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b—sll as New Physics probes
» b—sll transitions are precisely predicted by Standard Model

» Processes are rare (loop level, CKM-suppressed)
— new interactions can be major contribution

» New interactions can have different symmetries from the SM

» NP can modify parameters of angular distributions observed in
FCNC decays B—>hl* I
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Angular analyses of b—sll transitions

»Many recent results measuring angular parameters
and differential branching fractions

q=m(ll)
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B°—K™u*u~ Angular decay rate
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Data set and B?->K™u*u~selection

Run 2 dataset (2016-2018), corresponding to 140 fb~!
Trigger requires 2 muons + a track
B%—] /Y K0 and B%-{s(2S) K decays with the same final-state particles K*m+p*p-

are used for the control and validation

BDT to distinguish signal from background

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

» additional veto on mass of two h*up systems

Bs—}d)(—}KK) HR et //25

trained on signal MC and background from data sidebands

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

input features: decay-vertex quality and displacement,

Isolation, mass of K1t system
BO—J/WK* and BP—(2S)K* leak in the nearby
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

= only affects J/y control region

» combination of cuts on intermediate masses

1

4 45
mip*u’) (GeV)

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

» veto at preselection level on KK mass hypothesis

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 bins

3 angles + mass 3 data-taking years

Fit to B®>K™u*pu~ sample additionally accounts for:

* the possibility that K and m are swapped CMS-PAS-BPH-21-002, arXiv soon!
 Efficiency as a function of angular variables

* Background angular shape (from sidebands)

* Physical boundary in the angular observables space
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B'-»K%u*u- Results

q=m(ll)
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https://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/BPH/index.html

Lepton Flavour Universality Violation

»SM has identical couplings of charged leptons to W
and Z bosons
- similar behavior of €, 1, T (some differences due to different mass)

» Observation of a significant LFUV would immediately
point to New Physics contribution

» LFU tests in b—sll are theoretically-clean observables
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LFUV searches: previous results

g=m(ll)

LHCDb only

[JHEP,2020,40 (2020)]

R,

[JHEPO8(2017)055]
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[PRL 128 (2022) 191802]
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[Nat. Phys. 18, 277-282 (2022)]
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(") 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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LFUV searches: previous results

q=m(li) 1| However, in 2023:
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CMS-EX0-23-007

Data sample

» Data Parking stands for “data that will be reconstructed later”
» In 2018, CMS implemented “B-parking” s
» triggering on low momentum electrons is very hard
—> leverage the bbbar pair production, trigger on one
B and investigate the other

» Triggering on displaced muon from SL b decays

» Constantly utilize full L1 bandwidth
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L1 trigger rate [kHz]

Probe B
2017 (13 1eV) ) & = a0 2018 (13 1eV) 5
140 1 80 o T 140F : , 180 2
CMS 2017 Iﬁ:\;ﬂgger G702 £ CMS 2018 Fﬁéﬂgger J70 2
120 ... Config. change ] & '@ 120F ..Config. change § &
" . . . —60 % - . . . . )
100 3 = 100f ; £
i 5 : : : H i =
S s0AN : : ~ 3 . .
g 605‘\\\\\ e SN Using a family of L1 seeds
— o E— . - .o N : 30 . .
I X TG R P 1, with decreasing thresholds
RN % A EW as lumi decreases, to
TP R S S O P SR oF b T “fill the gap to 100 kHz"
01:00 04:00 07:00 10:00 13:00 05:00 07:00 09:00 11:00 13:00 15:00
Time [UTC] Time [UTC]
.04 CMS simulation 2018 (13 TeV) . ECAL energy
g eetrrreraa) 2 deposits
. . g . -~ =" ’ - O.Bé "
» Require muon displacement at HLT 20| f 5
o i B = K'e's “Hos T . {
L = . g F «+===+ Leading electron 1 S I
> ReSultlng purlty~ 75 —80% (events Wlth b hadron) DQ- 02 |s " —— Sub-leading electron by ;;
wf| F 1, Tl TR
» Dedicated low-p electron reconstruction ||/ Crdd, A
01 2 3 4 5 6 7 8 9 10 /


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

» Measuring double ratio to reduce systematics
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» Muon channel on tag side, electron channel on probe side
» Electrons from two algos: PF and LP = PFPF and PFLP categories
» BDT discriminator(s) for background rejection
» Features: vertex displacement, fit probability, pointing angle
muon isolation, kaon p, B p;
electron pq, isolation, K IP w.r.t ee vertex, ID
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» Dedicated vetoes to kill backgrounds from charm and charmonia "


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
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At just 20 events in the signal
channel, the precision of R(K)
measurement is quite low
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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
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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

¢ Many new results on rare b—sll decays, sensitive to NP, are obtained in the last few years

¢ Some ~3-40 tensions w.r.t. SM have been observed in B meson decays
% CMS made an angular analysis of the B>K™u*u- decay with full Run-2 data

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

¢ Confirming the tension between experiment and SM in P: parameter
¢ R(K) measurement is very challenging at CMS due to low-p; electrons

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

¢ In the meanwhile, refreshed LHCb results from last year also agree with LFU=SM...

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

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

CMS

Thank you !
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Search for D’—pp

With many studies of b—sll transitions, even more rare c—ull ones are often
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CMS-PAS-BPH-23-008

Events / 0.4 MeV

Data —total bkg.

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

Normalization relative to D%—m+mt

forgotten/neglected

CMS searches for the D°—pp decay via D™*—DOt* to suppress bkg

(2022+2023 in this case)
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SM prediction ~3*10713
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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

“anomalies” in FCNC transitions
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https://www.nikhef.nl/~pkoppenb/anomalies.html
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B K*u*p-, CMS and ATLAS Run-1

CMS-BPH-13-010, Phys. Lett. B 753 (2016) 424
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Angular analyses of b—sll transitions

B?—@u*p angular, Run-1+Run-2 (no 2015), ~2000 signal
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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 of b—sll transitions

B*—>K"pp-, (K*—>K2m*) CMS Run-1, ~90 signal CMS-BPH-15-009, JHEP04(2021)124
Lower statistics compared to K™° channel because of K?
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Angular analyses of b—sll transitions

. 200 4
B*->K*p*u-, (K*—=K21*) LHCb Run-1 + Run-2, ~90 signal —~ LHCb
— = 9fb!
Lower statistics compared to K° channel because of K Z ’
. ‘s = * -
Two categories based on K decay vertex position 2 B*-K™*p*n
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Angular analysis, measuring full set of optimized variables, = 737+34
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3.10 tension w.r.t SM at low q?!

LHCb-PAPER-2020-041, Phys.Rev.Lett.126(2021)161802 74



https://lhcbproject.web.cern.ch/lhcbproject/Publications/LHCbProjectPublic/LHCb-PAPER-2020-041.html
https://doi.org/10.1103/PhysRevLett.126.161802

Angular analyses of b—sll 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, | 06277008 +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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P5" HL-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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- e D_— HL-LHC Dmm YR18 syst. uncert.
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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 MA

L1 Trigger " s ™ \ Offline
»  coarse readout of the Calorimeters and Muon detectors | L1 y . A
* implemented in custom electronics, ASICs and FPGAs 'jakﬂi
*» 3 eventtypes, 128 “physics” bits + 64 “technical” bits O(few kHz)

*  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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B%— ¢ pp

LHCb-PAPER-2021-042, JHEP05(2022)067

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

w — ¢ mixing can have a sizeble contribution @(10~10) 3 10
% 10 :
Run 1 + 2 data < | ‘\ R 'i.:rit,ﬁ”‘}”
Exclude regions in g2 corresponding to 3, R [l
¢, J/¥ and 1(25) 50 F Signal: it e ] [N
102 A

B2 — ¢utp~ used as normalisation R R .|

0 ] . . 5100 5200 5300 5400 5500 _
B — J/v¢ used to develop a MVA discriminator m(KK ) [MeV/e?]

Dominant backgrounds: misidentification, combinatorial,
semileptonic

@

@ B!

(a)

B(B* — ¢ou™p™) < 3.2x 1077 at a 90% CLl ; .
Z.7 ot
d 8

(c) (d) 28
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https://lhcbproject.web.cern.ch/Publications/p/LHCb-PAPER-2021-042.html
https://doi.org/10.1007/JHEP05(2022)067

B%— K*%u*e* and B%-> @ute®

LHCP-PAPER-2022-008. Full Run-1 + Run-2 analysis

Normalization using B®=]/QK™ and B% ]/
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B(B° = ¢p*eF) < 159 x 107 (19.4 x 107°)

World-best limits
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K$— pp

»FCNC process, in SM B(K = utpu)sy = (5.18 + 1.50pp £ 0.025p) x 10712
»Some NP (SUSY/LQ) models modify the B
» LHCDb performed a search using Run-2 data

»Normalization using decay to -
» This decay is also the main background

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

o 10% — 107

2 :éi LHCb K — ptp

% 10! E % 1004 e K} — pru

= = ", ., ., === K¢ — n'n

2 10“ E 2 100—5 -+ Combinatorial

< ] ? Total

2107 2107

[ L S e e TR

ST 480 500 520 540 560 580 S 480 200 520 240 560 980
AJ(M+M—> [1\,_.16\;/62] Aif(/.b o ) [1\-’16\*’/() ]

Statistically combined with Run-1 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

B*— K*u t*

LHCb-PAPER-2019-043, JHEP06(2020)129

LHCb Full Run 1 + Run 2 analysis
Using B, » B*K~ decays to tag partially-reconstructed B* mesons

Normalization using B*— K*p~u* (with J /) S T T T
2 _E LHCb —— Data ]
B - L DAL A AL AL L 120F ' — Fit E
N> - . 2 100 - Tt e Background E
8 35 —+— Data LHCb = = n ]
N 305_ —Fj*t BDT bin 4 —E ﬁ S0F
S [ By, signal - S 60f
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& 20F --- Background 3 O C
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o 10 3 IE 40
SETHEF E
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0l 2 3 + 5 6
2
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B(B*— K*p~ ") <3.9x 107 at 90% CL

Weaker than 2012 BaBar upper limit

B(BT— K u 7)< 28 x 107° at 90%
More details in the parallel

talk by Liang S. yesterday 31



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

B*— K+u$ei

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

LHCb Run-1 analysis
Normalization using B*— Kru~u* (with ] /)
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World-best limits

More details in the parallel _ _
talk by Liang S. yesterday Run-2 analysis ongoing 37



https://indico.cern.ch/event/1109611/timetable/?view=standard#586-searches-for-lepton-flavou
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https://indico.cern.ch/event/1109611/timetable/?view=standard#586-searches-for-lepton-flavou
https://lhcbproject.web.cern.ch/Publications/p/LHCb-PAPER-2019-022.html
https://doi.org/10.1103/PhysRevLett.123.241802

Rare Charm decays LHCb JHEP 06 (2021) 044

Searches for 25 rare and forbidden decays of D' and D: mesons
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EFT for b->sll decays

In general, b— sll transitions can be described using an EFT approach

Effective description
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“Wilson coefficient”
short distance physics

Local operator
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NP could modify the Wilson Coefficients,
or enable new operators

different dimuon mass (q) ranges
sensitive to different operators

NP contribution to Co expected to

be constant vs g2 (M. B. talk)
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