8 i --- Median expected |
"o = gfcnkaglrE)BL;L(-)or)\Iy fit Yo ’ "E' i B 68% expected )
i 3 = i [] 95% expected |
of : 5 |
B S
: S °r }
)il — . i
2 /'\ O
[0 | | | | | \ O\o i |
0-965 17 175 18 185 1.9 195 2 96 165 17 175 1.8 185 19 1905 2 S B }
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HF analysis W analysis HF + W HF + W
2017+2018 2017+2018 2017+2018 2016+2017+2018
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Lepton Flavour Universality (LFU)

- Standard Model: different generations of leptons have the same couplings to gauge
bosons;

« The Yukawa coupling exhibits a flavour structure, giving different mass to each charged lepton

family
g 04 v R T3 T e
EZ/ ~ Moriond 2024 -
035 LHCbH* ]
[ Aetienn 1 + Beyond Standard Model: could alter the
- TR ] branching fractions differently for each
031 ( _ lepton species.
. LHCY - R(D)-R(D*): 3¢ tension with SM
0.2  4HFLAV SM Prediction R(D)=0.342 +£0.026,, —
B R(D) = 0.298 =0.004 R(D*) =0.287 £0.012,, -
- R(D*) = 0254 = 0.005 l;&;)ofgs% -
B 1 I 1 1 1 1 I 1 1 1 1 I 1 1 1 1 1 1 1 ]
0.2 0.3 04 0.5
R(D)
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Lepton Flavour Universality (LFU)

b > sll

R(K) =

B(B — upkK)

B(B — eeK)

SM: 1.00 = 0.01

* Small BR (loop level)

e Neutrino-less

b - clv,

B(B. — J/VTv,)

R = B(B: — J/Vuv,)

SM:0.2582 + 0.0038 Phys. Rev. Lett. 125, 222003

* Large BR (tree level)
* Neutrinos in the final state
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Lepton Flavour Universality (LFU)

b > sll

R(K) =

B(B — upkK)

B(B — eeK)

SM: 1.00 = 0.01

* Small BR (loop level)

e Neutrino-less

A

Y
S

Physics

b - clv,

R(J/¥) =

B(B. — J/VTv,)

B(B. — J/Yuv,)

SM:0.2582 + 0.0038 Phys. Rev. Lett. 125, 222003

* Large BR (tree level)

* Neuftrinos in the final state
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B* —» K*¢¢ search strategy

10°

- B-parking dataset: 10'°9 unbiased B-hadron events " i - 531"(13TeV)
. . . ® (12,12, 6) (10,9, 6)
collected with single muon triggers 8 CMS . — ol —
* £=41.6/b pupsianivoraiabs2403.16134 8 " =:§ 5 :; =f§: i 23
V] | w(28) (8, 8, 5) (8,7,4)
5 il 1 v(is) M(7.83) W(7.7.4) 3
Bt - K= e < (py, PFTLIPLT) 3
' . O 10° .
« 1 uselected from the HLT (tag side) 5 :
1 0OS pinthe muon system acceptance 10 .
E. e |

B* —» K*ee : probe side of the HLT, 2 categories:
— 2 Particle Flow (PF) electrons =
— 1 PF+1 LP (Dedicated low-pT electron ID, LP)

Loose selections on common vertex, lepton R( K) _
reconstruction quality, invariant mass
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https://arxiv.org/abs/2403.16134

B* —» K*¢¢ search strategy

2024 Rep. Prog. Phys. 87 077802

Background

«  Sources: Combinatorial, Partially reconstructed

B decays;

» Rejection: suppressed via BTD.

Normalization

R(K) measured via a double ratio

- Normalization with B¥ —» K*] /4 (££€) control
region to cancel out systematics

R (K) (q2) [q?nin’ qzmax]

B(B* =K ut 1) [ghin o]
B(BT—=J/Y(pt ™ )KT)

B(B+—>K+e+e-)[q§‘m,q2ma]
B(B+—=J/{P(ete—)Kt)

R(K) =

B(B — ppkK)
B(B — eeK)

CMS 33.6fb™ (13 TeV)
s
© 107
102
10°E
E K-
ol B" — K'u*u
c — Signal
- .., ., — Background
10 -8 6 4 2 0 2 4 6 8 10
BDT score
CMS 416 1b' (13 TeV) CMS 41.6 o' (13 TeV)
S 10k
cu‘ =
1072
. e 103
B" > K'e'e B* — K'ete
PF-PF Category PF-LP Category
— Signal Si
4l — Signal
_(I[, —Background ] . 10‘. —  —Background L |
- S 0 S 10 0 5 0 5 10
BDT score BDT score
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https://iopscience.iop.org/article/10.1088/1361-6633/ad4e65/pdf

LFU violation in BT - K*¢¥¢: results

R(K) compatible with the SM
R(K) in g2 € [1.1; 6.0] GeV2in agreement with the world-

average

R(K) = 0.78%

Limited by small stat. in the electron channel.

0.46
0.23

(stat)

+0.09
—0.05

(sys)

Main syst: background description, frigger turn-on

0.74%%4

-0.32

0.28
1.03%5,

0.097

0.745"] e

084693

0949325

BaBar

g2 €[0.1, 8.12] GeV?
PRD 86 (2012) 032012

Belle
g2 €[1.0, 6.0] GeV?
JHEP 03 (2021) 105

LHCb 3 fb™
g2 €[1.0, 6.0] GeV?
PRL 113 (2014) 151601

LHCb 5 fb™
g2 €[1.1, 6.0] GeV?
PRL 122 (2019) 19180

LHCb 9 fb™
g2 e[1.1, 6.0] GeV?
PRD 108 (2023) 032002

CMS (this work)
G2 €[1.1, 6.0] GeV?

R(K)

Candidates / 50 MeV

Pull

25

20
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2024 Rep. Prog. Phys. 87 077802

the K*Xefinvariant mass.

CMS

336 (13 TeV)

Signal extraction via maximum likelihood fit of

> =
o 300+ )
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https://iopscience.iop.org/article/10.1088/1361-6633/ad4e65/pdf

B(B. — J/VTv, )|
)

LFU in B;-I_ —)]/‘P'£V£ RN = BB, = 7w,

- Events with J/y —uu decays considered
« Two possible channels depending on T decay

Leptonic channel
B(B. — J/Wty,) T .

V) =
RUJ/Y) B(B. — J/Yuv,)

Hadronic channel T — NIV,
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LFU in B — J/W£v,: leptonic channel T — uv v,

arxiv.2408.00678

B(B. — J/VTv,)
B(B. — J/Yuv,)

- 2018 pp collisions at 13 TeV (£ -59.7 /fb) collected with a dedicated trigger [R(J/V) =

- Signal: 3u events + neutrino(s) for numerator and denominator
« Online selections: 2 OS y compatibile with J/p + 1 u (p1: 5,3,0 GeV and n < 2.5)
- Offline selections: impact parameter, reconstruction quality, invariant mass (of J/@ and B), vertex probability

e e e e . CMS 59.7 fb' (13 TeV)
Discriminating variables: S 022FT T T T T
2 — _ 2 = N B, — Jyttv, .
* 9*=(Psc ~ Py w)*for lv/3v S 02F sy, .
- 3D IP significance of s L 0.18F misiD .
- significance of J/y displacement (L,,/0Lxy) 0.16f -
0.14F P =
Background sources: 0.12f =l =
*  Fake muons: J/y — uu + misidentified hadron (K or 1) 0.1 i = E
- Hy— J/Y + u (or combinatorial muon) 0.08F E
- Combinatorial pu (in J/3p mass range) D0eL E
B.— J/Y + charmed hadrons 0.04F E
oo |

T T s
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https://arxiv.org/abs/2408.00678

B{ — J/W¥£v, leptonic channel Tt — uv,v,: results

arxiv.2408.00678

¢ distribution for the signal-
enriched category

Ixy/ otLxy distribution for a
background like category

Categorization: 14 categories based on _  Cms 59.7 b (13 TeV) © 100, CMS 59.7 b (13 TeV)
2 < J[C T T T L PR = S R I I I
° q o 10E B Jiy, Wy 0 E Q - -
- 3D IP significance PR =B?*W<ZS)"’V" =°mefB;»((cP‘éwv» ] ~ as00f- e Mo G
— - Comb. dimuon +p* B mesons - = - ) ) .
« 3y mass $ [ I oayors . ey, 1 @ 3000 Bl oo - [ meo =
- Relative isolation of the third muon it L3-Sy E i U s ot
i 2000 - =
Signal extraction o = 1500~ E
«  Simultaneous maximum likelihood 14 1000~ =
categories o 500F- -
— g?and significance of J/y T ¥
displacement used for signal QA e I T g
extraction 3 °% “; . RUSOR 3 0% . . :
. . . © 55 6 65 7 75 8 85 9 95 10 © -1 -0.5 0 05 1
-+ Statistical close to systematics = 9 (GeVd) = log, Ly /0,
*  Main systematics: 1018 1021 1019
— B, form factors R (]/l/)) — 0.17_0:17 (Stat) _0:22(Sy5 _0:18(th60)

— Mis-ID background estimation,
MC statistics
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B} — J/Wfv, hadronic channel T —nry

CMS-PAS-BPH-23-001

e 2016-2018 p-p collisions at 13 TeV (138 /fb):

* Online selections: 2 OS py compatibile with J/y + 1track
* Offline selections: online+ 3 tracks with common vix displaced wrt PV

Measurement of the numerator

* Dedicate low pT hadronic tau reconstruction

CMS Preliminary 59.8 fb™ (13TeV)
- —

(/2] T
T 107
g'0 &Isbsj'/ve)‘:bk Background sources
w10 p—>JIYP g
10° } %B:edlwrh\;H ° Hy —)]/lp + X (m(]iﬂ bkg) 3/’,/
. Bi—>J/p D!
10 [ B!~ others e B}Y > J/Y + charmed hadrons  »7

* Background rejection via BDT: 18 input variables related to:

e kinematics of the B-meson

e t candidate

£ b
- 1.:”“.'.““30“‘30:‘” ...... u * bt
g | ¢ . l | * global event-level observables.
OO 5 [ ] A A . ] A A ) * v
' 2 4 6 : : : : :
XGB output score BDT used to define Signal region and Sideband region
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https://cds.cern.ch/record/2908224/files/BPH-23-001-pas.pdf

Bi — J/W#v, hadronic channel T >y,

59.8 fo' (13TeV) x10° CMS Preliminary 59.8 fo'' (13TeV)
LEE I NI R RO WL N N LA AL AR

x10% CMS Preliminary
HILIEN AL B LA T

* Estimate Hp, — J/y + X bkg with a data driven £ 147 D8 g
= r ¢ Observed SB 1 L " ¢ Observed SR 1
method. 2 12f~ [ Data-Driven JAy X bkg - 2 4 [ Data-Driven Jjy X bkg N
. . . o 10:_ ] B;—>J/\v’thv* B o E (. B;—>J/\y1:hvﬁ E
* Assume signal is mediated by p(770) — t1+11- T A - L A ER o i - ST E
. ) 8 [ Bi— others E 06:— [ Bi— others E
* Define p1 and p2 as the 2 possible OS m 6F o = N ]
combinations af . E
. . . . . u 0.2 ]
* Estimation via simultaneous fit of SB, SR and %
leptonic data channel £1.2f
~ 1pe
Results: 808l |
. . . . . . O | | | | 5 | | | I10I | | | 15
° R(J/Y) obtained via simultaneous fit with the leptonic Unrolled m(p) v.s. m(p,) bin 1D
T analysis 2>close to 1 CMS Preliminary
. . . LHCb, Run1, 1,
¢ Combining with the leptonic channel: Prye o Lot ———
120 (2018) 121801 | _
R(J/y) = 0.49 + 0.25 (stat) + 0.09 (syst) .
. Hodron]c and Iep’romc channels shqre same . omMs |
denominator: combined result obtained performing Combination T T
0 sM 0.5 1 15

an overall simultaneous fit

Blois 24 - LFV and LFUV in HF decays at CMS - R. Venditti 16




Conclusions

LFV and LFUV powerful tools 1o look for new physics

Recent CMS results on searches for LFV and LFUV

LFV Search for t — 3u
 Best result obtained at a hadron collider
« Still limited by stafistics

LFUV mesure of R(K) and R(J/y)
« Both compatible with SM within 1 ©

Blois 24 - LFV and LFUV in HF decays at CMS - R. Venditti 17




