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Measurements of B(S)

Dmytro Kovalskyi, MIT




The Era of Anomalies |||||-

e Higgs discovery in 2012 made the
Standard Model complete

e Most likely it's not the Pnal model
e |t doesn't describe all effects

e Anomalies may be a hint of something
NEW

e |n most cases they are just statistical
[Suctuations, but not always
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Rare B decay Anomalies
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Altmannshofer, Stangl , arXiv:2103.13370

e Multiple discrepancies are observed In rare B decays
e 3.1# Lepton Flavour Universality violation in R(K) and R(K*)

e 2-3# discrepancies in branching fraction and angular observables

e Global bts provide good description of data in the effective 4-
fermion Interaction
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Interpretation of Data |||||-

)

-

Non-Local:

e Main challenge

e \WWhat we can measure in most cases has non-trivial non-perturbative QCD
M contributions and hard to interpret

e Clean theoretical observables in most cases are very hard to measure
experimentally

IS e Theory Overview

e | ocal contributions

T . . . .
e Contributions from new physics at higher energy scagherurbative
e Local matrix elements (form factors)non-perturbative but well know for large &
M e Non-local contributions
e Enters at low 4

e Dominated byb ! sce& - can mimic New Physics contributions
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Why Bsy™ 2 NI
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e Unique rareb! sBL processes

e Sensitive to New Physics effects

e Non perturbative hadronic contributions enter via B(S)
decay constant

e \Well known from Lattice QCD

e Theory uncertainty

e Dominant contribution comes from uncertainty orv_, !

e Difference between inclusive and exclusive measurements
e Buras, Venturini, arXiv:2203:11960

e Sensitive to a subset of effective interactions
associated with the rate B anomalies

e Critical for understanding of the anomalies
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Event Selection

Selection BY - utu~ BT = J/¢yKT B! —J/p¢
B candidate mass [ GeV ] [4.90,5.90] [4.90,5.90] [4.90,5.90]
Blinding window [ GeV ] [5.15,5.50]

pru [GeV ] >4 >4 >4
17, <14 <14 < 14
3D SV displacement significance > 6 >4 > 4
Pryuy [ GeV ] > 5 > 7 > 7
uu SV probability > 0.025 > 0.1 > 0.1
J/¥ candidate mass [ GeV ] [2.9,3.3] [2.9,3.3]
Kaon pt [GeV ] > 1 > 1
Mass-constrained fit probability > 0.025 > 0.025
2D uu pointing angle [rad] <04 <04

¢ candidate mass [ GeV ] [1.01, 1.03]

e Selection requirements are as loose as possible

e Provide more data to MultiVariate Analysis (MVA)
e Limited by trigger requirements

* Normalization channel selection Is optimized to match
Kinematics of signal
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Dominant Backgrounds |||||-

Signal B _ _
3-body and partial decays Combinatorial Background
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Charmless Two-body Background |||||-

CMS Runl

CMS-L=5fb "Ys=7TeV.L=20fb ' Ys=8TeV

—
NN

—$— data

o —uior e Runl publication with 25/fb of data had a hint of
< 12 5 By very largeB°! py signal

o - | e combinatorial bkg

= 10 o ety T e |t was just a & anomaly, which happens quite often

E e The result was questioned

% 8 e How do we know it's not just B hh?

;S; 6 e Charmless two-body decays with hadrons reconstructed as muons
=, o  Next publication with 61/fb of data used a new

s il MVA based muon id to suppress the background
D2

as much as possible

W
MH o Lower signal efbciency

9 5 54 52 53 54 55 5% 57 58 509
w (GeV)
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Muon Fakes in

e Double muon fakes from !B hh - non-trivial background
— e |Looks like signal

V,u e Rate is comparable tooB"
e Bl K$ and B! KK are dominant contribution

0 +
B ! K  Primary sources of fakes
’ e Pion and kaon decays In [3ight to muon and neutrino
CMS Simulaton Preliminary e Other contributions are negligible and easy to reject

; M e Used MVA based muon identibcation
e Detect minor imperfections in the muon candidate trajectory
e Factor of 2-3 better rejection of fakes than the standard muon selection
e Kaon decays are easier to reject
o Fake rates are measured iRl and%! KK control samples
e Simulated reasonably well: ~25% systematic per hadron

350+

N N w

o Ul o

o o o
T T T T T 11

Entries / 0.02 GeV
o
Iol

100F

50F

2.9 5 51 52 53 54 55 56 57 58 5.9
m [GeV]
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Multivariate Analysis



Multivariate Analysis

e Dimuon vertex quality

e Pointing angles&iop, &3p
e |mpact parameter and its signiPcance;' so/# (' 3p)
e Flight length and its signiPcang&ei/# (£3p)

e |solation for B candidate and muons

S e New multivariate analysis (M¥Aused to suppress the dominant
i backgrounds

e Trained with signal MC and mass sideband data with the XGBoost package
(advanced gradient boosting algorithm)

e Most discriminating variables
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MVA in Data UITe
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CMS simulation Preliminary
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e MVA mismodeling can be a major source of
systematics

e Need a data control sample
e B 1 J/IPK" is the best candidate

e MVA Is trained to rejected"” K events

e EXxtra track, wrong pointing angle etc

e Need to use correct input to get signal-like
response

e " K:pointing angle, Impact parameter
e " rvertex probabllity, displacement, isolation (ignore kaon)

October 10, 2022
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B™ |

JIYK™ Event Selection I|Ii|-

CMS simuiation Preliminary
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he pointing angle is one of the most powerful discriminators
he distribution has a non-trivial dependence on the decay kinematics

) and& ("™ K) Is getting better when the kaon Is soft

e Leads to larger background, but itOs manageable thanks to large number of events

e Use sPlot technigue to extract distributions in Data
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Flight Length Signibcance !

CMS simuiation Preliminary CMS simuiation Preliminary
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e Soft kaon requirement gives matching distributions for all input
variables but the 3ight length signibcance

e |t correlates with the dimuon mass

e Smaller mask smaller opening angle larger uncertainty on vertex position along
the trajectory! smaller signibcance

e Scaling RBight length signibPcance by 1.6 provides a decent matching
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XGBoost Reweighting

42.0fo' +61.3 fb'(13 TeV)

42.0 b+ 61.3 (13 TeV)
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\| MC
* weighted MC

1000 ¢

JIYK™ control sample we can correct for
mismodeling in MC simulation

e Trained XGBoost classiPer on MC vs Data with s\Weights

e Capture the difference between MC and Data

Proly,a
Prol,c

® Usew =

as a weight to reweight &

MC samples
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Branching Fraction
Measurements



. . N
Branching Fraction Measurement III||

B(B? !

B(B !

o NBO" u+ u! o "B+ " J/ T KT, f -QX{'-QYMG{
u"’ u! ) = B(B+ I J/! K+) N S" T | — B production
B*" J/ ! K* BY9" pu* S Fraction ratio
Ngor p+p! "o g/
or = BB Jy)r S B E v Fs T
NBQ" J/- BY" u*
Ngor oyt "ser g1k
W)= B(BT KTy e S B h
N+ 371K+ BO" p* ! d

e Branching Fraction are normalized usBig! J/PK™and
B, ! J/IU} decays
e Most systematic effects cancel in the ratio

e B* I J/YK™ provides nominal normalization

e B I JIYP - alternative normalization with different systematics that can benept
from independent BF measurementi®f! J/y

October 10, 2022
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Unbinned Maximum Likelihood Fit |||

CMS Preliminary 140 fb'(13 TeV)
1401— ¢ Data — Full PDF
- Bg = ptw B° - u'u - : . .
- Combinatorial bkg - Semioptonic bkg e 2D unbinned ML bt In mass and Its uncertainty
120~ 7 PeaKngbie e 16 categories
>1oo:— e rapidity of forward muon:[0,0.7] and [0.7,1.4]
)
G [ e data taking period: 2016a, 2016b, 2017, 2018
é 30 e MVA:loose and tight
E; I e Shapes
D 601~
=S e Signal - Pxed CrystalBall with mass scale and resolution
L sl corrected using {/ and) (1S)
- e Combinatorial - 1st order polynomial with free [3oating
S parameters
- e Semileptonic - Gaussian with [3oating parameters
O_ Al N I N NS ]
19 5 51 52 53 54 55 56 57 58 5.9

m...- [GeV]
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Postbt Event Yields by Category Illll-

Dataset Channel N(BY) N(BY) N(comb) N(peak) N(semi) Nf(total) Data
MVA; > 0.99
2016a 0 5.3 0.2 2.8 0.2 6.0 14.5 16
2016a 1 94 0.4 16.2 0.4 9.9 36.3 35
2016b 0 6.3 0.3 1.7 0.2 7.9 16.4 12
2016b 1 9.9 0.4 8.6 0.4 13.3 32.6 32
2017 0 23.5 1.0 51.4 0.8 29.6 106.3 114
2017 1 33.9 1.3 89.6 1.4 44.0 170.2 165
2018 0 34.5 1.4 64.8 1.3 38.4 140.4 143
2018 1 50.0 2.0 151.0 2.5 50.9 2564 252
0.99 > MVA; > 0.9
2016a 0 4.8 0.2 118.0 0.2 8.4 131.6 132
2016a 1 8.9 0.4 324.8 0.4 16.5 351.0 352
2016b 0 5.6 0.2 107.6 0.2 10.9 124.5 126
2016b 1 9.2 0.4 257.1 0.4 18.2 285.3 287
2017 0 15.2 0.6 637.7 0.7 26.4 680.6 683
2017 1 21.7 0.9 1430.5 1.1 44 .3 1498.5 1498
2018 0 23.3 1.0 936.2 1.2 52.5 1014.2 1017
2018 1 34.2 1.4 2222.5 1.8 79.7 2339.6 2340

Channel 0 and 1 refer to forward muon rapidity ranges of [0.0,0.7] and [0.7,1.4]
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EfPcliency Corrections |||||-

42.0 b +61.3 fb'(13 TeV)

— MVAg>0.9 MVAg>0.99
30000 - CMS 2016 2017 2018 2016 2017 2018
" Prelimi
B ey Ratio 1.011 £ 0.013 0.939 + 0.007 0.903 £ 0.008 1.058 £ 0.019 0.891 + 0.008 0.885 + 0.010
25000 —
B e €ifelosi 0.991 + 0.008 0.949 + 0.003 0.917 £ 0.002 1.008 £ 0.011 0.905 + 0.004 0.908 £+ 0.002
X - §
S 20000 \
. - \
2 F  oua : » UseB" | J/YK™ events to modeB, ! pp decays
U) B NS n
Q 1oR00r EIMC e MC In Data and MC
= - e Additional selection requirement
L 10000/ dditional selection requirements
. e Kaon R < 1.5 GeV
5000 e Rescaled 3ight length signibcance
i | \\\\N\\\ e Data/MC correction factors
P et at A TN m“\hi\\‘h“\ AATRILARNARS . . .
O g._ = : e Ratio methodefbciency ratio between
thadl PR S e SPUPES SRR Y TP soaY vee PRI -
% 1:_,_+i:+++++ﬁ++ﬂm‘ 0000000 bi00 i T sWeighted d .ata/ MC | |
O o5E A e XGBoost train a XGBoost classibPer to reweight MC to
0.9 0.910.92 0.93 0.94 0.95 0.96 0.97 0.98 0.99 1 match to the data

MVA
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*1 | *Yield Fits !

2 103 CMS _Ppreiiminary 6.1 fo™(13 TeV) x103 CMS rreiiminary 6.1 fb (13 TeV)
400F ¢ Data 4501 ¢ Data e Two different signal models are
: — Full PDF 400E- —— Full PDF used to extract signal
350 .\ . - . . . .
- * N B"# a1 K - WY BY = JryK’ normalization In unbinned
300 CBw IS - By maximum likelihood bts
A inatori >300F 4 % e oo . . . . .
< 250 combinatorial 27T Combinatorial e Nominal model is built using analytical
2k D250 08" Ve functions
é 200:_ ______________________ § >00F e Alternative one Is using non-parametric
0 150/ S F signal model convolved with a resolution
- 150 model
1001 - .
: 100 e The difference between the two
50 Central ok \\ Forward estimates Is taken as systematics
- - 0
SO\ e bl N ] aw
5.2 5 25 5 35 54 545 5.5 5 2 5.25 5 35 54 545 5§55
m;, « [GeV] my,, - [GeV]

October 10, 2022 D.Kovalskyli / By"™  measurements 21



/

Yield Fits

CMS Preliminary 6.1 fb(13 TeV) CMS Preliminary 6.1 fb'(13 TeV)
160005_ ¢ Data 1 4000:_ : ¢ Data
- —— Full PDF - /Q\ —— Full PDF
14000/ W B2 Jrps 12000 § W B2 — Jips g /" isused as an
12000 B Uy K 100001 § B Uy K alternative normalization for Bs
> - I
% - N e Combinatorial i \ ------ Combinatorial BF
=10000[— 80001 . o
< B i e At the moment it's primarily a cross-
8000 i check
£ B 6000~ . .
TN i e Data Is btted to two different
: 4000}~ sighal models, taking the
4000~ Central : Eorward difference as systematics
5000 2000 \\\
O| L1 1 A L O_ \\\\\\\\\ - ‘~ . - L1 1 1
525 53 5 35 54 545 55 555 5.6 5.25 5.35 545 55 555 56
Myry ¢ [GeV] My 6 [GeV]
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Branching Fraction Systematics |||||-

Effect BF(B—! *! D BF(B—! *I D)

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

MVA g correction 2-3%

Tracking efficiency 2.3%
J'K * shape 1%

Fit bias 2.2% 4.5%
fJf , ratio 3.5% -

e Signal efbciency Is correlated with thdigétime

e BJ"™  branching fractions are measured assuming the SM lifetime value
e For alternative hypothesis scale BF using the following scale factor

apr = 1.977 — 0.358 7
° *|siInps

e Exampleog(1.61) = 1.C, oge(1.439 = 1.068
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fdfy ratio In Branching Fraction bt |||i|-

Entries / 2 GeV
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} Data
0 +,, -
MC BB —u"u")
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1200 ] + Data
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Lo

[GeV]

o fJ/fy = 0.231+0.008

e Based on Rdependent results from LHCb

e PRD 104 (2021) 032005
e |ntegrate with the effectiveRlistribution

e Previous measurement used 0.252+0.032

e Resulting BF can be rescaled:

° One can use a differend/f, value
e Treated as an external uncertainty

e Not as a constrained nuisance parameter
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Bs!""

Branching Fraction Result |||||-

BBy = utu~) =

Alternative using 8 J(%

(stat

i 0.38
_3-83J—r0.36

BBy — utu")

0.19
016 (syst)

= [3.95403 (stat

SR f)

+0.27
—0.22

x 10~

(syst) 7045 (BF)] x 1077

CMS

BPH-21-006

LHCDb

PRL 128 (2022) 041801

ATLAS+CMS+LHCDb

BPH-20-003

ATLAS
JHEP 04 (2019) 098

CMS

JHEP 04 (2020) 188

LHCb

PRL 118 (2017) 191801

SM Prediction

Beneke et al, JHEP 10 (2019) 232

3.66 = 0.1

1

2 3

5

B(B? — uw) [107]
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BO!IIII

Branching Fraction Result |||||-

0 — 0.75 0.08 —10
B(B® — utu~) = 037755 (stat) Tgg (syst)| x 10
CMS : |
BPH-21-006 <1.9
LHCDb
PRL 128 (2022) 041801 €= <2.6
ATLAS+CMS+LHCb <1.9
BPH-20-003 €< —= :
ATLAS
JHEP 04 (2019) 098 D E— <2.1
CMS
JHEP 04 (2020) 188 1 < 3.6
LHCb
PRL 118 (2017) 191801 €T = <34
SM Prediction
Beneke et al, JHEP 10 (2019) 232 T | | |1 .03 = 0-|05
-2 —1 0 1 2 3 4 5

B(B° — utu) [107]
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m B - '.\4 1111
ensitivity to P
CMS Preliminary 140 fb'(13 TeV) CMS Simulation Preliminary
__ N RO s T B i
140[- ® Data NN By — - median: 1.64, mean: 1.71, rms: 1.03
. —— Signal + background model 2 B — wtu -
- 1000—
120_— -
= 100 800
5 B
e B
S g0 o F
o - = 600
P b [
(1:) 60_— :
oo 400
40_—
i 200
20—
O_I Ly O .|_J | | | |
4.9 0 2 4 6 8 10

m,..- [GeV] Significance (B°)

e The main challenge with BO Is the combinatorial background
e |t will require more data and analysis improvements to reach discovery level
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2D Contour Plots I
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LiIfetime Measurement



I I I N
lation only the

to dimuon

e Different composition of states may be allowed by

Effective Lifetime Measurement

10

e |n the absence of CP v

tion

IN
JIYK™ data to mitigate the bias

JIYK™ are considered as a systematic uncertainty.

e The residual bias and the difference betwden pp and
B"!

from tight MVAs requirement.

New Physics.
e Plot shows decay time projec

e EfPciency correction
e Decay time efpciency derived from MC

heavy Bs state decays
e Corrected byB™ |
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Lifetime Systematics
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Effect 2016b
0.01 ps

0.01 ps

Efficiency modeling

Gen lifetime bias

Decay time mis-modeling 0.10 ps 0.06 ps 0.02 ps 0.02 ps

Lifetime bias 0.04 ps 0.05 ps 0.04 ps

0.07 ps

0.05 ps

e Dominant systematics comes from a strong
correlation between MVVAand decay time, which
are hard to model well

e Corrections can be derived in data and uncertainty is mostly
limited by the size of the control sample
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Effective Lifetime

T = 1.83 170 (stat) 70 (syst) ps
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Summary UITe

e Studies of rare B!" +" Pdecays provides a unigue tool to explore and
understand rare B decay anomalies

e Theoretically clean
e Sensitive to the same processes

e CMS Pnalized analysis of 14®tflata collected during LHC Run-2

e All results are consistent with SM predictions

e Relative uncertainty on BR{B *" D) has been reduced to 11%

* The best single measurement to date

e Statistical uncertainties dominate in all measurements

e Good perspectives for further improvements with Run-3 data

e A conference note and other materials are available at

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