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https://indico.cern.ch/event/1230772/
https://indico.cern.ch/event/1230772/

Overview

results from rare decays and flavour anomalies searched in B-physics

at CMS

® Observation of the rare n—4pu decay at CMS in Run2 scouting data

e search for Bg—p*u events at CMS and BY life-time measurement in
Run2 data

e search for the LFV 1—3pu decays in CMS in 2016 data

e angular analysis BO—K%pu*u- at CMS in Runi data
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The CMS detector

CMS DETECTOR STEEL RETURN YOKE . .
Total weight : 14,000 tonnes 12,500 tonnes SILICON TRACKERS (] C I d C COI I I aCt 1 5 I I I 2 1 l I I d eteCtO
Overall diameter : 15.0m Pixel (100x150 ym) ~1m? ~66M channels y I n rl X r
Overall length :28.7m Microstrips (80x180 um) ~200m?* ~9.6M channels
Magnetic field  :3.8T

SUPERCONDUCTING SOLENOID

Niobium titanium coil carrying ~18,000A

T « high granularity pixel + strip silicon tracker for

Barrel: 250 Drift Tube, 480 Resistive Plate Chambers

Dy ot T ot excellent track, PV and SV measurements

it emees* PDWO, crystal ECAL and brass+plastic HCAL to

S achieve hermeticity and for jet+EG shower
| measurement
« 3.8T solenoid for pT measurement
ot o) « external muon chambers outside steel return
X Y SA yoke for a clean muon detection and pT
e el \ | measurement

collected luminosity:

® Runl:X25/fb pp @ 7 and 8 TeV
e Run2:X140 /fb pp @ 13 TeV
e Run3 ongoing, 37 /fb collected in 2022

« two level trigger system (hardware + software)
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n—4p

introduction

doi.org/10.48550/arXiv.2305.04904

motivation

(3.9x1079)

Model (SM)

* nN—4p decay predicted with a very low branching fraction

* never observed so far: precision test of the Standard - first observation of the rare n—4p decay

result

« sensible to new physics scenarios doi.org/10.1016/j.physrep.2021.11.001

data scouting

« trigger thresholds limited by the computing power and bandwidth of the experiment
« reduce event size and fasten data acquisition

« limit the amount of information to muon tracks

- save HLT reconstruction and skip prompt event processing

- event size reduced to ~kB (from ~MB)

— can use looser muon thresholds — allow for low transverse momentum (pT) rare
decays searches
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n—4p

event selection

 pp collisions @ 13 TeV 101 /fb collected in 2017 and 2018 1 A 101 " (13 TeV)
« CMS trigger system 2 3_5§_CMS ' QZZEu o Gev (x5) =
« L1 trigger: di-muon patterns select low-pT collimated muons g LF * 1< pl’ <15 GeV (x5) E
% - - 25< pT"<30 GeV (x5) ]
(pT>~4 GeV) 5 asp E
* HLT trigger: di-muon pattern with mild pT selection (pT>3 GeV) 2_ .................. E
« di-muon triggers select both 4y (signal) and 2u (control channel) n 155_ E
decays 1_ _
» trigger scouting for low pT analysis Eeeeea.. ]
T T LA R PRI T RIS E
» higher trigger rate possible (2 kHz vs. 30 Hz of standard di-muon E
triggers) “052 om 054 o 056 057
m,, [GeV]
» size reduction: 4 (8) kB per event in 2017 (2018)
* 4.5 M of n—»2p events recorded — several billions n mesons invariant mass of di-muon events in the eta
: . : _ parking triggers
« further signal skimming: charge-zero 4p events with common vertex

Blois 2023

Luca Guzzi - INFN Milano-Bicocca

Rare decays and flavour anomalies at CMS



n—4p

2/ ndf = 68 /60

(13.8% uncertainty)

results
¢ —— 101 fb” (13 TeV)
* n—4y yield is normalized to the n—2y yield = g0 CMS " Bakground” =
P — Full fi =
* relatively precise normalization strategy £ 50 } Date =

» efficiency and acceptance corrections from MC

samples

 MC correction for 2u-4p differences

5F =
* n—4yp yield fit with CB function + polynomial g o% it ;;;Hhﬂ;;}{m,*m,};;“ﬁ}}}}%*;;}“ﬂé
« ~50 n—4p events observed: 5 sigma excess ~5""05 055 06 065 07 075 08 nzs[sG e\(/)jg
from background (estimated with LLR)
« resonant backgrounds faking 4p in the signal B(n — 4p) = 5.0 £ 0.8(stat) & 0.7(syst) £ 0.7(B) x 10~°

region excluded by MC studies (see backup) e in agreement with SM prediction 3.98 + 0.15 x 10-°
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cds.cern.ch/record/2815334

Bo(s)—’l»'+|1'

the physics case

motivations

e B —p*y strongly suppressed in the

SM (FCNC and helicity) result
e pp @13 TeV Run2 data (2016-2018) 140 /fb

o updates the published result on 2016

e connected to b—sl*l-transitions via the

EFT operators can help understand

b—s anomalies doi.org/10.1140/epic/s10052- data (30 /fb)
021-09725-1 ® 12.5 sigma observation of the B%g—p*py-
e probe SM though lifetime —>t—VWVvVM—‘— g decay, upper limit on the B(B°—p*p-) and
measurements T W+_L“ life time measurement of BOy—pty-
e clear final state and s w- o,
experimental signature at CM$ t w+ .

Blois 2023 Luca Guzzi - INFN Milano-Bicocca

Rare decays and flavour anomalies at CMS


http://www.doi.org/10.1140/epjc/s10052-021-09725-1
http://www.doi.org/10.1140/epjc/s10052-021-09725-1
https://cds.cern.ch/record/2815334

Bo(s)—>l»'+|1'

event selection

Data collection

* trigger selection: di-muon triggers with
tight quality tracks and a valid
secondary vertex (SV)

e similar selection for the control channels
B—J/W K+and B— J/Wop

signal selection

 two opposite-sign muons with pT > 4 GeV and |n|
<14

« decay vertex of B meson— kinematic re-fit of the
muon tracks with additional SV constraint

« 16 categories: 4 years x 2 BDT bins x 2 detector
In| regions

Background contamination

Blois 2023

« combinatorial from bb events — MVA reduction
 partially reconstructed semi-leptonic b—hpuv and b—hhX decays — MVA reduction
« charmless hadronic two-body decays B—hh — negligible after tight muon track selection
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Bo(s)_)”-l-”-

MVA analysis
» exploit several weak discrimination _ 2001 Te
. . - CMS
variables with a BDT (XGBoost) I +
o features: pointing angles (2D and 3D) & 000 &
— effective vs. all non-two-body s pat
backgrounds § 0 h T eaneono \
o features: SV (quality and displacement) o
— effective vs. combinatorial s
o features: isolation (sum of pT surrounding the N —
Slgnal) % 1 *+¢ L g I ety ﬁ*ﬁ#ﬁ*ﬂwﬁ*‘"ﬁ
— effective vs. semi—leptonic decays ° Ogg"6'9'1"dé‘z"déé"dé&"déé"déé"dé%"déé' 099 1
MVAg
* trained on data from the signal mass
sidebands and |\/|C Signal Samples MVA score distribution for data (black
: N N dots), MC (bars) and re-weighted MC
o validate on B*—J/W K" events (blue dots) for 2016a B*—>J/WK* events

Blois 2023
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0 +11-
B (s)_)l‘I M
signal extraction

« 2D UML fit to the pp mass x mass-resolution to extract the B—pp signal yields. Two
strategies for BY normalization:

o B*—J/W(—p*u) K normalization — rely on the knowledge of fs / fu
o B? -»J/W(—ptp) d(—K*K?) normalization — higher systematic (additional kaon)

Npo._, N
BB - up) = BB+ — JIPK*) - — 2 By |Ju N

NB+_)J/IPK+ €B?—>y/4 fg derived from
N LHCb
BY— €BO— J/ PP :
BBC - pp) = BB - JIPD) . —— . measu:_ement
BO—J/¥®  €BO>uu 0.231 £0.008
N f doi.org/10.1103/PhysRe
BY €+ D.104.032005
BB - uy) = BB+ — JIPK*) . —— 1 TBoIVKY Ju v

B+—J/PK+ €BO— up Ja

« UML fit to the decay time to extract T (3D fit: decay time, its uncertainty and pp
mass)

Blois 2023
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Bo(s)_)”-l-”-

R Y 8 - w [ e Combinatorial bkg ==+ Semileptonic bkg
B® > "~ + peaking bkg 120 - Peaking bkg

CMS Preliminary 140 fb™ (13 TeV) CMS Preliminary 140 fb'(13 TeV)
F ¢ Daa j40 o Data — Full PDF
FullPDF r N BS — pip” B’ — i

'ombinatorial bkg

17} “I” + semileptonic bkg % ; 00:

o (5 i

§ § 80f-
BBI->utu ) = 3.831038(stat) )12 (syst) 1013(fs/fu)

_.
2

x 10-° (from J/W K*) ; \
(.B(Bgel.fl.l' ) - 3.95t8§3(5tat)i8%g (SySt) ig%%(BF) 2 e \\é\w - 8 1; s 9;5|1 52 53 54 5.5‘5.(5‘5'”5{7‘”5!8&'5.9
X 10-° (from J/W)

HO

Decay time [ps] m,.,- [GeV]

BB >ptu ) <1.5x10°@ 90% CL i

B(BO->u*u ) < 1.9 x 1010 @ 95% CL BN

0.4

T(BY) = 1.83%0:55(stat) X305 (syst) ps o
= BNV N
* All UML fit results are compatible with the SM prediction I’/w\\\\ L
within 1 sigma T (* >F \
. . . r R + C
« most precise measurement of B¢ —p+u-branching fraction O e S B oL
and lifetime to date B(BY - W)
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doi.org/10.1007/JHEP01%282021%29163

T+—>|.|+|.|+|.I'

T—3u excellent candidate for new physics searches
o LFV process, strongly suppressed in the SM (~10-59), but predicted at the level of 10-8 — 10-10
by some BSM models Bordone et al. 10.1007/JHEP10(2018)148
o clear final state signature
o fairly abundant in pp collisions ( per /fb)

33.2fb" 13 TeV

———
s CMS Barrel 7
[ ¢ Data ]
-------- Signal (B(t — 3u) = 107)
—— Background-only fit ]

« CMS targets T leptons produced via D/B mesons and via
W bosons

« analysis on 2016 pp data @ 13 TeV (30 /fb)

Events / 10 MeV
N

* select three-muon events and reduce the background : :
contamination via BDT o ]
» observed (expected) UL from three-muon invariant mass 1_ S i\ _
distribution : ;
o BHF(t—3p) < 9.2 (10.0) x 108 @ 90% CL O 7% 2
o BY(t—3u) < 20.0 (13.0) x 108 @ 90% CL m(3u) [GeV]

o B(t—3u) < 8.0 (6.9) x 10-® @ 90% CL

Blois 2023
Rare decays and flavour anomalies at CMS

Luca Guzzi - INFN Milano-Bicocca


https://doi.org/10.1007/JHEP01%282021%29163
about:blank




doi.org/10.1016/j.physletb.2018.04.030

B' Ko u*p-

the physics case

 FCNC strongly suppressed in the

SM E LHCbRun1+2016
ﬂ [ |SM from DHMV ]
« angular analysis 0~55 e
+ study the deviation from the SM of pl s :
the angular parameters describing oSt —+ + £ 4.8 L BE
the decay F . E
o PS5’ most interesting following o 5 '2'[G' {/OZ/I 4]' ST
2-3 sigmas deviation from SM e
observed by LHCb in the result
in Runi « P5’ distributions compatible with the SM
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B' Ko u*p-

analysis results

* g° binned
. . . . [ = Ao 1.51
* trigger di-muon events with displaced vertex wows ) T Howe
i . . o 2— Y sM-DHMV X Belle
 build signal candidates by requiring two
muons and two tracks (K* candidate) from the  os- %— - —
();:?;lg\ N\ \\\W —0.5F P
same vertex _0,5;_T_ e : Niaat s
o resolve PID amblgwty by SeleCting the Knt -8 o T4 e s 1012 14”‘1‘6"'1'8"‘2'0' 18 o_ IR S BT 14H‘1I€3H|‘1‘8”‘2|0‘
9% (GeV?) 9% (GeV?)

hypothesis closest to the K* mass (misid: 12-14%)
e both the angular parameters are compatible

* background mainly from combinatorial
with the SM

o nhegligible contamination from peaking B and A,
decays and b—cX decays

« UML fit to the BO mass x angular distributions
to extract the PQOls (P, and P5’)

o B—JPsi/W’ K* for fit validation and systematic
assesment
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Summary of the talk

e First n—4p observation in CMS Run2 scouting data @ 13 TeV (101 /fb)
o B(n—4p) =5.0 + 0.8 (stat) + 0.7 (syst) = 0.7 (B) - 10-°

e B, —p+p- at CMS on pp collisions @ 13 TeV (140 /fb)
o B(BY%—KOputu) = 3.8310:38 (stat) 1913 (syst) 1913 (fs/fu) - 109 ™
o BBO—pty)<1.5(1.9) - 1019 @ 90% (95%) CL
o 1(B%) = 1.831g355(stat) 555 ps )

e T1—-3u (W and D/B channels) at CMS in pp collisions @ 13 TeV (30 /fb)
o B(T—3p)<8.0x 108 @ 90% CL

o BO—KOu+y- at CMS in pp collisions @ 8 TeV (20.5 /fb)
o angular analysis: all angular parameters compatible with the SM, no deviation observed in

the PS5’ parameter

(*) most precise up to date
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n—4p

resonsnat background contamination

o1h'taTeyy  * NO peaking decay under the n peak
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n—4p

acceptance correction

........ U3 TEV) * 4y and 2y efficiencies in bins of

> I
(&)
c - - 7 N
§ [CMS  +n-2ulyi<ts - pT and rapidity
& Simulaton —tn—2wlyl>15 .
5 - n — 4y, lyl <1.5 a
2 0sl- M 4y, lyl>1.5 ]
c o |
"5_ | +++—0— ]
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< 06 oy —
B e -
| —4— |
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n—4p

systematic uncertainties

* track pT threshold uncertainty [9%]: imperfect modeling of turn-on
behaviour of single-muon reconstruction efficiency in simulated data

 trigger pT threshold uncertainty [8.4%]: imperfect modeling of turn-on
behaviour of single-muon reconstruction efficiency at HLT in simulated data

« plateau efficiency uncertainty [3.2%]: mismodeling of trigger efficiency
plateau

 fit bias: subdominant

* n—2u branching fraction [13.8%]



0 +11-
B (s)_)l‘I M
perspectives at the HL-LHC

cds.cern.ch/record/2650545

» CMS prediction for HL-LHC (Phase 2) starting in 2029
o 14 TeV pp collision — ~ same b production

o x5 collision rate (200 PU) — no large impact from 200PU
is expected

o 3 /ab of luminosity — x20 Run-2

 extrapolation via MC simulation (full Phase2 detector) + toys
from Run-1 results

o reasonable projection of most of the systematic
uncertainties (x0.5)

* much better mass resolution following tracker upgrade
o less contamination from semi-leptonic fakes
o better B? - B? hypothesis separation

» Time resolution on lifetime: 0.05 ps
» observation of B®— pp at more than 5 sigmas

Blois 2023
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£0.08—
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N

[=]
o
I
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http://cds.cern.ch/record/2650545

cMs: By, —pHp-

SYSTEMATIC UNCERTAINTIES

« trigger: data-MC comparison of control channels

: - o 0 gy 0 +q- } . o
Table 3: Summary of the systematic uncertainties for the By — y"u~ and B® — u™u~ branch . pileup: by means of reweighing

ing fraction measurements.

Effoct WS B S A . verte).(: the control channgl triggers require a tlghter.
Trigger efficiency 2_4% selection. Evaluated the difference of the two selections.
Pileup 1% « MVA: difference between data and MC efficiencies
Vertex quality requirement 1% evaluated after an MVA reweight of the control channel
MVAg correction 2-3% - tracking: comparing D°—Km and D°— Knmirt ratio with
Tracking efficiency (per kaon) 2.3% world average

BT — J/pK* shape uncertainty 1% 9 _ _

Fit bias 209 4.5% + B—J/WK shape: evaluating different shapes

fs/ fu- ratio of the B meson production fractions 3.5% - « fit bias: with pseudo-experiments

« fs/fu: from external measurement
» lifetime fit bias: correlation of the BDT to the life-time.

Measured by comparing the B—J/WK fit to the SM
Table 4: Summary of the systematic uncertainties in the B! — u*u ™~ effective lifetime measure- prediction after the BDT cut

ment (ps). - decay time distribution mismodeling: the lifetime
L _ 2016a 2016b 2017 2018 distribution of simulated signal events is corrected using
EfﬁC{enCY modeling 0.01 scale factors from B—J/WK events taken after BDT>.9 over
Lifetime dependence 0.01 BDT>.99. The fit difference introduced by data- or MC-
Decay time distribution mismodeling 0.10 0.06 0.02 0.02 derived corrections is taken as uncertainty.
Lifetime fit bias 004 004 005 004 - efficiency modelling: evaluated using different efficiency

+ lifetime fit bias: measured with pseudo-experiments with
different lifetimes

Blois 2023 Luca Guzzi - INFN Milano-Bicocca
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B0 K% u*y-

systematic uncertainties

+ simulation mismodeling: fit a simulated signal sample with 400x data and see
the fit difference wrt to the input
« fit bias: use 200 simulated signal samples + simulated data (~data size) to

estimate the fit bias
Source Py (x10 3) PSI( x10 3) + finite size of simulated samples: due to the finite size of the MC used to derive
Simulation mismodeling 1-33 10-23 the efficiency shape. Generate 100 numerator and denominator shapes from the
. original ones and refit them to estimate the difference due to the statistical
Fit bias 5-78 10-120 uncertainty.
Finite size of simulated samples 29-73 31-110 + efficiency: fit the control channels to extrapolate fixed parameters (FL) and cross
. check with PDG
EfflCle.ncy . 17-100 565 + Km mistagging: fit the mistag rate on the control channel B—J/WK* and take the
K7t mistagging 8-110 6—66 diffference wrt the simulation as systematics
Background distribution 12-70 10-51 + background shape: fit the data 200 times varying the shape of the background
Mass distribution 12 19 distributions within their error (fixed in these test fits) and evaluating the POls
distribution RMS
Feed-through background 4-12 3-24 « signal mass shape: fit the control channels letting their width vary alternately
R, Fs, As uncertainty propagation 0-210 0-210 and see the effect on the POIs _ . .

1 luti 768 0.1-12 + background feed-through: see the difference in the POls after counting for an
Angu ar resoluon : additional systematic uncertainty describing the feed-through from B—J/W / W’
Total 100-230 70-250 K* events

* F., Fs, As uncertainties propagation: fit pseudo-experiments allowing these

parameters to change and compare the POls values with the nominal procedure
« angular resolution: fit a siulated sample using generated or reconstructed
values of the angular parameters and see the difference

Blois 2023 Luca Guzzi - INFN Milano-Bicocca
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BO—Ku*p-
fit strategy

simplify the angular pdf by considering symmetries in
the =0 and B8I=11/2 angles
o reduce the POls that can be extracted to P, and
Ps’
UML fit to the mass and angular distributions
o signal mass shape: double-gaussian different for
correct- and wrong-tagged events, with paramters
obtained from simulated samples
o angular pdf for background: polynomials
(factorizing)
o mass pdf for background: exponential
o angular efficiencies: obtained from kernel-density
estimators, different for correct- and wrong-tagged
events
Fit run in two steps:
1. fit the sidebands and fix the background shapes
2. fit the full distribution and obtain the POls

Blois 2023
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B0 K% u*y-

results

CMS _Proliminary 205178 TeV) CMS _preiiminary 2057 (8 TeV)
» ~Daa : ~oa
1200430 Gov: B 1200430 Gov:
— Total fit — Total fit
60f- Signalyied: 145 + 16 N Cortag sig 0

AN Corrtag sig.

Mistag sig.
- - Background

Mistag sig.
- - Background

IS
S

Events / (0.028 GeV )
@
3

Events / (0.05)

30]

T & A

MMM
% 01 02 03 04 05 06 07 08 08 -1

5 5.1 52 5.3 54 55
m(K'mup) (GeV) cos(6;)
. CMS praiminayy 205" B TeV) . CMS preiiminary 205m° B TeV)
S gof- #:200-430Gev: e P 8 JoF #2m-amamn =Dea
s 2 Corr.ag sig. 5 N Corrtag sig
37 2 o 3 60 2 ackana
§ 60 E 50|
w 2
§ 40| -
2 30 a CMS Preliminary 20.5 o' (8 TeV) S 15 CMS Preliminary 20.5 fb' (8 TeV)
- - Q.ID .
2 3E ( SM-DHMV ) [SS) ¢ SM-DHMV )
y i 25K ( SM-HEPfit ) 77 ( SM-HEPit )
o o OF —e—CMS
-1 -08 -06 04 02 0 02 04 06 08 1 0 0.5 3 | 15 2 25 3 = —— CMS
05(0x) 0 oF —o— LHCb
F —e— LHCb —+— Belle-preliminary
. CMS Proimnay 2051 (8 TeV) . CMS Primiray 205 (B TeV) 1 5:_
2 sof_quan,mmw T 8 50F 4 4.30 - 6.00 G2 . E
S [ Signalyleid: 119+ 14 N Corr.tag sig. =] AN Corr.tag sig. S
s F Mistag sig = a0 > Mistag si = e
S 40F - - Background Y - - Background =
o E € =
Sk 5 E - —_—
3 a0f @ 0.5 -
T F F ;
& 20F 0‘#: - = w
3 >
F = — AN SN\
10F = - N
E -0.5F A\ A
E . : H | E [—s NS S
5.1 52 53 54, .55 0 01 02 03 04 05 06 07 08 09 1 =
m(K'% ') (GeV) cos(0) -1
P a— msvieTy  _ CMS preimeny mstiaTay _1'5:..\I4..|...I.yl..‘!“.I.HI...I.;.I...I. U AV A RIS EPAIVEN IR AR TN I IO N
S [ e oo =t 3 oof as-ssocer =om 0 2 4 6 8 10 12 14 16 18 20 0 2 4 6 8 10 12 14 16 18 20
2 s0f N Corrtag sig. 5 N Corrtag sig 2 >
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2 - Background S 40F - Background
H
2
&

1 -08 -06 -04 -02 0 02 04 06 08
cos(6k)

Figure 2: K*7~putyu~ invariant mass and angular distributions for the second and third g2
bin (top four plots) 2.00 < g% < 4.30 GeV?, and (bottom four plots) 4.30 < g2 < 6.00 GeV>.
Overlaid on each plot is the projection of the results for the total fit, as well as for the three
components: correctly tagged signal, mistagged signal, and background. The vertical bars
indicate the statistical uncertainties.
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T+_)u+u+u-

systematic uncertainties

W channel HF channel
Source of uncertainty Uncertainty (%) Yield (%)
Uncertainty (%) D/ normalization 10 10
Source Barrel Endcap B(Df —»ttv) 4 3
Signal efficiency 7.9 32 B(Df »¢nt—utu—nt) 8 8
Limited size of simulated samples 4.3 6.2 B(B—D; + X) 16 5
Integrated luminosity 2.5 25 B(B—T1 + X) 11 3
pp — W cross section 29 29 B/D ratio f 11 3
B(W—pv) 0.2 0.2 Number of events from L1 trimuon trigger 12 3
B(W - 1v) 0.2 0.2 Acceptance ratio Az, /A, 1 1
Total 9.8 33 s
Muon reconstruction efficiency 1 1
BDT requirement efficiency 5 5
Total 16
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B —K%pu*u-at the HL-LHC

» MC study to address the precision reached by ATLAS at the HL-LHC (3 /ab)

* analysis strategy same as Run1

cds.cern.ch/record/2651298
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. g . . . . i | | with Stat. uncert. only
o reduce most of uncertainties (signal shape, efficiency shape, mis-tag, detector- - [ it 18 syet, uncort
related) by a factor 2 o
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T—3M at the HL-LHC

- luminosity-scaled projections based on the HF results place CMS sensitivity at 3.7 x 10° @

90% CL
arXiv:1812.07638
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