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Measurements of B(s)— U decays

Dmytro Kovalskyi, MIT




Research lTopics Illil-

e |HC experiments published thousands of papers

* How does one find what to study?

® Scientific impact of research
 |n Applied Sciences the answer is often clear

e What about Fundamental Research?

 Unexpected experimental results

® Boost theory development

e Where to look for anomalies?

R  \% wE e Unexplored territories

= SN

Pyotr Kapitsa (Nobel Prize 1987)
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Riggs Boson Discovery

CMS 138 fb' (13 TeV)
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Theory predictions guided the search
January 23,2023 D.Kovalskyi / B¢~ MM measurements 3



Riggs Boson Discovery

BR(H)
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Faster-than-light Neutrino Anomaly Illil-

GINEVRA

FIRENZE
L'AQUILA

ALESSANDRIA

y

® Anomaly: particles arrived 60 ns sooner

e Similar anomaly observed by MINOS earlier

e |f confirmed it would contradict Einstein’s
theory of relativity

e Subtle issue in the fiber-optic connection
caused a systematic bias

January 23,2023
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LHC: Era of Anomalies Illil-

 Higgs discovery in 2012 made the
Standard Model complete

 Most likely it's an effective model

e |t doesn't describe all effects

® Anomalies at LHC
e Statistical fluctuations
o Systematic Effects
* New Physics ?
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Rare B decays - Promising leritory

Local: %f Non-Local:
€+
° S b "2,
SO o
B M B M
_ _ )

\/
® Forbidden at the leading order (rare)

e Easier to detect anomalies entering via the loop

e Multiple discrepancies are observed in rare B decays

® e a a a\V/ia -A 1 l I --! 4 .-=! *

® ~20 discrepancies in branching fraction and angular observables

® Main challenge

®* What we can measure experimentally is challenging to predict theoretically and
the other way around

January 23,2023
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Why By UM ! Ul

06 ATLAS, CMS, LHCb - Summer 2020

".g : " Preliminary :
= 05E 2011-2016data 3
50 : ° Unique rare b — s processes
03F 3 - .
OT : ] e Sensitive to New Physics effects
R 02F - . . o :
] ; : ®* Non perturbative hadronic contributions enter via B(s)
0.1 E decay constant
01' ' ' 5 e Well known from Lattice QCD
0 _y ypery (107 .
100 BB = ) (107) ® Theory uncertainty
T-\ 0.7 a ' | ' [ ' [ ' | ' [ ' I
L contours correspond to 0, 0, 0 regions — : : : 1
+§: 06l ‘ P O8%, 95%,99% Cl.xeg L HCH ® Dominant contribution comes from uncertainty on |V, |
_ - 44 ot e Difference between inclusive and exclusive measurements
s 920 —omt T e Buras, Venturini, arXiv:2203:1 1960
04— ] . . . . .
oAl - e Sensitive to a subset of effective interactions
T F . associated with the rate B anomalies
02— _
o1l B e Critical for understanding of the anomalies
i | | . L Ix107°
% 1 5 6

B(B)—utu)
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Event Selection Illil-

Selection BY > utu~ BT = J/WwKT B! —J/pe
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

z 17, <14 <14 < 14

VNS e \ 3D SV displacement significance > 6 >4 > 4
y ' Py [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]

® Selection requirements are as loose as possible
® Provide more data to MultiVariate Analysis (MVA)

e |imited by trigger requirements

® Normalization channel selection is optimized to match
kinematics of signal
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Dominant Backgrounds |||i|-

Signal Bs— UM . .
3-body and partial decays Combinatorial Background
_|_
K Iu_
_|_
L4
0
BS /
B—I— Rl H
. ;B
:
CMS Preliminary /s =13 TeV, L = 140 fb"
140 ¢ Data Full PDF o
Muons from the same - B = ww G B Muons originate from
T meeees Combinatorial bkg ~ «===-- Semileptonic bkg .
B hadron ool - Peaking bkg different B hadrons
=100
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0 s
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Charmless Two-body Background !

CMS Runl
CMS-L=5fb "Ys=7TeV,L=20fb " Vs=8TeV
— 14—
> u —4— data . . . .
o | — tull PDF ® Runl publication with 25/fb of data had a hint of
- T B 0 :
I 121 2 By very large B~ — uu signal
g I (N I (P Py cor_n).tt)linl;tor‘ial bkg y g HH g
E 10 - :Zr:;'iigtgﬂg okg e |t was just a 20 anomaly, which happens quite often
s I ® The result was questioned
w 8
B[ ° How do we know it's not just B—hh?
,'E» 6f e Charmless two-body decays with hadrons reconstructed as muons
s °F
— . . .
2 4- : ® Next publication with 61/fb of data used a new
..’_
o H -l MVA based muon id to suppress the background
D2 -- as much as possible
i w
= m. e Lower signal efficiency

49 5 5.1 52 53 54 55 5.6 57 58 5.9
w (GeV)

January 23,2023 D.Kovalskyi / B)— MM measurements I




Muon Fakes I|Ii|-

® Double muon fakes from B—hh - non-trivial background

® |ooks like signal
® Rate is comparable to BO—=

e B—KTT and B2 KK are dominant contribution

® Primary sources of fakes
® Pion and kaon decays in flight to muon and neutrino

CMS Simuiation Preliminary e Other contributions are negligible and easy to reject

e Used MVA based muon identification

. 400

350

® Detect minor imperfections in the muon candidate trajectory

< 300

< oo ® Factor of 2-3 better rejection of fakes than the standard muon selection
S

%’) 200 e Kaon decays are easier to reject

Q

E 150 * Fake rates are measured in K;— 11T and ¢ —KK control samples

100 e Simulated reasonably well: ~25% systematic per hadron

50

.

O
&)

51 52 53 54 55 56 57 58 59
m,.- [GeV]
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Multivariate Analysis



Multivariate Analysis Illil-

 New multivariate analysis (MVAg) used to suppress the
dominant backgrounds

i ® Trained with signal MC and mass sideband data with the
L XGBoost package (advanced gradient boosting algorithm)
\ / t R P ® Most discriminating variables
\ /[ — P ® Pointing angles: X2p, X3D

e Impact parameter and its significance: O3p, 030/0(03p)

® Flight length and its significance: £3p/0(£3p)

e |solation for B candidate and muons

® Dimuon vertex quality

January 23,2023 D.Kovalskyi / B¢~ MM measurements 14



MVA in Data i

CMS simulation Preliminary

0.5 : e MVA mismodeling can be a major source of
- systematics
0.4 S ° Need a data control sample
i S e BT — J/wK™ is the best candidate
i + + t ) ) )
D 03— —B = JK | ® MVA is trained to rejected MUK events
<C - T RO + - ? -
- & B — uu \ e Extra track, wrong pointing angle etc
0.2 ®* Need to use correct input to get signal-like
N response
0.1l S ® MMK:pointing angle, impact parameter
L ® HM: vertex probability, displacement, isolation (ignore kaon)
:]1‘“\ | N
R —— e —eet T O CUAN N
0 0.2 0.4 0.6 0.8 1
MVA,
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BT — J/wK™ Event Selection Illil-

CMS simuiation Preliminary
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Os3p

® The pointing angle is one of the most powerful discriminators

CMS simuiation Preliminary

0.12F
0.1 —B = Jyp K
| WB, —
0.08
0.06 P, (K") > 3.0 GeV

0.04

0.02

OO 0.010.02 0.03 0. 040 05(\30“6“0070\080 09 0.1

Osp

CMS simuiation Preliminary

0.07—

i —B" = Jyp K
0.06" o ..

] W Bg = uu

N
0.05N

\

|

AN\K

0.04 \ p_ (K" <1.5 GeV

0.03R\q

0.02

0.01

0 \\ NN u\ ‘ AN \\\\\\“\“\\“\‘\\\\\\\\L\\L‘\“

0 001002003004005006007008009 0.1
Y3p

® The distribution has a non-trivial dependence on the decay kinematics

e Need to match BY — J/wK™ phase space to B, — uu

® The agreement between XX(UH) and X(UHK) is getting better when the kaon is soft

® Leads to larger background, but it’s manageable thanks to large number of events

e Use sPlot technique to extract distributions in Data

January 23,2023
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Flight Length Significance

CMS simuiation Preliminary CMS simuiation Preliminary
0.07 0.045F
i —B* = Jiyp K 0.04 —B*— Jiyp K*
0.06— 0 : C 0 :
- W\ Bg — u* S\ W Bg — u*
- s 0.035 s B
0.05— . 035 \i
- 0-04 —0.0251~ !
< I I\ < - ) q
0.03 N\ 0.021 Y
- 0.0151 ,
0.02— 1, - Wy,
' %, 0.01F 2
0.01— ‘\\\ - g,
Ot NN 0.005F N
B \ \\\\\\\\\\ - \ N e
0 _ & \ \\\\“\‘\‘w““‘“““““,“‘“-mn 0 :I | m | \ _ W\
0 10 20 30 40 50 60 70 80 90 100 0 10 20 30 40 50 60 70 80 90 100
lh/oly, s/ oly,

o Soft kaon requirement gives matching distributions for all input
variables but the flight length significance

® |t correlates with the dimuon mass

® Smaller mass — smaller opening angle — larger uncertainty on vertex position along
the trajectory — smaller significance

® Scaling flight length significance by |.6 provides a decent matching
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XGBoost Reweighting

42.0fo' +61.3 fb'(13 TeV)

42.0fb™" + 61.3 (13 TeV)

42.0fo' +61.3 b'(13 TeV)

~ 16000 —
o000~ CMS - S“f'_s_ ) 8000
—  Preliminar - Freliminar
8000 ’ ¢t Data 140002 t Data 7000 t Data
\J MC 12000— \ MC \ MC
7000 ;‘ _ ~— B : 6000 :
5 N }  weighted MC S - * weighted MC — * weighted MC
© 6000 \\ S 10000 — S
o \‘ = - Z 5000
E o £ goool ‘ L] 3000
3000 L 3 N
2000 4000 + 2000
1000 NN N 2000 + 1000}
0 \ : \ -7 "\* \ 0 \‘\ ANANANARARARANY N\\\ﬁﬁ:‘ﬁ“..._,___-__ »e i‘
R O 15F JUPESCTRE=a gu | Q 1sf
E [rrrrererersemstartonatting ettt atatty ittty 4 c% - e +_._++i+++i+ ____ %T % 1l
O 055 L i """""""" B 05E ot
0 0.005 0.01 0.015 0.02 0.025 0.03 0.035 0.04 0.045 0.05 0 0.002 0.004 0.006 0.008 0.01 0.0120.014 0.016 0.018 0.02 0
“3p dap,
° With the special B¥ — J/wK™ control sample we can correct for
mismodeling in MC simulation
® Trained XGBoost classifier on MC vs Data with sVWeights
e Capture the difference between MC and Data
PrObData : :
® Usew = as a weight to reweight Bis)— pu MC samples
PrObMC
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Branching Fraction
Measurements



I H N
Branching Fraction Measurement I III

B NBO—> + ., — €B+—>J K+ f QX{'-QYVIQ{
B(Bg — ,u+,u ) — B(B_I_ — J/¢K+) X - E P X [v X = B production
NB+—>J/¢K+ CBY—ptp~ /s fraction ratio
NBosp+u=—  €BOwJ/ e

or = B(B) = J/{¢) x —= X
NBo s j/pe  €BO—utp-

Npo_y+ ;- €EB+ 5 J/ YK+ 9 &

BB = uu")=B(BT = J/YKT) x X

NB+—>J/¢K+ €EBO st fd

° Branching Fraction are normalized using BT — J/ywK and
B, — J/y¢ decays
® Most systematic effects cancel in the ratio

° BT — J/wK™ provides nominal normalization

e B. — J/yg - alternative normalization with different systematics that can benefit
from independent BF measurement of B, — J/y¢

January 23,2023 D.Kovalskyi / B¢~ MM measurements 20



Unbinned Maximum Likelihood Fit — Ji11

CMS Preliminary 140 b''(13 TeV)
1401— ¢ Data —— Full PDF
- NN B = ot o0 BY = s : . . .
R Combinatorial bkg e Somileptonic bkg 2D unbinned ML fit in mass and its uncertainty
U e |6 categories
100 ® rapidity of forward muon:[0,0.7] and [0.7,1.4]

® data taking period: 2016a,2016b,2017,2018
e MVA:loose and tight

® Shapes
60~

e Signal - fixed CrystalBall with mass scale and resolution
corrected using |/ and Y(IS)

e Combinatorial - Ist order polynomial with free floating
parameters

Entries / 0.05 GeV

~
o

III|IIIlo1’II

--------------‘- -----

S
=]
|

: ® Semileptonic - Gaussian with floating parameters

O B o i e i Ay Vi RN WMAN Ay
4.9 ) 5.1 5.2 5.3 5. 9.5 56 5.7 58 5.9
m...- [GeV]
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Efficiency Corrections Ilr-

42.0 o' +61.3 (13 TeV)

300001~ ¢S ° Simulation over-estimates efficiency by ~10%
| Preliminary .
25000/ ° Two methods of corrections
i - |
o i \ ® Phase-space matching
8 20000~ §
o - . e Select BT — J/wK™ events that match B ;) — uy
3 15000 : Efga X e  Systematics comes from imperfect matching of the phase space
= - + weighted MC
= - . L
0 10000f- Event Reweighting
i e Train MVA to reweight events to have Data/MC matching for inputs into
5000— main MVAg
E e Systematics comes from the limitation of the reweighting procedure
0 - D oy R n\“\\\\\\\\\\\\“\\\\\;\\\\\\\\ . .
O 15[, s eiieies ® The difference between the two is used as an
SERERERERERT 0086025 i0eeetContessosts st TN : : :
g T Tt estimate of total systematic uncertainty
0.9 0.910.92 0.93 0.94 0.95 0.96 0.97 0.98 0.99 1

MVA,
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Efficiency Corrections I|Ii|-

MVAg>0.9 MVAgE>0.99
Method
2016 2017 2018 2016 2017 2018
Fags SPace 1.011 £ 0.013 0.939 £+ 0.007 0.903 = 0.008 1.058 £ 0.019 0.891 £ 0.008 0.885 = 0.010
Matching
Input

> o 0.991 + 0.008 0.949 + 0.003 0.917 £ 0.002 1.008 £ 0.011 0.905 £+ 0.004 0.908 + 0.002

Reweighting

® For run 2016 simulation tends to agree with data

e Correction is consistent with |

® For run 2017 and 2018 corrections are significant

® The underlying effects are not fully understood

January 23,2023 D.Kovalskyi / B¢~ MM measurements 23



Bt — J/wK™ Yield Fits !

400

350

300

N
o)
o

Entries / 5 MeV
N
(@)
(@)

—h
o)
o

100

50

x1 03 CMS Preliminary

52 525

6.1 f6(13 TeV) x10° CMS  preiiminary 6.1 (13 TeV)
¢ Data 450 ¢ Data * Two different signal models are
—— Full PDF 400 —— Full PDF used to extract signal
WY B = JrpK?* W B - JipK? normalization in unbinned
. . 350 ) ) . g
B*— Jiy m B*— Jiyp maximum likelihood fits

W
)
(=)

Combinatorial Combinatorial

® Nominal model is built using analytical
functions

N
o)
o

® Alternative one is using non-parametric

Entries / 5 MeV

200 \
signal model convolved with a resolution
150 model
100 ® The difference between the two
Central 50 \\ Forward estimates is taken as systematics
o
R R S B __-.‘n\‘\\\\\\\\\ \‘\\ i B R A B A (I/O)
535 54 545 55 52 5.25 535 54 545 55
wa[GeV]

WwK[GeV]

Ja

nuary 23,2023
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B, — J/yo Yield Fits

CMS Ppreliminary 6.1 fb'(13 TeV)
- ¢ Data
16000;_ — Full PDF
14000:— \\\ B2 — JApo
- B— J/yp K
% 12000 i
310000:_ ------ Combinatorial
8 8000
c -
6000
4000
- / \ Central
2000~ ,\\\
] d&\\k\k ANRwAY .-. - S —

535 54 545 5.5
my,, , [GeV]

0
525 5.3

555 5.6

14000

12000

10000

8000

6000

4000

2000

0
5.25 5.3

CMS Preliminary

6.1 (13 TeV)

/\

5.35

|

!

\
5.4

¢ Data
—— Full PDF

N BS - JApg

B'— J/p K

------ Combinatorial

Forward

545 5.5

my,., , [GeV]

555 5.6

° B, — J/y@ is used as an

alternative normalization for Bs
BF

e At the moment it's primarily a cross-
check

e Data is fitted to two different
signal models, taking the
difference as systematics

January 23,2023
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Branching Fraction Systematics |||i|-

Effect BF(Bs—utu-) BF(BO—utu-)
Trigger efficiency 2—4%
Pileup 1%
Vertex quality 1%
MVAE correction 2-3%
Tracking efficiency 2.3%
J /WK shape 1%
Fit bias 2.2% 4.5%
fs /£, ratio 3.5% -

o Signal efficiency is correlated with the B lifetime

® B;— UM branching fractions are measured assuming the SM lifetime value

® For alternative hypothesis scale BF using the following scale factor

apr = 1.577 — 0.358 7
® Tisinps

e Example: agp(1.61) = 1.0, agp(1.43) = 1.065
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fs/fu ratio in Branching Fraction fit Illil-

Entries / 2 GeV

35 __CMS Preliminary 140 fb'(13 TeV)
0  vata 0 4, + + NBQ_W u— EB+J/pKt fy
: | IMC B(Bs »u"u")=DB(B" —]J/¢yK )N - ,
s BT —J/¢KT “BIputpu— fs
- Y\ N
20
B \d
15 :_ \ I i< 10% CMS Preiiminary 140 fb'1(1 3 TeV)
. ; o f/f, =0.231£0.008
-~ N 12001
oF I i:\jﬂaga e Based on Pr-dependent results from LHCb
51 \ S 1000~ e PRD 104 (2021) 032005
- I * Integrate with the effective Pt distribution
O_I mk | \%&K | -%\TWVHH 800 .g
o 10 2°p (B(?)O[Gev]“o 01 e Previous measurement used 0.252+0.032
T S B
600 :
! e Resulting BF can be rescaled:
400:_ ® One can use a different fs/f, value
2001 * Treated as an external uncertainty
I ® not as a constrained nuisance parameter
¢ 1o 50 60

[GeV]
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Bs— MM Branching Fraction Result

BBy = utu~) =

Alternative using Bs— )/ d:

+0.19

(stat) "1, (Syst)

i 0.38
_3-83J—r0.36

BB) = utu~) = [3.95J_r8:gg (stat

SR f)

+0.27
—0.22

x 10~

(syst) 7045 (BF)] x 1077

CMS 0.44
BPH-21-006 = 3.83 to.41
LHCDb 0.48
PRL 128 (2022) 041801 _% 3.097,,
ATLAS+CMS+LHCD +0.37
BPH-20-003 - 2.69 " 35
ATLAS o g +0:8
JHEP 04 (2019) 098 ' - ' O o7
CMS +0.72
JHEP 04 (2020) 188 ' - ' 2.94 "5
PRL 118 (2017) 191801 Y 06
SM Prediction
Beneke et al, JHEP 10 (2019) 232 j o j 3.66 i|0-1
1 2 3 4 5

B(B® — uru) [107]

S
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BY— UM Branching Fraction Result

BB’ = utu) [0.37+8:Z; (stat fg:gg (syst)| x 1010

CMS <—\—I <1.9

BPH-21-006
LHCb
PRL 128 (2022) 041801 €= <2.6
ATLAS+CMS+LHCDb <1.9
BPH-20-003 € —= .
ATLAS
JHEP 04 (2019) 098 D E— <2.1
CMS
JHEP 04 (2020) 188 8 <3.6
LHCDb
PRL 118 (2017) 191801 €T = <34
SM Prediction 103 = 0.05

Beneke et al, JHEP 10 (2019) 232 T

-2 -1 0 1 2 3 4 5 .
BB’ — wtu) [107 ]
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Sensitivity to BO— U Illil-

CMS Preliminary 140 fb'(13 TeV) CMS Simulation Preliminary
__ J B — utu” i -
140[- ¢ Data AN B = i - median: 1.64, mean: 1.71, rms: 1.03
- —— Signal + background model 2 B — wtu -
i 1000}
120— .
= 100 800
3 i
o i
S 80 o &
o = 600
P o[
2 60 I
LICJ 400
40
200
20
’
O I \ \ \ | [ | L1 11 | L1 11 | L1 11 O J_J ] | | |
4.9 5 51 52 53 54 55 56 57 58 59 0 2 4 %) 8 10
m,..- [GeV] Significance (B°)

® The main challenge with BO— U is the combinatorial background

* |t will require more data and analysis improvements to reach discovery level
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2D Contour Plots I|Ii|-

: ' | | | | | | | | |
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Lifetime Measurement



ion only the

Effective Lifetime Measurement

iolat

® |In the absence of CP v

Imuon

heavy Bs state decays into d

33

lon

t

ime projec

® The residual bias and the difference between B, — uu and
BT — J/wK™ are considered as a systematic uncertainty.

from tight MVAR requirement.

New Physics.
° Corrected by B™ — J/wK™ data to mitigate the bias

e Different composition of states may be allowed by

e Decay time efficiency derived from MC

® Plot shows decay t
e Efficiency correction
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Effect 2016Db
Efficiency modeling 0.01 ps
Gen lifetime bias 0.01 ps

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

Lifetime bias 0.04 ps 0.05 ps

0.07 ps 0.05 ps

® Dominant systematics comes from a strong
correlation between MVAg and 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
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Summary

® Studies of rare B — MU~ decays provides a unique tool to explore and
understand rare B decay anomalies

® Theoretically clean

® Sensitive to the same processes

o CMS finalized analysis of 140 fb~! data collected during LHC Run-2

o All results are consistent with SM predictions

® Relative uncertainty on BF(Bs— J*-) has been reduced to | 1%

® The best single measurement to date

e Statistical uncertainties dominate in all measurements

® Good perspectives for further improvements with Run-3 data

e A conference note and other materials are available at

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