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Talk outline

This talk documents the CMS huge effort in lepton flavor (universality) conservation tests in heavy flavor sector

LFU
ROPP 87 (2024) 077802 measurement of Ry ratio

A Y 7

PRD 111 (2025) LO51102 measurement of R, ratio in the 7 leptonic channel

CMS-PAS-BPH-23-001  measurement of R, ratio in the 7 hadronic channel

LFV
PLB 853 (2024) 138633 search for 7 — 3u

CMS flavor program extends to Higgs, Top and Exotics sector
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http://dx.doi.org/10.1088/1361-6633/ad4e65
http://dx.doi.org/10.1103/PhysRevD.111.L051102
https://cds.cern.ch/record/2908224?ln=en
https://www.sciencedirect.com/science/article/pii/S0370269324001916?via=ihub

Lepton Flavor accidental symmetries

Lepton Flavor Universality Violation - LFU

Standard Model — 3 lepton flavors with same couplings to gauge bosons
same rate regardless the lepton-flavor up to phase space differences

~ 04

R(D*

Anomalies in b — s£€¢ and b — c£v transitions suggest

deviation from the SM predictions 0.35

no tension in the R measurement 03

deviation from SMin BY — K Yu™u~ angular distribution
impacting Ps

R(D) — R(D*) tension from the SM 02

0.25

SM extension predicting different couplings — leptoquark (LQ)
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R(D) = 0.296 + 0.004
R(D*) = 0.254 = 0.005

R(D) =0.347 = 0.025,,
R(D*)=0.288 =0 012
p=-0.39

P(x*) =41%

0.2

0.3 0.4

Chiara Basile

LHU)V studies at CMS - EPS 2025

0.5


https://link.springer.com/article/10.1007/JHEP06(2022)169#citeas
https://hflav-eos.web.cern.ch/hflav-eos/semi/spring25/html/RDsDsstar/RDRDs.html

Ry measurement



RK gOIden LFU teSt ROPP 87 (2024) 07 /802

\Vieasurement concept

B* — K¢ allowed in SM via loop diagrams with branching ratios of ~ 107 u

+
| FU same branching ratio for B — Kuu and B — Kee within 1% 5 b —<

Precision measurement to unvell LFU violating processes

minimal theoretical uncertainty using Ry observable

R(K) = Br(B* = uuK™)
- Br(B* — eeK%)
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http://dx.doi.org/10.1088/1361-6633/ad4e65

RK gOIden LFU teSt ROPP 87 (2024) 07 /802

\Vieasurement concept

B* — K*¢¢ allowed in SM via loop diagrams with branching ratios of ~ 10-7 . , -

T K+
LFU same branching ratio for B = Kuu and B — Kee within 1% Bf . W K

Precision measurement to unvell LFU violating processes

minimal theoretical uncertainty using Ry observable

reduce experimental uncertainties normalizing B — K£¢ to X U - u | )
B — J/y(£¢)K resonant decay B 15 ) <\ §J> K
R(K) _ B;/‘(Bi — /’t/’tKi) 137'(13i — J/l//( —> €€)Ki) a 0~
B BI’(Bi — ]/l//( —> ﬂﬂ)Ki) Br(Bi N eeKi)
6
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http://dx.doi.org/10.1088/1361-6633/ad4e65

Rethlnklng data processing in CMS e iseosern

S B-parking dataset

First challenge collect large B — Kee sample

low pT electrons, forward and hard to trigger on

B-parking dataset a game changing ingredient for the CMS HF program

new trigger and data processing strategy deployed since 2018 year of data taking b |
SV probe side
] . . . . B K
rigger on displaced in the barrel region (tag side)
h nai 10

pure set of bb pairs O(1019) tag side

semi-leptonic b-hadron decay on the

unbiased set of b hadrons on the probe side
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https://arxiv.org/abs/2403.16134

B meson reconstruction

Opposite sign leptons + one track

Kuu candidates in the tag side — one is the trigger u

Kee candidates in the pro
PF-PF — 2 standard electro
PE-LP™ = standard + low-p

NS

0e side split in

- electrons

*PF = Particle Flow
LP = Low Pt

3 categories

dedicated BDT for
event selection

CMS 33.6 fb' (13 TeV) CMS 41.6f"'(13TeV) CMS 41.6 fb' (13 TeV)
3: B =) ne - 101
10°° — 102 107 F
-3 ~ - i
0 107° & 10 &
- BY — K*utu- - B* — K'e'e- - : B* — K'e*e"
1074 & _ s PF-PF Category T PF-LP Category
- — Signal | 10 & — Signal 104 |- — Signal
- | | | — Background . 1l — Background | - | — Background |
10 -8 -6 -4 -2 0 2 4 6 8 10 -10 -5 0 5 10 -10 -5 0 5 10
BDT score BDT score BDT score
3
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Signal and background modeling

SR in low-02

B — Jlyct

normalization channel

o 2 . - ___ Cms 33.6 fo” (13 TeV) - x10° CMS 33.6 fo” (13 TeV)
Shape analysis in g=M;, regions 8 00l - S a0z cer — Toth
~ " Signal: 1257 = 31 " Bk © 40¢ Signal: 728000 = 1000 " B
~ 200 J Other B & Comb. 2 Other B & Comb.
2 - e B Kty = = -omn BY s J K
. : . 8 - B st 2 C B —Jiyrt
Signal Double sided Crystal Ball + Gaussian S 100} i Data : 200 i Data
S 10
— 25—. | °. = 2; ‘.°.". o« % ° * ” . o
Background in SR g of - S Omne i e
Combinatorial + other b 5 51 52 53 1‘5157.(4K+M+pf‘.§) [Ge\?ﬁ 5 51 52 53 :7.(4K+u+:‘.§5 [Ge\?:ﬁ
MUONS frOm 3 T randOm traCk - ___ Cwms 41.6 b (13 TeV) - ] CMS 41.6 fo' (13 TeV)
any other B partially reco = o e | ey e
f 30 [Signal: 18 = 7 § [B);TaJ/wK+ S‘ 400 ;—Signalz 4857 = 84 o ggh—?thpK:O
B — K*£¢ 4-body decay partial 8 ¢ 8 00, i v
. S S 200F -
reconstruction (¢-channel) § ol § ro0f ot
Cabibbo-suppressed B — af¢ (u-channel)  _ L. C _ o . .
D:_ OF "o ¢ o, * o e . S s - 03_ 0 F—wer, e P
. -2 ¢ 2F o . .
KJ/I// Ieakage N (e-ChaﬂﬂeD Y 5 5.2 5.4 5.6 48 5 5.2 5.4 5.6
m(K*e*e™) [GeV] m(K*e*e™) [GeV]
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R, measurement results

Number of events observed

| Br(B* — uuK®) Br(B* — J/w( = ee)K¥)
nB — K££ and B — JIwtl R(K) = s - z
] | Br(B* — Jly( — uu)K+) Br(B* — eeK?)
PF-PF and PF-LP statistically combined
— +0.4 : BaBar
Luminosity and bb cross-section cancel in the ratio W0 02 €[0.1, 812] GeV?
1 _03+o.28 : Belle
~0.24 | g2 €[1.0, 6.0] GeV?
Main systematics from background and trigger turn-on modeling | e
0745 0ez i g2 €[1.0, 6?0] GeV?
Precision limited by low statistics in electron channel 0.8467 g i e eV
0.94970% s - EL[:'_?F’G?J][’;GVQ
_|_() 46 _|_() 09 _|_() 47 0.78+0-46 i CMS (this work)
— : : _ : ~0.23 I S — g2 €[1.1, 6.0] GeV?
Ry = 0.78753(stat) " < (syst) = 0.787 7, | |
0.5 1 1.5 2
R(K)
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Iy, measurement



RJ/V/ Wlth IeptOnlc T PRD 111 (2025) L051102

Introduction B( B;r ~ Jlytty)

R, =——————
W B(BF - Jlyuty)

First LFUV resultin b — ¢Zv, in CMS
B_. produced only at hadron colliders

Leptonic decay 7 — uv v,

Identical visible final state 34 diffe

rent v multiplicity

0.71 £ 0.17 (stat) = 0.18 (sys) 26 f
rolIm
LHCb measurement 0 110

0.2582 *+ 0.0038

PhysRevl ett.120.121801

> SM prediction
PhysRevl ett.125.222003

same reconstruction and fit simultaneously
¢ C
W ) o f
b P g
+ < . &—— C _1.3
Be 3/2" + «& ¢ cC
> > Be 3/2
C > > C
C

Chiara Basile LFHU)V studies at CMS - EPS 2025

12 —


http://dx.doi.org/10.1103/PhysRevD.111.L051102
https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.120.121801
https://link.aps.org/doi/10.1103/PhysRevLett.125.222003

Kinematics and topology

CMS 59.7 fb' (13 TeV)
Collinea’rn approximation assuming pg aligned with p5, ;82001 2 ------- rETa“STD Jputy, -
PO P v S
Goal : separate 3v (humerator) vs 1v (denominator) decay leveraging on 0;21 :
q* = (pg, = P’ SRS N e
L.,/o secondary vertex displacement 004k -
IP3D 3rd muon impact parameter O'Oj_ T—--f"'i o | 1 -
w.r.t. J/yw momentum C 77 pap /OTPSD

Largest background contribution from

- J/y + misidentified hadron

Jlyr + u from different decay chain
other B. decays -V
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Binned maximum likelihood fit

Signal B, and H, background normalization free parameters

POl = R, value Category pair definitions .
W m(3) 7 IP3D/ 0y, Fit observable
< =2

Total of 14 categories , —2-0
Mg+ >55GeV 0_9
7 iso-y; categories with fit observable " ‘2
>
L. /o — constrain b-hadron background
Xy <0
. . <Myt <4.5GeV*
high mass enriched w/ Hp background B ’ >0

9) . .
q~ — isolate signal >+ — —

IP3D/o bins better isolates 7 component

7 ise<]i; categories — constrain background from
inside the fit

ny/(Tny

ny/Uny
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Binned maximum likelihood fit

Signal B, and H,, background normalization free parameters

CMS 59.7 fb' (13 TeV) CM 59.7 fb' (13 TeV)
POl = R;, value s 0 F e e, mme-wox 45 F
O = — JIythv, 1 O - a
Sy P - -Bc%w(ZS)wm 1 & 3500F . e 7 penens —
b — Comb. dimuon + u* 1 + ~ . B
§ B b!oaryons | § 3000:_ . Comb. dimuon + u* misID _:
T - i 10° = mislD ER - + Data Stat. + syst. unc. -
otal of 14 categories 3058 stat v syst e { 2500 -
7 iso-/1; categories with fit observable 1 ™F .
10° 1500 oo —
L.,/o — constrain b-hadron background 1000 g e
high mass enriched w/ Hp background 10 500 .
2 : : Q e £ =N S S

q~ — Isolate signal % 1-15*?+*+++++++ doE
@ 0.9t b B *--4 © 09} :
: | © 55 6 65 7 75 8 85 9 95 10 ®© -1 05 0 0.5 1
IP3D/o bins better isolates 7 component & o (Gov®) O 0g. Ly, /0,
10 Xy

R(J/w) = 0.171921(syst) 91 (theo) TV 18(stat)
: : . -0.22 0.18 0.17
7 Iso<[i; categories — constrain background from

compatible with SM prediction (0.30) and
LHCb measurement (1.30)

iINside the fit
15 —
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Ry, - hadronic 7

INtroduction

Hadronic decay " — 7 n n'v

denominator from leptonic 7 analysis

Dedicated low-pT 7 reconstruction [CMS-DP-2020-039]

Background composition

b-hadron H, — J/y+ X
BT — D*Jly
B, background with feed-downs ¢¢ — J/y

Suppressed via B
t =7l

INpuU

vert

ces qu

9

Nt

d

ty, Isolatio

DT selection
ength si

gnificance, particles multiplicity,

N, 1D...

maximize signal vs Hp background discrimination

CMS-PAS-BPH-23-001

CMS Preliminary 59.8 fb' (13TeV)
2] ' I ' ' [ ' ' ' | -
S 10’ ® Observed
11 10° Hy—J/pX bkg
B.—J/yt v
10° ° h
B'—Jnp D'
10* ° S
B.— others
10°
1 02 N oo
10 ;:;:;'E:E:E S
CR SR ™ 1j

XGB output score

Chiara Basile
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https://cds.cern.ch/record/002725233
https://cds.cern.ch/record/2908224?ln=en

Ry, - hadronic 7

3 prong 7 decay produce intermediate p(770) resonance BBt - J /l//»z-'l'y)
C

V" BB — Jlyutv)

pP1 & p, candidates from OS 2z combinations out of 37z Ry,

Discriminating observable — unrolled m(p,) vs m(p,)distribution
simultaneous fit in Hb bkg. CR and SR

CMS Preliminar
————

x10° CMS Preliminary 59.8 fb (13TeV) T T T T T T T
S qo T T T T T T T ]  LHCb, Runi, .
2 1'2: ¢ Observed SR Phys. Rev. lLJ(;’:t K _— R(J/W)had — 1041—84512
*UE) 1 Data-Driven Jhp X bkg 7 120 (2018) 121801 | _ .
5 Bi—Jhy v 1 oms 2018, full Runzlstat. sysltematlc
W 0.8 B! —>J D(S )+ — CMS-PAS-BPH-22-012 / uncertainty dominated
- g - —
B o _ CMS, Run2, Ty E /
04: TEREd i B B é |
0.2 CMS .g_._
Combination |
1 1 ] 1 1 1 ] 1 1 1 1 ]
5 e R, leptonic + hadronic with
5 1B same denominator
O 08 -

Unrolled m(p1) V.S. m(p2) bin ID
17 —
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T — 3u search



Lepton Flavor accidental symmetries

Lepton Flavor number Violation - LFV

SM + massless left-handed neutrinos = LF number is conserved
forbidden vertex interaction with different flavors — not protected by any conservation law

PR 0

> % T > % T M .
14 > %4 "
\\ U \\ D Zly
T K

e
Observed neutrino oscillation proves LF is not a fundamental symmetry T 2w wg M
LFV In charged lepton interactions not yet observed

strongly suppressed in — Br(t — 3u) ~ 105
SM extension predict Br(t — 3u) ~ O(10-92 -10-8) within the CMS sensitivity reach

perfect playground to search for New Physics signature :

Chiara Basile LFHU)V studies at CMS - EPS 2025
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PLB 853 (2024) 138633

< 7

LFV in 7 — 3u decay
Introduction
7 production channels investigated at CMS in orthogonal analyses

D and B decays (~10"" 7 per fb-1)

sensitive to fake signal muons from z and K
W decays (~107 7 per tb-1)

harder spectra and isolated topology

2018, 59.7 b (13 TeV)

a.u.

- CMS

- Simulation
| Supplementarty

<+ efficiency —
— statistic —>

. HF © — 3u (MC)
0.06

Bump hunt in 3u invariant mass around nominal T mass

0.04—

T — 3u candidates from muon tracks matching trigger object

common vertex fit = displaced SV 002l
W channel - combine with MET of the event

— : : : OIIIO.5 1 1.5|||2
—vent categorization upon per-event 31 mass resolution 3-u relative mass resolution (%)

20 —
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https://www.sciencedirect.com/science/article/pii/S0370269324001916?via=ihub

Backgrounds and valigation

L FVin 7t — 3u decay

Data-driven background modeling = mass sidebands
HF ch. dominated by fakes

SM W — 3uv + combinatorial

Signal candidate selection with BDT

Control channel D, — ¢(up)z with misID &

validate BD inputs/score and signal modeling
normalization channel for HF

=
©

2017-2018, 97.7 fb' (13 TeV)

012 CMS

0.1-

0.08F

0.06}
0.04

0.02

0 0.02

0.04

0.06

Events / 5 MeV

Signal like sample for HF and pure background for W channel

20F

o DB~ OO

18l
16F
14f
125

10F

¢ Data (sidebands)
B HF t— 3u (MC)

2017-2018, 90.4 fb™' (13 TeV)

s [ CMS

+

Data (sidebands)
W t—3u (MC)

1

10—4||||||||||

0 0.2 0.4

2017, 38.0 fb™ (13 TeV)

- ¢ Data
— — Total

] | ] |
0.6 0.8 1

Trimuon relative isolation
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Results
L FVin 7t — 3u decay

POI signal strength scaling B(t — 3u)
Simultaneous unbinned maximum likelihood fit to my ,

statistically dominated sensitivity
Belle Il Br(t — 3u) < 2.1 X 107% @ 90% CL

Current best lImit by

2017, 38.0 fb™' (13 TeV) 2018, 59.8 b (13 TeV)

2018, 59.7 fb™ (13 TeV)

90% CL upper limits on B(t—3u)

> = > i > -
[ | () 7__ (O] =
= 12- CMS HF Category A1| = | CMS HF Category A1 = 5- CMS W Category A
2 [ three global muons T ef two global muons T T I Data
7 1ol o and one tracker muon o — ional (Bo10”
st I Data S =f ¥ Data 3 r anal (5=19°)
q>') i - 7 > o — S =10 = = — Background-only fit
O —— Signal (B=10") [ Signal (B=10") i 9 y
81~ —— Background-only fit 43 —— Background-only fit 3
6| I
a 3t _
L B 2_
4:_ 2_
:~~~‘\ | 1 )
24,_ ~\~~,__4 o ) 1:_ : \
| I\ | : | // \
L / \ - PN - . . AREAN . . .
OIIlII_IIlIIJ__I_J/IIII _|||||||||||||||||| O||||||||||||J_‘(|l| NN oy ?IIIIIIIIIIIII P UBEP AP UANS UP AP AP AN AP AP AP AP AP AP UB AN NP UB UB UB N
165 17 175 18 185 19 195 2 1.65 17 175 18 185 19 195 2 6 165 17 175 18 185 19 195 2

m(3u) [GeV] m(3u) [GeV]

W ch obs. (exp.) UL at 90% CL
Br(z — 31) <8.0(5.6) X 107°

m(3u) [GeV]

HF ch obs. (exp.) UL at 90% CL
Br(t — 3u)<3.4(3.6) X 107°

15

10

JHEPO9(2024)062

4

CMS sensitivity competitive to results
obtained at B-factories !!!

Upto 131 fb' (13 TeV)

— Observed
-=- Median expected
] 68% expected

95% expected

-Bellell
HF analysis W analysis HF + W HF + W
2017+2018 2017+2018 2017+2018 2016+2017+2018

Phys. Lett. B 853 (2024) 138633

Full Run2 combination
obs. (exp.) UL at 90% CL

Br(t — 3pu) <2.92.4) x 1078
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https://www.sciencedirect.com/science/article/pii/S0370269324001916?via=ihub

Conclusions

CMS experiment actively contributing to global effort in testing LFU

R(K) measurements confirmed updated LHCb results

BT — J/w¢ v, obtain result compatible with both SM and LHCb observations

CMS reaches a combined observed limit on LFV 7 — 3u with competitive sensitivity compared to
B-factories

Dedicated datasets like B-parking and the development of tailored reconstruction and trigger strategies are
key to making CMS competitive in flavor physics

expanded parking program for Run3!

Future is bright — include further analyses with the full Run 2 + Run 3 data and improved technigques
bringing exciting opportunities to probe new physics in flavor

\ 23 —
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Muon fake rate background

R, leptonic

Largest background from fakes = 3rd muon from misidentified r or K

Shape a
signa

nd yield in SR from 3 backg

'S Isolated and pass muonl

round enriched CRs In data

5 D

Rate of isolated fakes (fris) modeled in the inverted ID region

NN classifiers output — probabillity of isolated misID hadron
NN gives an event-per-event weight applied in & to derive fake-rate in SR

Fakes(SR) = friq * Data(B)

- frien * MC(B) 4]

The mislD background shape and yield is constrained in B CRs and used Iin
the SR fit = In-situ estimation embedded in the fit model

Validation on fakes enriched data CRs (isop; > 1.5)

SR

ISOl 3
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Contribution

R, leptonic

O
=
p

59.7 fb' (13 TeV)

- + + o L S B B ”
o Signal 7 (hnumerator) BC — J/l//’l' |7 S 10°E B! — J/yttv, B B; - J/y DX =
~ m B — y/(2S)utv I Other B! — (c®)u*v, 4
- - + + - : : .-
o Signal U (denominator) BC — J/l////l I/,u %’ - [ comb. dimuon +u* [ B mesons s
O ~ || bbaryons B B. — J/yuty, 7
Lﬁ 10° misID ¢ Data _
. - - %Y Stat. + syst. unc. —
o - fakes from J/y + misidentified hadron - S .
Z\./V‘xx.xxxvx:x’."‘:x‘x:\/\w\/\'vvx.xxv\m/\(x.(x'\x&x |
» B-barions and b-mesons J/y + u from different decay chain il -
» B_ background

O feed-downs c¢c — J/y
& JIy + charm-hadrons BX — D*J/y

» Combinatorial dimuon + y from unrelated matching and

Q— 1 1 __ ............................................................................................................................... QQA
O T 058 00RO 000000 SILELOONI0NE SO T OLILE WEOR0E, L0uP07 'VRO20LE: RILOO0L, S90S L0
m( //t //t) C | ose -tO J / l// -~ 0.9 20 LOT0T( 2020307 79302030, 03020707 1002050 02020207 920030, 1900200 (930503 »’0’0:0:0:0:0:0:0&:0:0:::3 [:::
e e e reeaaieaaaan. - gad
©
© 5.9 6 6.5 4 7.5 8 8.5 9 9.5 10
= g2 (GeV?)

Chiara Baslle LF(U)V studies at CMS - EPS 2025



