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CMS experiment

CMS DETECTOR STEEL RETURN YOKE

Total weight : 14,000 tonnes 12,500 tonnes SILICON TRACKERS

Overall diameter :15.0 m Pixel (100x150 ym) ~16m* ~66M channels

Overall length :28.7m Microstrips (80x180 pm) ~200m? ~9.6M channels

Magnetic field  :3.8T
SUPERCONDUCTING SOLENOID
Niobium titanium coil carrying ~18,000A

MUON CHAMBERS
Barrel: 250 Drift Tube, 480 Resistive Plate Chambers
Endcaps: 540 Cathode Strip, 576 Resistive Plate Chambers

PRESHOWER
Silicon strips ~16m> ~137,000 channels

\ FORWARD CALORIMETER
- Steel + Quartz fibres ~2,000 Channels

CRYSTAL
ELECTROMAGNETIC
CALORIMETER (ECAL)
~76,000 scintillating PbWO, crystals

HADRON CALORIMETER (HCA
Brass + Plastic scintillator ~7,000 channels



b O hsiNew Physics probes

i A Qransitions are precisely predicted by Standard Model

U Processes are rare (loop level, CKlUppressed)
O new Iinteractions can be major contribution

U New Interactions can have different symmetries from the SM

U NP can modify parameters of angular distributions observed in
FCNC decayB° hl*|¢
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Angular analyses ob O transitions

U Many recent results measuring angular parameters
and differential branching fractions
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LHCb PAPER-2021-014, Phys.Rev.Lett.127(2021)151801

q=m(ll)

LHCb-PAPER-2020-002, Phys.Rev.Lett:125(2020)011802
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https://lhcbproject.web.cern.ch/lhcbproject/Publications/LHCbProjectPublic/LHCb-PAPER-2020-002.html
https://doi.org/10.1103/PhysRevLett.125.011802
https://lhcbproject.web.cern.ch/lhcbproject/Publications/LHCbProjectPublic/LHCb-PAPER-2021-014.html
https://doi.org/10.1103/PhysRevLett.127.151801
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W U rest frame
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Data set andB®C +91 *t Mselection

Run 2 dataset (20162018), corresponding to 140 fi'e
Trigger requires 2 muons + a track
BO * CFK™ and B% ¢ (2S) K° decays with the same finaktate particles KA ™
are used for the control and validation

BDT to distinguish signal from background
e trained on signal MC and background from data sidebands

» different training per year of data taking, k-folding to
avoid overtraining

e input features: decay-vertex quality and displacement,

Isolation, mass of K1t system
BO—J/WK* and BP—(2S)K* leak in the nearby
e chosen Working point Optimises Signal Signiﬁcance signal region, mainly due to unreconstructed photon

» combined cut on m(Knpp) and q2

CMS Preliminary 41" (13 TeV)

Specific backgrounds

mip'wKa) (GeV)

B+—=K+pp (plus combinatorial track) B+— K+ (2S), with W(2S)—J/ymm (a T track is lost)

.- > ly affects J/ trol i
» additional veto on mass of two h+uu systems only affects /4y control region

» combination of cuts on intermediate masses

B;— ¢ (—KK) pp

» veto at preselection level on KK mass hypothesis

B:— KKpp contribution (4%) treated as combinatorial bkg

Negligible contribution from Bs—K*pp (< 1%), no evidence
» residual contribution negligible wrt signal (<1%) of Ap = pKp+u-




4D UML simultaneous fit in 6 g 2 bins

3 angles + mass 3 datataking years

Fit to B +9t *t M sampleadditionally accounts for:
A OEA Dl OOEAEI EOU OEAO + A|CMS-PAS-BPH-21-002, arXiv soon! P) :
A Efficiency as a function of angular variables

A Background angular shape (from sidebands)

A Physical boundary in the angular observables space
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https://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/BPH/index.html
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q=m(ll)
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https://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/BPH/index.html

Lepton Havour Universality Violation

U SM has identical couplings of charged leptons to W
and Z bosons
A similar behavior of e, [ ,Z, (some differences due to different mass)

U Observation of a significant_FUVwould immediately
point to New Physicscontribution

U LFUtests inb O hré theoretically-clean observables
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LFUV searches: previous results

q=m(ll)

LHCDb only

[JHEP,2020,40 (2020)]

R,

[JHEPO8(2017)055]

| d*el11,6] Gevi/et
RK*U q* €10.045,1.1] GeV2/c*
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—
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[PRL 128 (2022) 191802]
Ry~
[PRL 128 (2022) 191802]

RK(S) 7]

[Nat. Phys. 18, 277-282 (2022)]
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9fb~1 1.40

B — K/
oOfb~1, 1.50

Bt — K"
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-==-SM

(") Measurements from Belle not shown (larger statistical uncertainties)

A set of previous results
(with precision dominated by
LHCb measurements) have
indicated a discrepancy from
SM prediction in R ratios
(until 2023)

All the ratios are lower than
prediction?
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1| However, in 2023:

R o = 090470
R central-g* = 0.949700%
Rie low-g* = 0.927 753

Ry central-g? = 1.02770-47

I Data
— SM

o —
J

Y>=1.6,p=0812, 0 =0.2

Rk low-q

2 Ry central-¢°

R IOW-qQ R Central—q2

LFUV searches: previous results
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Data Sample CMSEXQ23-007
i$AOA OAOEET C OOAT AO &£ O OAAOQ,
0)1 cmpuyh #-3 PDADEET ADOAA O ™°
U triggering on low momentum electrons is very hard s f

A leverage thebbbar pair production, trigger on one

B and investigate the other
U Triggering on displaced muon from SL b decays

L1 trigger rate [kHz]

u Constantly utilize full L1 bandwidth nl=24
140 2-017(13 \QVJSO o = 140E 2,018“3 leV,JBU a Probe B
cms 2017 rie” o3 L | cms 2018 ' rien’” o 3
120 ... Config. change 7 8- @ 120:_ - Config. change { &
100} El g ok :22
Zz ;5 jjf‘\\\\\‘\\w Using a family of L1 seeds
o I ST Bt S P SR i with decreasing thresholds
; o . : : —20 .
% RN % A EW aslumi decreases, to
i 10.1::OOI I04I:OOI 70?":00' L1O|:00I ‘1(:_:80 0: 05‘00 I (I)i?!OfIJ ':(')9':0('] ::11.1I:0(;l I ‘II:3I:OO I 15I00 0 O /CEE i ‘l O E A (; A D
Time [UTC] Time [UTC]
.04 CMS simulation 2018 (13 TeV) . ECAL energy
‘E ! E | deposits
U Require muon displacement at HLT -
U Resulting purity~75-80% (events with b hadron) £ | |- | R ¥
0.1 — il o \/é’
U Dedicated lowp; electron reconstruction |} P



https://cms-results.web.cern.ch/cms-results/public-results/publications/EXO-23-007/

Measurement strategy

CMS-BPH-22-005,
Rep. Prog. Phys: 87 (2024) 077802

U Measuring double ratio to reduce systematics

/qi dr(B+9 — K(+’*O)M+u_)dq2
q

Rrc e () =2 dg’ _ BB K ) [Ghin Gma] /BB —Ktele (g ghand
ol ) fq% AD(BED & KC0¢re) BB =1/ u KT BB >J/plete )KT)
q
2 dq2
qa

U Muon channel on tag side, electron channel on probe side
U Electronsfrom two algos: PF and LA PFPF and PFLP categories
U BDT discriminator(s) for background rejection
U Features: vertex displacement, fit probability, pointing angle
muon isolation, kaon g, B p
electron py, isolation, K IP w.r.eevertex, ID

cMS 336" (13 TeV) . CMS 4161t (13 leV) ) CivS 41.610 (13 l1eV)
2107
© E

3
@ 107'E

102k

1073 E

B' - K'e'e™

B' - K'e'e

B" - K'uu-

104 ) PF-PF Category PF-LP Category
— Signal 104 — Signal 104 — Signal
ﬂ ‘ | | — Background E | — Background | |
-0 8 6 4 -2 0 2 4 6 8 10 -10 -5 0 5 10
BDT score BDT score BDT score

U Dedicated vetoes to kill backgrounds from charm andharmonia
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https://cms-results.web.cern.ch/cms-results/public-results/publications/BPH-22-005/index.html
http://dx.doi.org/10.1088/1361-6633/ad4e65

Candidates / 20 MeV

Pull

Candidates / 50 MeV

Pull

CMS

CMS-BPH-22-005,

O b S e rve d S i g n aI S Rep. Prog. Phys: 87 (2024) 077802

33.6 ' (13 TeV)
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Pull
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At just 20 events in the signal
channel, the precision of R(K)
measurement is quite low

CMS 4161 (13 TeV)

[~ — Total fit
- PF-LP Category ) ce B Kee
—q2 e [1.1, 6.0] GeV - Combinatorial
C Signal 3+ 6 B s JiyK”
- % Data
- L1 l
L ! 1 ] LI [ l
E_ . . . P ‘.
T v . . e w

48 5 5.2 5.4 5.6

m(K'e*e") [GeV]
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https://cms-results.web.cern.ch/cms-results/public-results/publications/BPH-22-005/index.html
http://dx.doi.org/10.1088/1361-6633/ad4e65

R(K) result

_ CMS Upto 416 (13 TeV)
S 24F
[ ’ 0.4'6 +0.09 0.4? fE 2—22_ — — Statistical on )
R(K) = O¢78t0'23 (Stat)—D.DS (Syst) — 0+781_0‘23 ff' 15;: ::aiisiica:Jr;istematic //
"5 1:65— ——— SM prediction //
o 14F /
S 12F
o 1k
The resulting value is consistent ooF
both with SM and LHCDb, but the o3
precision is not competitive 25
The main reason is the difficulty with | 74: | A
. -0.32 ' 2101, 8.12] G
low-p; electrons, especially at the | ! y
trigger level, which is why the trigger 1.032022 | <Cn gegem ot
for this analysis searches for
: +0.007 . 1HCb 3 fo’
the other bin an event 0.745% ce; : 2Ciro 6 01 Gev?
+0.062 : 1 HCb 5fo”
CMS has learned a lot and huge 0 840 ; g2 (it 1,60 Gev?
Improvement is expected in 0 94g R s
Run-3, stay tuned! , g2 L[1.1,6.0] GeV
078702 : CMS (this work)
oo : g2 C[1.1, 6.0 Gav?
| 1 I' 1 1 1 i i i i i 1 1
CMS-BPH-22-005, 0.5 1 15 2
Rep. Prog. Phys. 87(2024) 077802 R(K)
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https://cms-results.web.cern.ch/cms-results/public-results/publications/BPH-22-005/index.html
http://dx.doi.org/10.1088/1361-6633/ad4e65

Summary

x Many new results on rareb O Hekays, sensitive to NP, are obtained in the last few yeal

X Some~3-4A tensions w.r.t. SM have been observed in B meson decays
x CMS made an angular analysis of tl8° +9t *t Mdecay with full Run-2 data

X The results agree with and are as precise as earlier LHCb results

x Confirming the tension between experimentand SMing®? DA OAI AOAO
x R(K) measurement is very challenging at CMS due to lepy electrons

x The result agrees (with large uncertainties) with LHCb and LFU=SM

X In the meanwhile, refreshed LHCb results from last year also agreath LFU=SM3

X Run-3 triggers will allow to make significantly more precise measurements

http://cms _-results.web.cern.ch/cms_-results/public _-results/publications/BPH/ CMS

https://cms _-results.web.cern.ch/cms _-results/public _-results/preliminary __-results/BPH/index.html

Thank you !
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https://lhcbproject.web.cern.ch/lhcbproject/Publications/LHCbProjectPublic/Summary_RD.html
https://lhcbproject.web.cern.ch/lhcbproject/Publications/LHCbProjectPublic/Summary_RD.html
http://cms-results.web.cern.ch/cms-results/public-results/publications/BPH/
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Search for DOt t

With many studies ofA  Qrianisitions, even more rareA  Oohds are often
forgotten/neglected

CMS searches for the® t tdecay via D'© $A* to suppressbkg

One of the first analyses to:
A use Run-3 13.6 TeV data!
A use new inclusive dimuon triggers

Normalization relative to D°O A*A™

645" (13.6 Tev) 64.5 o' (13.6 TeV)

(2022+2023 in this case)

Effective lumi=51.4 nb' (13.6 TeV)
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[x]

Effective lumi=51.4 nb”' (13.6 TeV)

N
1.82 1.84 1.86 188 19 192 1.94

My (GeV)

LR -
0.142 0.144 0.146 0.145 0.15

Am (GeV)

No signal observed, UL set at

B(D" = ™) < 26x 10~ at 95% CL

> > E
% 10°k CMS Signal + total bkg. fit % 10°r CMS Signal + total bkg_ fit
o .. = Total bkg. component <+ E L. Total bkg. component
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% E Stat. + syst. uncertainty - E Stat. + syst. uncertainty
] Combinatorial bkg £ " Combinatorial bkg
R , Dospu g 0f , D

B(D —p'p )= 1.0 x 10° D ==tV 0V, i] FBD —=pp )=10x10 D »ma—u* v, uv,

- s DYy, 3 - DUty
0.140 < Am < 0.150 GeV Fo181< my, <1.94 GeV
10 oo e eeaa . 10°F PP WP S S A <
102k 10°F
4 £ I
o C =] F
5 200 % + & 200
= L % © o
LI S I e Hl bl 8 L %% ;
g BT LRI RT T ek gt
8 i ‘} & 200
—200{— 3
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My, (GeV) Am (GeV)

CMS-PAS-BPH-23-008

Best limit to date, 35% improvement ovéHCDb

SM prediction ~3*10Y X
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https://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/BPH-23-008/index.html
http://dx.doi.org/10.1103/PhysRevLett.131.041804
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https://www.nikhef.nl/~pkoppenb/anomalies.html

BO

+0f +t M CMS and ATLAS Rt

~1450 signal, 7¢¢ bins CMS-BPH-13-010, Phys. Lett. B 753 (2016) 424
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Angular analyses ob O transitions
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Compatible with SM

LHCb-PAPER-2021-022, JHEP11(2021)043

CMS Rur2 analysis
in development
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https://lhcbproject.web.cern.ch/lhcbproject/Publications/LHCbProjectPublic/LHCb-PAPER-2021-022.html
https://doi.org/10.1007/JHEP11(2021)043

Angular analyses ob O transitions

B* +"*t*t™ (K*O0 +#aA*) CMS Rurl, ~90 signal
Lower statistics compared to K° channel because of

CMS-BPH-15-009, JHEP04(2021)124
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http://cms-results.web.cern.ch/cms-results/public-results/publications/BPH-15-009/index.html
http://dx.doi.org/10.1007/JHEP04(2021)124

B+

Lower statistics compared to K° channel because of
Two categories based on ¥decay vertex position

Angular analysis, measuring full set of optimized variable
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Angular analyses ob O transitions

in 5 folds of the data, due to limited stat.
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https://lhcbproject.web.cern.ch/lhcbproject/Publications/LHCbProjectPublic/LHCb-PAPER-2020-041.html
https://doi.org/10.1103/PhysRevLett.126.161802

Angular analyses ob O transitions

Table 2: Measured CP-averaged angular observables, in the corresponding g7 bins. The first

uncertainties are statistical and the second systematic.

1.1 < g% <2 GeV?

2 < g% <43 GeV?

43 < g* < 6 GeV?

F | 070970072 +£0.021 081070055 £0.016 07147003 +0.012
P, | 0089024 4+0.040 0285025 +0.051 —0.297"01%3 +0.038
P, | —037470124+0.095 02447090 +0.039  0.1217505 +0.030
Py | —0.045702% +0.044 018770705 +0.089 —0.027"01% +0.081
P, | —043670289 40111 04317018 +0.075 071710138 +£0.074
P.| 0363701540028 01397018 140039 0435709 +0.027
P/ | 000010091 +0.021 01087097 £0.018  0.129F0071 +0.011
Py | —0.157703%8 +£0.113 0727707183 +£0.056  0.0071931% +0.036

6 < ¢* < 8.68 GeV?

10.09 < % < 12.86 GeV?  14.18 < g2 < 16 GeV?

F, | 0.6277001 +0.011 0.474 9012 +0.009 0.394 1701 +0.009
Py | —0.056"0197 4 0.046 0.439100°1 +0.030 0.465 10937 4 0.025
P, | 0.188790% +0.014 0.386 002 4+ 0.018 0.44009% + 0.008
Py | 0.099709%2 +0.014 0.01372041 + 0.007 0.0341 0937 4 0.010
P} | —0.949 0192 4 0 058 1.025 0961 + 0,059 1.159 7092 + 0,041
Pl | 04950967 4 0.023 0.746 0050 + 0.014 0.688 0038 +0.021
P! | 00107002 +0.016 0.0801 3037 + 0.011 0.121100% +0.011
P; | —0.06110143 1+ 0.042 0.0937010% +0.029 0.011+0086 + 0,022
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0 v 0-LHC,
+ Run 3 and HL-LHC projections

® Up to x15 improvement w/ 3 ab-' compared to the 8
TeV CMS result [PLB 781 (2018) 517]

® Should be possible to resolve the situation

experimentally already in Run 3
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CMS experiment

architecture of the CMS Trigger

Trigger System LHC ’
e L1 Trigger
*  reduce the number of events from the LHC collision
rate (40 MHz) to the data rate that can be stored, M
reconstructed and analysed OFffline (~ z) O(few kHz) ! Culldraadtnt Hiah L [Tri
igh Level Trigger

*  maximising the physics reach of the experiment

» . - 100 kHz M
L1 Trigger | | P . l Offline

»  coarse readout of the Calorimeters and Muon detectors ' L1 ’ g A
-}kﬂi

O(few kHz|

* implemented in custom electronics, ASICs and FPGAs
*» 3 eventtypes, 128 “physics” bits + 64 “technical” bits :
*  output rate limited to 100 kHz by the readout electronics t

a bit more than 100 kHz in Run3

High Level Trigger
*  readout of the whole detector with Full granularity
*  based on the CMSSW software, running on O(15k) Xeon cores
* organised in O(2500) modules, O(400) trigger paths, O(10) streams
*  output rate limited to an average ofj,kﬂﬂy the Offline resources

LA = SRR O(few kHz) - = b o
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LHCb-PAPER-2021-042, JHEPQ05(2022)067

It proceeds mainly via the color-suppressed penguin
annihilation diagrams O(10~'2)

w — ¢ mixing can have a sizeble contribution ©(10~10)
Run 1 + 2 data
Exclude regions in g° corresponding to

¢, J/ and ¢(2S)

BY — ¢u* p~ used as normalisation s e e T
5100 5200 5300 5400 5500

BY — J/1¢ used to develop a MVA discriminator m(KK ppt) [MeV/e?)

Dominant backgrounds: misidentification, combinatorial,
semileptonic

Candidates / (5.88 MeV/c?)

@

@ B!

(a)

B(B* — ¢ou™p™) < 3.2x 1077 at a 90% CLl ; .
Z. ot
d 8

(c) (d) 28



https://lhcbproject.web.cern.ch/Publications/p/LHCb-PAPER-2021-042.html
https://doi.org/10.1007/JHEP05(2022)067

BOO

LHCRPAPER2022-008. Full Runl + Run2 analysis
Normalization using B© J/€ K© and B® J/C 3
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5.7 x 1070 (7.0 x 1079),

B(B— K*u=e*) < 6.7 x107° (7.9 x 1079),
B(B°— K*%u%e¥) < 9.9 x 1079 (11.6 x 107°)

LHCb
9fb!
Bl—oute
{ data
— bkg — only model
— bkg + sig. model
----- sig. scaled

m(K*K utet) [MeV/c?)

5500 6500

Candidates ( 5 MeV/c?)

Candidates ( 5 MeV/c?)

1022

— — —_— — — —
=2 R RS S
il T YHY]W] TITIME T T'I."T T 7”"“‘;

—

K?t"etandBX 3 et

Nnorm:
~60 K I data
----- Bi=J Iy (—uiu)d

-- combinatorial bkg.

e B (=t ) KK~
----- A1y pK
BJ y(—pt K

LHCb prellmmdry
9fb~!

5300 5400 5500 5600 75700 5800 5900

Nnorm:

m(J/wKK") [MeV/c?]

LHCb prehmmary

~310 K iy

I data
----- B =Jly(—pt K™
--= combinatorial bkg.
== By J /Y (=t p)K
----- A2—>J/ V(HOPK
S VA CT T )K(m—m)
B y(—pr)g

5200‘ 5200' 5400 5500 5600 5700 5800 5900

m(J/yK* ) [MeV/c]

B(B° = ¢p*eF) < 159 x 107 (19.4 x 107°)

World-best limits
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KO t 1
U FCNC process, in SIB(KS = ptu)sy = (5.18 £ 1.50yp £ 0.025p) x 10712
U Some NP (SUSY/LQ) models modify thz
U LHCDb performed a search using Ruf data
i. T Ol Al EUAOEIT T "\ 0ET ¢ AAAAU
U This decay is also the main background

LHCb -PAPER-2019-038, Phys.Rev.Lett.125(2020)231801

— 10? — 107

2 ] S K — ptp

E 101‘ z 1084y e K} — ptu

= = .., ., - K¢ — n'n

2 10“ E S 10(]_§ o ('.7(;1111.)ina.‘roria.l

?} ;ﬂ Total

£ 107! é 1074

Hg 1072 _ 1:‘" 1 | T l E: 10_% ;r 3 = | ' !

S0 480 500 520 540 560 580 S 480 200 520 240 560 980
Myt ) [MeV/e M(p*p) [MeV/c7

Statistically combined with Runl result upper limit is most stringent to date:

B(KS — ptp~) <2.1x 10710 at 90% CL
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https://lhcbproject.web.cern.ch/Publications/p/LHCb-PAPER-2019-038.html
https://doi.org/10.1103/PhysRevLett.125.231801

Using B,©
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Candidates / (0.2 Ge\/z)

B+O K+-[ |V2+

LHCDb Full Run 1 + Run 2 analysis
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LHCb-PAPER-2019-043, JHEP06(2020)129

*KMdecays to tag partiallyreconstructed Bf mesons
Normalization usingB*© K* ™ * (with J/C)

MO~ "~ T T T T

C —e— Dat ]
120 = LHCb o — 1::;“‘i E

----- Background

_.

=

=]
|

B(BT™— KT 77) <3.9x 107 at 90% CL

Weaker than 2012BaBarupper limit

B(Bt— Ktu 7%) < 2.8 x 107> at 90%

More details in the parallel

talk by Liang S. yesterday
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https://indico.cern.ch/event/1109611/timetable/?view=standard#586-searches-for-lepton-flavou
https://indico.cern.ch/event/1109611/timetable/?view=standard#586-searches-for-lepton-flavou
https://indico.cern.ch/event/1109611/timetable/?view=standard#586-searches-for-lepton-flavou
https://lhcbproject.web.cern.ch/Publications/p/LHCb-PAPER-2019-043.html
https://doi.org/10.1007/JHEP06(2020)129

LHCb Runl analysis
Normalization using B*©

B+O K+t U ei

LHCb-PAPER-2019-022, Phys.Rev.Lett/123(2019)241802

K*t M * (with J/C)
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B(Bt— K+tu—et) < 7.0 (9.5) x 10~°

More details in the parallel
talk by Liang S. yesterday

B(B*— K*pte™) < 6.4 (8.8) x 1079

World-best limits

Run2 analysis ongoing


https://indico.cern.ch/event/1109611/timetable/?view=standard#586-searches-for-lepton-flavou
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https://doi.org/10.1103/PhysRevLett.123.241802

Rarecharm decays LHCWHERS6 (2021)044

Searches for 25 rare and forbidden decays of D' and D: mesons
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EFT forbA sll decays
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