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Theoretical overview: B® and B? Branching Ratios

The b quark belongs to the quarks’ third generation: the b — t transition is kinematically forbidden, so the b
quark decays in a quark of different generation via FC processes through the CKM matrix.

In SM BY and BY Branching Ratios are precisely predicted B(BY = u*u=)¢y = (3.66 + 0.14) x 1072,
B(B° - utu)gy = (1.03 £ 0.05) X 1072 [Phys. Rev. Lett. 112 (2014) 101801]

Small but precisely known = can have significant contributions from new physics scenarios.

In the SM the branching fraction of the decays B — u*u~ is very small, due to three main reasons
1. FCNC suppression;

2. Helicity suppression;
3. CKM suppression (Vig and Vi).
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Dominant Feynman diagrams for B — u* ™.
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https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.112.101801

LifEti me measu rement *related to a specific decay and CP-

state (in SM) instead to the admixture
® |n addition to the BR measurement, also the BY — u* u~ effective* of the two eigenstates (heavy and

lifetime is sensitive to New Physics in a complementary way light) Jet axis
* It allows to disentangle the contributions from the two states of the B — BY
system; —= tracks b fet

* Open to different CP structure with respect to the SM = in SM only CP-odd (heavy 7

- b hadron
state) can decay to di-muon pair.
—————— impact
* The effective lifetime measurement is sensitive to New Physics parameter
contributions and it’s a complementary probe to the BR measurement
PDC secondary
:5 1+ A yS + ys nymB vertex
Ty+y- = t =

1—yé 1+A”“y5 7

% - primary vertex
holds, where Proper-decay time ‘ 7\

2 Tgo = 1.510 £ 0.005 ps is the By mean lifetime;

TBQAF
— S . _—
b Vs = 2 ! Lyy is the projection of Axp in the
o Al is the difference between light and heavy mass eigenstates decay transverse plane.
width.

o A€ [-1;1] »inSMonly A = +1 (CP-odd) - 7;}= (1.624 £ 0.009)ps [Phys. Rev. D 107 (2023) 052008]
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https://journals.aps.org/prd/abstract/10.1103/PhysRevD.107.052008

BR and lifetime analysis

» Analysis strategy: Two muons with py above 4 and 6 GeV (di-muon trigger with these thresholds);

Hadronisation probabilities
B(B = i) = N(Bl = p 1) X [B(BT — J/WK") x BU/ — " )] %
fs,"d Dnorm

Eutu-
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Trigger categories and
luminosity prescales™

Number of Bs/Bd events from an
unbinned ML fit to m(up) distribution

Reference channel: B*>J/K*
Extracted from an unbinned ML fit to

m(upK®) distribution

Acceptance and
efficiencies from
simulation
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B° and B? Branching Ratios: experimental results

1) ATLAS B(B? — utp™) = (2.691332) x 107 B(B® - utp™) < 1.9 x 10710 ar95% cL,
> L(7 TeV)=5fb~1, L(8 TeV)=20fb~1, L(13 TeV)=26.6fb~1;

2)CMS  B(BY — utu™) = [2.9%37 (exp) £ 0.2 (frag)] X 107° B(B® - utpu™) < 3.6 X 10710 at 95% cL
>L(7 TeV)=5fb~1, L(8 TeV)=20fb~1, L(13 TeV)=36fb"1;

3)LHCb B(B? - utu™) = (3.0+0.6733) x107° B(B® » utu~) < 3.4x 10710 at95% cL
> L=44fb"1
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https://cds.cern.ch/record/2727216?ln=it
doi:10.1007/JHEP10(2019)232
https://link.springer.com/article/10.1007/JHEP10(2019)232

B2 — u*u~ lifetime: BDT cut optimisation and event selection

. JHEP 04 (2019) 098
- Event selection:

* Two muons with py above 4 and 6 GeV (di-muon trigger with these thresholds); JHEPO3(2023)199
* myy = [2915,3275]MeV (B* analysis), p7 > 8.0 GeV;

* Reconstructed B* mass in range [ 4930,5630 |MeV;

* Reconstructed BS0 mass in range [ 4766,5966 | MeV.

*Small S/B ratio — BDT cut applied;

» A Boosted Decision Tree is a binary decision tool. It combines information from 15 physical input variables to obtain
the signal-to-background discriminator

“*B meson variables;
“*Muons variables;
“*Variables related to the rest of the event.
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https://link.springer.com/article/10.1007/JHEP04(2019)098
https://link.springer.com/article/10.1007/JHEP09(2023)199

BDT optimisation for lifetime analysis

JHEP04(2019)098
. . . . . . } ?DOZI T L I: ‘]40
. The goal of this optimisation is to find the best S/B = coof. ATLAS 1 . memises ] 3 Cimas T
. . . . . o s = - — . A . * e i
configuration to measure the lifetime = the optimal BDT cut has ¥ | 50 0 on o o e e 1 7 EiaTen. 26007 .
. . . . . . o - - ontnuum backgroun a1 = = » = == . == Continuum background |
been searched to discriminate signal with respect to the continuum ~ § ** L oo Kbsigrund 2100 ot X e
r : —— Peaking background _: i — - Peaking background
background. w 40051 y TR T . 80: -----Eaeﬁﬁuw}ﬂ-u-é
. g . 300 | ' E o9, ]
. The significance has been defined as A=S/V(S+B), where S and : : ! . a0 — E
B are the numbers of MC signal and MC background events. - : : E b : ! -
100F-, l : 3 . S : ]
Co. : : . L1 L R T ottt i POTULITINS TSR Ry
. The max A value has been searched in different S and B TR S A LT PR %800~ 5000 5200 5400 5600 5800
f. . %SDD 5000 5200 5400 5600 5800 Dimuon invariant mass [MeV]
con Iguratlons‘ Dimuon invariant mass [MeV]
- Sidebands data have been used to normalize the MC 3 "™p_ " T T TTTTTTTR g e T T
background into the signal region. S S0 {s=13Tev, 263 1" Totai i 349 "HE=13Tev, 263"  — o E
E 50_ 0.3312 < BDT <= 04163 —= Continuum background _: E 14H 0.4163 < BDT <=1 — - Continuum background —]
= P b—sp pwXbackgewnd 4 B | e b — u* w X background
- The signal MC normalization obtained in the signal region & : - pesngbsgons :E —— pesting backgreund
. s ! - Bl wptw+B" —pt =Bl st + B st ]
5166-5526 MeV, using the expected number of B? events, aob | E o A
assuming the SM BR. : : : oF E
20 ! - E
- ! ] aF
o I = SE _ E
%:' TN A S L M R e 7 Ve
800 5000 5200 5400 5600 5800 %800 500D 5200 5400 5600 5800
. Dimuon invariant mass [MEV] i A 1
Best BDT cut found at 0.3650 - $=49, B=27 expected in Dimuon invariant mass (MeV]

. . Functions for background interpolation: Chebychev + exponential.
the signal region.
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https://link.springer.com/content/pdf/10.1007/JHEP04(2019)098.pdf

O + — . [J|-||EIP.O9(2|O.23)|199]
B — u™u" lifetime: general B e
3 e Siugnal + Background Fit
St rategy I.IaJE EE ——-— szS_\)I -;};ckg-round
— -+ — Combinatorial Background

1. Di-muon invariant mass fit on data, with models from BR analysis, to
extract the number of candidates.

1. Continuum background (uncorrelated hadrons decays);

2. Partially reconstructed decays (one or more final state particles are

E
ﬁ'"ﬁ%u”*mﬂ” ittt

missing); 5 -
3. Peaking background (~ 4% under the mass peak, both final state 1050050005200 54005600580

hadrons misidentified as muons) Dimuon invariant mass [MeV]

2. U,5e sPlot [sPlot: a sta.tfst/'ca'/ tqo/ to. unfold data distributions] to extract < 305_ ATLAS Simuiaton _
signal proper decay time distribution from data. - (=13 Tev, 2631 E

w c . eudo-experime ]

* The sPlot technique allows to estimate the distribution of a control JoF. Mor st
variable using the known distribution of a discriminating variable. o - MC (x =150 ps) :

= MC (1 = 3.00 ps) E

*  The pseudo proper time t = (nyngG)/|ﬁ| — minimal correlation m:_ + E
between mass and proper time. 5 Lﬁ E

3. Compare the signal proper time distribution with the MC templates oF
to extract the lifetime. ” T A

*  y? minimization used to find the best template. [JHEPO9(2023)199] Proper decay time [ps]
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https://www.sciencedirect.com/science/article/abs/pii/S0168900205018024?via%3Dihub
https://arxiv.org/abs/2308.01171
https://link.springer.com/article/10.1007/JHEP09(2023)199
https://arxiv.org/abs/2308.01171
https://arxiv.org/abs/2308.01171
https://link.springer.com/article/10.1007/JHEP09(2023)199
https://arxiv.org/abs/2308.01171

[JHEP09(2023)199]

2 30 | -
0 +. - . . 2 3 J ATLAS Lo
B — u™u" lifetime: Results T
200 | | -
. . . . . . [~ | e Background-subtracted data
* The proper decay time distribution in data is background- 15  wereosom ]
subtracted using per-event weights calculated with sPlot. 10;—* ]
technique > 5 { =
* Signal and background weights are evaluated from the mass fit result oF f ]
S R S S B T N |
. _ . Proper decay time [ps]
* The best template is the one that minimises the y% computed  «w v
.. . . . = ATLAS ]
* Minimum found with an asymmetric parabolic fit \ S (s=13TeV, 263"
30 ;_ o: Maaisurad: 0.99 ps —E
* A closure test is performed applying analysis procedure on 200 E
generated MC pseudo-experiment with Tg" = 7.}/ 15E- £
* Found a bias on Tﬁ,’}s of 82 + 4 fs due to low-statistic regime of the fit 10F ‘ E
* 7005 redefined as 730° — 82fs - 7705 = 0.99ps and taken as central o5 1 15 2 25 3 35
value of the measurement [JHEPO9(2023)199] T ps]
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https://arxiv.org/abs/2308.01171
https://link.springer.com/article/10.1007/JHEP09(2023)199
https://arxiv.org/abs/2308.01171
https://arxiv.org/abs/2308.01171
https://link.springer.com/article/10.1007/JHEP09(2023)199
https://arxiv.org/abs/2308.01171

B? — ut*u~ lifetime: Results

w 1 1] L] l' 1 0 ] 1 1 I T 1 1 1 ]_ T L 'l -]-;—

- Neyman construction (based on MC toys) to f ATLAS - o T

. . . . P& 7 V—— -1 cw e ;2. B __:-.__
estimate the statistical uncertainty s=13 TeV,26.3 b R

-~
s

..... °b= =0.99 ps
Neyman belt at 68 % coverage o ¥ &
Neyman belt at 95 % coverage' o T ety
----- 68 % CL limits e g
----- 95 % CL limits
----- Mean of 10"

* Ay? =1 not usable due to the non-Gaussian regime 6
(asymmetric y? distribution)

* The x? minimum and the Neyman belt °
construction yield

v

TP = (0.99)¥5:5% (stat. only)ps 3

05 T 15 ' 2
[JHEP09(2023)199] m
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https://arxiv.org/abs/2308.01171
https://link.springer.com/article/10.1007/JHEP09(2023)199
https://arxiv.org/abs/2308.01171

BY — utu lifetime: Systematic uncertainties

U taint A Obs fs . . . .
L g';'i;‘;:;ﬁeq 2 4[ )l Systematic uncertainties studies:
SSSV lifetime model 60 * Fit procedure related
Combinatorial lifetime model 56 * Includes intrinsic fit bias and signal/background
B kinematic reweighting 33 modelization
B isolation reweighting 32 - .
SSSV mass model 22 ’ Slgnal modellng
B, backeround 16 * Data/MC discrepancies estimated using data-driven
Fit bias lifetime dependency and BY eigenstates admixture 15 approach using B* — J /1K= control channel- is
Combinatorial mass model 14 used to test the fitter procedure and the lifetime
' Pileup reWEi'Jl:l;il‘lG 3 extraction with respect to a well known channel
B. background 10 * Background contributions
Muon A, correction 6 » Add/remove neglected components
B — hh’ background 3
Muon reconstruction SF reweighting 2 ) ]
Semileptonic background 7 Total systematic uncertainty 0.17 ps
Trigger reweighting |
Total 174
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Detector modelization BT — J /YK

Events/40 MeV I+

3{;% ?EZ%ST&V 151 e Data subsample :;
* For this measurement, an important role is played by the vertex position 16E i E
reSOIUtion 152: : _ zir?l::fnorial bkgé
* A good proxy is given by Ly i.e. the resolution on Ly, —Idea is to check its g%: :
modelling using data from the control channel 3E E
ob& Bt W Pt = =
— 10
* The lifetime extraction procedure in BT data is made of 5 steps. g s
R T R
1. Ineach gy, binan UEML fitis performed on the full statistics 3 s :
* Fit model as in slide 7; ® 10 sa0 700 sab0sa0 S 500 G
* sPlot used to extract the signal proper-decay time distribution [JHEP09(2023)199
* Fit to proper-decay time distribution to extract shape parameters to be used £ 2'25' | 'A'ﬂr'b'q's'l't' | 'I' o :
in the Toy MC generation g 2% rema E
;2’ 2 E e ?atap:;otstraps + +_:
- C L] oy ]
2. Ineach OL,, bin an UEML fit is performed on 200 sub-samples (~80 events) of 3 qgf -~ swisses 4 =
independently bootstrapped events E 185 . b ! =
* Shape parameters taken from the Step 1 act as gaussian constraints E 175 e o =
Z . I . e e 3
* Lifetime is extracted for each of the 200 sub-samples using the same strategy 1.8 =
as for the By signal 155 =
= n

* Average lifetime and its uncertainty reported for each bin (blue points) 1A 0007 008 008 0

Average o, [mm

_D_
—_

1
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https://arxiv.org/abs/2308.01171
https://link.springer.com/article/10.1007/JHEP09(2023)199
https://arxiv.org/abs/2308.01171

22T T

ey S + + :% E_ ® Data bootstraps _E

Detector modelization B= — J/YK= & - ‘z=" E
3. Ineach OLy, bin an UEML invariant mass fit is performed on § 1B el e RE
1000 toys MC of ~ 80 events each W_ E

. Correct for the intrinsic bias of the procedure (same as for the Bs 1'55_ E

1 1 1 1 1 1 1 1 1 1 1 1 1 1 | 1 1 1 1 | 1 1 1 1 1—
case) 145005006 007 008 009 01 0.1
: P . A
«  Same procedure as in Step 2 to extract the average lifetime and its verage o, [mm]

uncert. in each bin (red points)

4. In each OL,, bin , the average lifetime obtained from MC

toys is subtracted from that obtained with bootstraps =
linear fit on this distribution

e Data bootstraps - MC pseudo-experiments

[III

— Linear fit

Averagje Lifetime Bias [ps]
o
W

:

5. Weighted average of the lifetime bias wusing the

o, distribution of the B channel
xy 0

A/

1 I 1 1 1 L | 1 1 L 1 | 1 1 Il 1 I 1 L 1 1 | L 1 1 1 I Il
0.06 0.07 0.08 0.09 0.1 0.11

Average oL, [mm]

o
o
o
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B? — utu~ lifetime: final result

[JHEP09(2023)199]

* Horizontal bars represent the statistical and S
systematic uncertainties; CMS 2011-2016 e —

* Published combination [ATLAS-CONF-2020- B o
049] on 2011-2016 data by CMS and LHCb LHCb 2011-2016 B

collaborations is reported with the total

uncertainty, LHCb+CMS 2011-2016 —_—

. TSP}V? SM  prediction and its uncertainty _ —
7, = (1.624 + 0.009)ps [Phys. Rev. D 107

( 523) 052008] are represented by the LHCb 2011-2018

vertical line and its thickness, respectively; — -
* The result obtained is consistent with the CMS 2016-2018

SM prediction as well as other available — ATLAS —
experimental results. ATLAS 2015-2016| ==— | {s=13 TeV, 26.3 fb"

1 15 2 25 3 35 4
B)—uu Effective Lifetime [ps]
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https://cds.cern.ch/record/2727216?ln=it
https://cds.cern.ch/record/2727216?ln=it
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.107.052008
https://arxiv.org/abs/2308.01171
https://link.springer.com/article/10.1007/JHEP09(2023)199
https://arxiv.org/abs/2308.01171

Conclusions and outlooks

- BY effective lifetime has been measured for first time in ATLAS using pp data collected in 2015 and 2016
1. Fit to di-muon invariant mass distribution;

2. Used sPlot to extract the signal proper time distribution;

3. Compared the signal proper time distribution with MC templates to extract the B} — u*u~ effective
lifetime.

* The result [JHEP09(2023)199] obtained based on a fraction of Run2 dataset corresponding to 26.3 fb~1
of 13 TeV LHC pp collisions is

T85 = 0.9918:3% (stat.) £ 0.17(syst)

* The value obtained is consistent with the SM prediction Tﬁﬁll = (1.624 + 0.009)ps and with other
available experimental results.

* We are moving towards complete Run 2 dataset analysis.
* Studies on muons fake rates;

* Studies on B* fit;
* Studies related to BDT variables.
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https://link.springer.com/article/10.1007/JHEP09(2023)199

Outlooks: Fake Rates studies

» B% and B, hadrons decaying into a pair of hadrons (essentially kaons and pions).

* The goal is to study in data how many kaons have been misidentified as muons and
produce Scale Factors in bins of  and p; of the muon to correct MC.

* B — J/iK?* events have been chosen to study the muons’ fake rate.

Events/(20 MeV)

1. First, an Unbinned Extended ML fit to BT candidate invariant mass distribution is
performed to obtain the number of B signal events
2. Fake rates computed as function of p; and 1 bins of ID track of the muon

matching the kaon in the three Working Points (Loose, Medium and Tight).
* MC simulation looks in agreement with data within the uncertainty of the estimate (i.e.

20-40%)

2.5

2.4
22

=— 7 scale Factors loose

1 scale Factors medium

~—®  pTscale Factors loose

—=— 1) scale Factors tight

pT scale Factors medium

1.8
1.6
1.4
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—®— pT scale Factors tight
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3.4

Thank you for your attention
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