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Introduction

Motivations

e Rare B decays are a powerful probe for exploring physics beyond the SM
e Unknown particles, too heavy to be directly produced at colliders, may lead
to measurable deviations from the SM predictions

State-of-the-art

e Asof today, multiple discrepancies are observed in rare B decays
o ~30 LFU violation in R(K) and R(K*)
o ~2-30in branching fractions and angular observables

e  Globalfits provide a good description of data with the Wilson coefficients C, |

e The CERN LHC is an excellent environment to study such processes
o High production cross section: o(pp - bb) = 500 pub @ 13 TeV
m =5 10"pp pairs/fb’
o  One dedicated experiment: LHCb
o  Two general-purpose experiments with excellent B physics
capabilities: ATLAS, CMS
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https://arxiv.org/abs/2103.13370
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B to two muons: the emperor penguin

The ultimate experimental B decay for BSM searches

e Highly suppressed in the SM
o Br(B,»u'w)=(3.66+0.14) x 10° Beneke, Bobeth, Szafron
o  Br(B®-> ptw)=(1.03 £0.05) x 1020 S
Highly increasable elsewhere
e Experimentally accessible
o ATLAS, CMS, and LHCb in the game
e Theoretically clean
o No hadronsin the final state
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https://arxiv.org/abs/1908.07011

B to two muons: the ATLAS measurement JHEP 04 (2019) 098

° PartialRunzanalysis(Lint=26.3fb'1) > g T T T Ty
S ATLAS e 2015-2016 data
e Measurement relative to B* > J/ K* with B_> J/ ¢ as control channel ¢ -1 Tev. 263 L L E
» 140 0.4163 < <=1 ~—— = Continuum background —]|
_ B(B* —J /v K*)B(J[p—utp”)  f & 12 o X mons
B BO _> + — N . . u ] 8 P:akmg‘ba'ckgruound E
( () W) d(e) Ny st €wtu /€y fs 1: TR
e Background reduction achieved with a BDT trained on sidebands data j B
e Eventyields are obtained from fits to the mass spectra, with categories of l E
based on the BDT output %560 ~5000 53005400~ 56005800
e  Main backgrounds: partially reconstructed B hadrons decay, hadronic B, pimuon invariant mass (Mo}
decays where hadrons are misidentified as muons, combinatorial A e B iaaaner
e Results (Runl+ 2015+ 2016 data) S E
T C Run 1 +2015-2016 data
S F
_ _ ¢+ 08 E T — Likelihood contours for E
B(Bg — M+M ) = (2.8i8:§) X 10 9 C;.-% 0.6/ o \\\"\.,, 2an()-23,62,118 3
0 + - ~10 3 E
BB’ — ptp ) <2.1x107" at 95% CL ook :
e Compatible with the SM at 2.40 o B
Dominated by statistical uncertainties (still missing 2017 and 2018 data) R S

B(B2 — u* u) [10‘915
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https://doi.org/10.1007/JHEP04%282019%29098

PRL128(2022)041801
B to two muons: the LHCb measurement PRD105 (2022) 012010
e Full Run1l+Run2 analysis (L, =9 fb™) ‘§4O§_ T _.'_r?m; ]
e |Initial State Radiation and Final State Radiation accounted for = | s B sl ]
e —— Bou'u I
o ISR: hard distinguishable photon, lifts helicity suppression §30 rilirield ]
o  FSR:soft photon, included experimentally as a radiative tail R o N A N
II+ b l,+ g 10: ------ Combinatorial b
0:.'."fiiii:{;::::::r B 1
: SOIOO I ‘ ‘ l SSIOO I I I ‘ 6(300
M., [MeV/c?]
g — 07 Xlo'_g T T T T T T T T T T T
Py Resu '.tS +§: 0.6 —_comours correspond lo 6?%,‘95%, 99’%“”CL regions I _—
o  Branching ratios and limits at 95% CL og 05k oy, e ]
0 -\ _ +0.46 +0.15 —9 & | P k
B(Bs — p'p) = (3.09Zq 43 "¢q7) x 10 041 .
B(B® — putp~) <2.6x1071° 03 i
02 -
0 - 4.9 GeV -9
B(B) — ptp=y)™)>49G6eV < 2 0 x 10 ik .
. er R C /i 1 Ix107
o Effective lifetime T = 2.07 £ 0.29 £ 0.03 ps %1 5.6 *
B(By—u*ur) 6

[ ] Consistent with only The heavy mass eigenstate decaying to two muons /15


https://doi.org/10.1103/PhysRevLett.128.041801
https://doi.org/10.1103/PhysRevD.105.012010

B to two muons: the CMS measurement

3-body and partial decays

New full Run2 analysis (L, =140 fb!) (preliminary, not published)

Dominant contributions

Signal Bs—

.

K+ o 0o 4
pt n- H
Y B+ /B3 y 2
¢ ;

Combinatorial Background

7
-
B el :

2

+ Muon Fakes Background

o Hadrons misidentified as muons reduced with custom MVA ID
o  Dominant background suppressed with MVA

Results

B ) = B )
B(B® — ptp~) = [0.37707 (stat)
T = 1.83705% (stat) = 0.04 (syst) ps

4—_8:%2 (syst)i’S:}g (fs/fu)] x 107*

fg:gg (syst)] x 10710

e Consistent with the SM

e Most precise single measurement to date, dominated by statistics

CMS-PAS-BPH-21-006
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https://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/BPH-21-006/index.html

State-of-the-art with the new CMS result

BE — ww) [107]

CcMS 0.44
BPH-21-006 —=— 3.83%7,
LHCb 0.48
PRL 128 (2022) 041801 e—— 3.09 to_44
ATLAS+CMS+LHCb 0.37
BPH-ZO-OO:.; * = 26935
ATLAS 0.8
JHEP 04 (2019) 098 - 238 to.7
CMS 0.72
JHEP 04 (2020) 188 - 2.94 to.es
LHCb | 3.0*%7
PRL 118 (2017) 191801 —_— Y 06
SM Prediction
3.66 = 0.14
B\en?ke Iet all' J'\-IEPI 10 I(ZO] 9) |232l 1 1 Il | 1 1 T | 1 Il 1 1 | ] Il
1 2 3 4 5 5
B(B! — ) [107]
M
(B:PH-§1-006 D — <1.9
Iﬁa}-ﬂ?z% (2022) 041801 € u <2.6
ATLA MS+LH
BPH-20-OSO:-3'-C . — <1.9
ﬁzktﬁ%mg) 098 D e <21
M =
.?HEPSOA (2020) 188 < # <3.6
LH P
PRL(1:12 (2017) 191801 < o <34
SM Prediction
Bencke ot al, JHEP 10 (2019) 232 T | | ‘1 .03 = 0-|05
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BPH-21-006 =———t 1.83 t%.z%
IP-F!-II.(1:22 (2022) 041801 —— 2.07 = 0.29
gaM%%%be Combine o 1.91 *,?,3;
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PLRHL%E (2017) 191801 = 2.04 =+ 0.44
Ty e g 1.616 = 0.010
B R T R S

7(B] — ww’) [ps]

e Two collaborations out of three have said
their final piece for the LHC Run 1+2 legacy,
waiting for ATLAS

e Good agreement with the SM for B > u*, but
a lot of work to do to observe B® > u*u
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Candidates / ( 120 MeV/c?)

Beyond B> p'p

‘a B to two electrons

Even more suppressed in the SM (Br. ~ 10)

NP contributions up to ~ 108

Analysis performed with the Run1+2016 dataset
Limits at 95% CL
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[PRL124(2020)211802] ‘a B to two taus
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Less helicity suppression in the SM (Br. ~ 10°%)
Analysis performed with the Run1 dataset
o 1> mnmnv final state

Limits at 95% CL

B(BY - tv17) < 6.8 x 1073
BB — 777) <21x1073
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https://doi.org/10.1103/PhysRevLett.124.211802
https://doi.org/10.1103/PhysRevLett.118.251802

Beyond B » £°¢

‘g B to four muons

[JHEP03(2022)109] ‘ B to EIM, T /[l. [JHEP03(2018)078][PRL123(2019)211801]

e More suppressed (Br. ~10°-101?)

e Sensitive to different modes
Experimentally clean (normalisation channel
B> J/QW(>up)d(>pp) with the same final state)

e Limits at 95% CL (Run1+2)

B(BY — putp ptp) < 8.6 x1071°
BB — ptp ptp ) <1.8x 10710

Candidates / (50 MeV/c?)
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More than rare: forbidden in the SM

LFV present in several models explaining LFU
violation

Analysis performed with the Runl dataset
Limits at 95% CL
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https://doi.org/10.1007/JHEP03%282022%29109
https://doi.org/10.1007/JHEP03(2018)078
https://doi.org/10.1103/PhysRevLett.123.211801

Beyond B - leptons

o PP

Suppressed w.r.t. multibody decays

B® > K1t as normalisation channel
Analysis performed with the Run2 dataset
Results (combined with Runl)

[arXiv:2206.06673] ‘ B to pppp

B(B° — pp) = (1.27 £ 0.13 £ 0.05 + 0.03) x 108
B(BY — pp) < 5.1 x 107Y at 95% CL

[LHCb-PAPER-2022-032 in preparation]

First observation of purely baryonic 4-body decay
B> J/W(pp) K*°(Kmt) as normalisation channel
Analysis performed with the Run1+2 dataset
Results (combined with Run1l)

B(B° — pppp) = (2.24+0.3+£0.14+0.1) x 10°°
B(BY — pppp) = (2.3+1.04+0.24+0.1) x 1078
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https://arxiv.org/pdf/2206.06673.pdf

Bonus: charm and strange decays to two muons

‘6 D? to two muons [LHCb-PAPER-2022-029 in preparation] ‘ 0

K s to two muons [PRL125(2020)231801]

. . . ~ _ll
e FCNC + helicity suppression (Br. ~ 10) e Veryrarein the SM (Br. ~ 10'2)
e Clean experimental signature and SM prediction L
e Analysis performed with the Run1+2 dataset 1(54<'
e Nosignal observed, limits at 95% CL _ ) '
e Analysis performed with the Run2 dataset
BD° — ptp~) <3.3x107° e Limits (combined with Run1l) at 95% CL
0 +,,— —-10
e  Most stringent limit of FCNC in the charm sector B(Kg —prp ) <24x10
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https://doi.org/10.1103/PhysRevLett.125.231801

Conclusions



Summary and outlook

e Rare B decay constitutes a powerful tool
to search for New Physics
o Theoretically clean (usually)
o  Highly sensitive to unknown particle
contributions
° B(s) - W'p stands as the flagship process
o ATLAS, CMS, and LHCb are all highly
competitive and committed
e As of today, all measurements are
dominated by statistical uncertainties
o  Good outlook for improvements with the
next LHC runs
e Run3is starting now
o x2 higher luminosity for ATLAS/CMS
o x5 higher luminosity for LHCb
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B to two muons: CMS analysis details 1

external
B production

Fraction ratio

Noooptp-  eprosjpr+  fu

B(B? = ptp~)=B(BT = J/YpKT) x —
i\‘B+—>J/wK+ €EBO s utpu— fe
N6 inn €RO b
0 | B - -B—J/vé

or | = B(BS = J/¢) x = x
NBojjpe  €BIptp-

i Ngo_, y+,- €EB+ bK+

B(B® - ptp~) = B(BT — J/pK+) x —22bT# ikl Ju |
i\'B+—>J/u')K+ €EBO s putu— fa
Selection B 5> utu= BT - J/YKT B > J/pe
B candidate mass [GeV ] [490,590] [490,590] [4.90,5.90] ° Selection requirements are as loose as
Blinding window [ GeV ] [5.15,5.50] .
possible

pr. [GeV ] >4 >4 >4 .
|77”| 214 ey sl o  Provide more data to MVA
3D SV displacement significance > 6 > 4 > 4 | © I‘.Imlt_ed by trigger requn.’em.ents
P [GeV ] S5 S7 S7 e Normalization channel selection is
uy SV probability > 0.025 > 0.1 > 0.1 optimized to match kinematics of signal
J/¢ candidate mass [ GeV | [2.9,3.3] [2.9,3.3]
Kaon pr [GeV ] >1 >l
Mass-constrained fit probability > 0.025 > 0.025
2D upu pointing angle [rad] <04 <04

¢ candidate mass [ GeV ] [1.01, 1.03]




Entries /0.02 GeV

B to two muons: CMS analysis details 2

MUON FAKES
Vﬂ 2 V1+
/ e Double muon fakes from B » h*h  non-trivial background
T iV o Looks like signal
B K+ o  Rateis comparable to B> pu

o B%sKmand B> KK are dominant contribution
e Primary source of fakes

o  Pion and kaon decays in flight to muon and neutrino
W o  Other contributions are negligible and easy to reject
My e Used MVA-based muon identification
o  Detect minor imperfections in the muon candidate trajectory
o  Factor of 2-3 better rejection of fakes than the CMS standard muon

selection

CMS Simulation Preliminary

n

(=]

o
TTTTT

m Kaon decays are easier to reject
e Fakerates are measured in K >t and ¢ > KK control samples
B T o  Simulated reasonably well: ~25% systematic per hadron
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B to two muons: CMS analysis details 3

New multivariate analysis (MVA,) used to suppress the
dominant backgrounds
o  Trained with signal MC and mass sideband data
with the XGBoost package
e  Most discriminating variables
o Pointingangles:a,, a,
o Impact parameter and its significance: 6,;, 8, /0
(8,,)
o Flightlength and its significance: £, /o(2, )
o lIsolation for B candidate and muons

€3p

I Limuiation Frelminary

0‘5; o  Dimuon vertex quality

0.4F e  MVA mismodeling can be a major source of systematics
- o  Need adata control sample

" o  B*-> J/P K*is the best candidate

o.2i e MVAis trained to rejected ppkK events
" o  Extratrack, wrong pointing angle etc

o1k \ e Need to use correct input to get signal-like response
L J o  upK: pointing angle, impact parameter

R R Y S TS Y R O UM vertex probability, displacement, isolation

(ignore kaon)



B to two muons: CMS analysis details 4

Branching fraction systematics

Effect BE(Bs—p+u-) BE(BO— 1+ 1)

Trigger efficiency 2-4%
Pileup 1%
Vertex quality 1%

MVAg correction 2-3%

Tracking efficiency 2.3%
J /UK shape 1%

Fitbias 2.2% 4.5%
f. /£, ratio 3.5% | -

Lifetime systematics

Effect
Efficiency modeling
Scanning over different gen lifetime sample

Decay time mis-modeling
Litetime bias

Total




B to protons: systematics

B to pppp

Nominal B(B?

0 — pppp) x 1078

BY— pPPpp
221 £0.37 2.30+£0.96

B~ pppp

Systematic source

B to pp
Source of systematic uncertainties BY— pp | B —» pp
fs/fd = 3.1
LO trigger efficiency 1.0 1.0
Selection efficiency relative to B — K+~ 2.0 2.0
Tracking efficiency 1.9 1.9
PID efficiency 24 2.4
Fit model 1.0 22.0
Total 3.9 22.5

Uncertainties in %

Efficiencies (MC stat) 0.02 0.03
Efficiencies (weights) 0.06 0.09
PID 0.03 0.03
Tracking 0.02 0.02
Fixed PDF parameters 0.02 0.02
Signal model 0.00 0.04
Background model 0.03 0.17
Quadratic sum 0.08 0.20
Normalisation B 0.09 0.13

Uncertainties in absolute values



B to four muons

Full results, including resonances

Limits at 95% C.L.
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