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Analysis of leptonic decays from |

CMS

Inner Trackers:
Inner Diameter: 4 cm from beam line e
~80M readout channels
Magnetic Field (Central Solenoid): 3.8 T %~
Outer Diameter and length: 15 m X 28.7m #

Inner Trackers:

Inner Diameter: 3.3 cm from beam line
~100M readout channels
Magnetic Field (Central Solenoid): 2 T
Outer Diameter and length: 25 m X 46 m
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L 0yt
oo Bioy = umu
« ATLAS: JHEP 04 (2019) 098
https://do1.org/10.1007/JHEP04(2019)098

26.3 fb'! of /s = 13 TeV (2015 and 2016)
25 b of /s = 7 and 8 TeV (2011 and 2012)

« CMS: JHEP 04 (2020) 188
https://doi.org/10.1007/JHEP04(2020)188
36 fb! of /s = 13 TeV* (2016A and 2016B)
20 fb of /s = 8 TeV (2012)

5 fb! 7+/s = 7 TeV (2011)

“Due to operational instabilities experienced with the CMS microstrip detector, CMS

Run 2 data are divided into two separate running periods, denoted 2016A and 2016B.

Data are further separated into the forward and central regions of the detector.
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https://doi.org/10.1007/JHEP04(2019)098
https://doi.org/10.1007/JHEP04(2020)188

———
W1 Motivation for Measurement of Biyy — ptu~

» The smallness and precision of the predicted branching fractions™ provides a
favorable environment for observing contributions from new physics

« B(B2 > utu™)=(3.66+0.14)x 107°
« B(BY > u*u™) = (1.03 £ 0.05)x 10710

* Probe the Standard Model, which predicts that only the heavy mass eigenstate

contributes to the B — utu~ effective lifetime, Tyt -

 Experimental World Average from PDG™: Tgo, = 1.615+0.009 ps

 Significant deviations could arise in models involving non-SM heavy particles
such as those predicted in

* Minimal Supersymmetric Standard Model ™
« Minimal Flavor Violation
* Two Higgs-Doublet Models '

t,c,u A d lYyv

“New Physics”

R e —— |

* M. Beneke, C. Bobeth and R. Szafron, “Power-enhanced leading-logarithmic QED corrections to Bq — ptu~,” JHEP 10 (2019) 232 [arXiv:1908.07011].

**  Particle Data Group collaboration, “Review of particle physics,” Phys. Rev. D 98 (2018) 030001.

*** Huang, Chao-Shang and Liao, Wei and Yan, Qi-Shu, “Promising process to distinguish supersymmetric models with large tan § from the standard model: B — X p+ p—,” Phys. Rev. D 59
(1998) 011701, arXiv: hep-ph/9803460 [hep-ph].

+  G.D’Ambrosio, G. F. Giudice, G. Isidori and A. Strumia, “Minimal flavor violation: an effective field theory approach,” Nucl. Phys. B 645 (2002) 155, arXiv: hep-ph/0207036 [hep-ph].

¥ K. S.Babuand C.F. Kolda, “Higgs mediated B® — p+ p— in minimal supersymmetry,” Phys. Rev. Lett. 84 (2000) 228, arXiv: hep-ph/9909476 [hep-ph].
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PTrTI
= Branching Fraction Measurement

* The aim 1s to obtain the branching fraction of the Bgs) — utu~ channels

« Utilize a reference channel: BY — J /K™ which is abundant and has a well
measured branching fraction

_ Nas)
BB, —u'u’) =

E +
X [B(B* — J/y K*) x BUY — p )] LK T
Ept Niwk+  fas)
* Here Ny 1s the signal yield, N, + 1s the reference yield,
&,+,- and g; ,, x+ are the acceptance times the efficiencies and fy, /fq(s) is

the ratio of the hadronization probabilities of a b-quark into B*and B?S).

* Perform a blind analysis

selection and signal extraction are defined
* ATLAS: my,, in[5166, 5526] MeV
* CMS: my, in [5200, 5450] MeV

* MC simulated samples

* Dimuon events — for signal and background
regions

 B* - J/yYK*candidates (reference channel)

[ —— Double Gaussian fit e

15~

. . . > L e L L B A
* Conceal the signal region of the dimuon 2 [ ¢ BowwMC  ATLASSimulation
invariant mass while procedures of the event § 207 7~ e dassmit {s=13TeV, 263167 -
~ A %l,j,*p,

£

[

>

L

10F

[IPNPN bl
4800 5000 5200

ity owaloio b a
5600 5800

Dimuon invariant mass [MeV]

5400
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NI Background Composition

* Continuum background: the dominant combinatorial component

Consists of muons from uncorrelated hadron decays
The background distribution is characterized by a weak dependence on the dimuon

1nvariant mass

A BDT is used to suppress the continuum background®

* The BDT discriminator boundaries are indicated with arrows in the figure on the right

 Signal yield extraction and systematic uncertainty determinations are performed on
the highest BDT intervals

 Partially reconstructed decays: one or more of the final-state particles (X) ina b
hadron decay are not reconstructed

These candidates accumulate in the low dimuon invariant mass sideband

* Peaking background: B?s) — hh' decays with both hadrons misidentified as muons

Dimuon invariant mass [MeV]

Mass of two misidentified muons [MeV]

*See backup slides for more details

CMS 16 fo' (13 TeV)
FT T T T I T T T T I T T T T I T T T L |
> ‘ ‘ ‘ I I I I I I ‘ ‘ I % :l T T T ‘ T T T | T T T I:
2 L ATLASSimulation 1 = osp ?TLAS?T/“'a“O“f B = 1500} -
= s =13TeV,26.3 1" b wux ¥ ot s=13TeV,26.3fb 3 .
z 1 % Uk — Total B - h h' ] 3
P - B, decays ] £ = i . = S
E) 102 Cl Semi-leptonic decays g) 0'62 : Blinded region - B 5 KinF = S L
= E ‘% ]
L e 1Y o5 ! L mLkk 1 @ 1000
ey ] = I E ° = © i
i b 0'45 o B’ > ' . g
10 — C 1 -
g 0'35 : s Bg % TCiK+ E % B
: 0.2 ' 4 O 500
1 - 0.12— ] Hm i =
C I P SR ... o -~ W R I d
4800 5000 5200 5400 5600 5800 %800 5000 5200 5400 5600 5800

BDT discriminator
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Reference Channel BT — J /YK~

The B¥ yield for the reference channel is extracted with an unbinned extended maximum-likelihood
fit to the J /WK™ invariant mass distribution

* The two CMS figures are for the two subsamples of the 2016 dataset in different regions of pseudorapidity
based on the most forward muon.

The fit includes 4 components
* BT > J/YK™* decays
« Cabibbo-suppressed B* — J/ym* decays
* The J/Ym* events are reconstructed using the K mass
* Partially reconstructed B decays (B* — J/YK*X)
+  Continuum background (composed mostly of bb — ] /X decays)

ATLAS: B* - J/YK™ yield for 2015-2016 data: 334,351 with a statistical uncertainty of 0.3%
CMS: BT - J /YK yield for all data subsets is 1.43 + 0.06 x 10°

2016A with |n},| < 0.7 2016B with 0.7 < [nf| < 1.4]

e CMS 20 b1 (13 TeV) CMsS 16 fo™ (13 TeV)
= ATLAS A e 20152016data I R L e
g_ Vs=13TeV, 15.1 fb" Total fit result _g i ¢ Data 40001 t Data |
g_ ..... B"—)l Jhy K* _g 10000+ ’ — Total fit 1 > — Total fit
3 — SRS 3 - 1 s >k 3 B > Iy
§_ ..... gfn—rde/sona:nt bkg. _§ (2 [T] Comb. background = [[TT] comb. background
- - Sy n 5 g B - JykX S VB — JyK'X
= 3~ i B — Jwr* - BB - Jyr+
: L -
= 4 T - 2
= = 2 ¢ c
E... = G <
: O /) O

cat t t U Jur) t it t -
S A R A A R R A : ‘ Vs - - |

5000 5100 5200 5300 5400 5500 5600 5 5.2 5.4 5.6 5.8 5 52 5'% Vv 5.6 58

My, - [MeV] M, [GeV] M, [GeV]

A

. Grummer 26 May 2020 Slide 7



I,
W1

Signal Extraction and Yield Results

* The dimuon candidates are classified according to the BDT output
* ATLAS yield, determined from the unbinned maximum likelihood fit of

highest three BDT bins

* SM Expected: N, =91 and Ny =10
e N,=80+22and Ny=-12+20

* CMS yield 1s determined from each BDT bin and data subset category
(separated by year and detector region)

* Ny=61

Events / 40 MeV

results” are consistent the SM expectations

36" (13 TeV) +20fb™" (8 TeV) + 5 b (7 TeV)

T I T T T I T T
® 2015-2016 data
Total fit

{s=13TeV, 26.3 fb™
0.4163 <BDT <=1

= = Continuum background

= Bg—>u+p'+BO—>u+p'

Highest BDT
bin is shown

I|III|III|III|II
-
35

L 4I"ll . b L. I

b — p* p” X background
Peaking background

NN\ Bg - u

= Full PDF

B°—>|~l+l.f
Combinatorial bkg ~ ==ssse Semileptonic bkg
B—hu'uw bkg =eme Peaking bkg

Entries / 0.04 GeV

'II'|_|_|_?-|_|_|_|_|_|III|III|III|III|III|III|

5600 5800
Dimuon invariant mass [MeV]

O

“Yield results for each data subset category for N and N, are in the backup slides
A. Grummer
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m,.,- [GeV]
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B
NI Branching Fractions

* The branching fraction measurements for BY — u*u~ and the
upper limits on the B® - u*u~ at 95% CL are:

ATLAS CMS
BB — utu) = (2.8t8:§) x 107 BBY — utu™) =[2.9+0.7 (exp) £ 0.2 (frag)] x 1077
BB - utu) <2.1x 10719 B(B° — u+u_)_< 3.6 x 10710

* The likelihood contours for the branching fractions are shown in the
figures (the Neyman construction is used for ATLAS results)

0 8X1 0° 36 b (13 TeV) + 20fb™ (8 TeV) + 5fb™' (7 TeV)
°|"_| 1 2 C T ‘ T T T T T T ‘ T T T ‘ T T T ‘ T T T T T \7 : :::: s::“:. """,,,..., "“"’. CMS
o L ] L i k!
= - ATLAS Run 1 data . 0.7f :

‘:L = —— 2015-2016 data — E .........
g C Run 1 + 2015-2016 data b 0.6 -
> 08 -
0 Pr LT Likelihood contours for . — [
Q S > N -2 Aln(L) =2.3,6.2,11.8 . = 055
& 06 seans gl
@ c ] i
L 4 T 0.4
0.4 i ] o B
Co ] o
- B ] 0.3
0.2j ! — Q L
07 L1 ‘1\'4\1 L] 02:
—02 i ’-‘.\T\ | "'\—7 0.1 k
0 6 7 - B
O_.ilil.ll T S BT ||'5\|><10_9
B(BS — u* 1) [107] o 6 7 8
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N
NI Lifetime Measurement
CMS

* A two dimensional unbinned maximum likelihood fit to the
dimuon invariant mass and the proper decay time is implemented
for extracting the BY - u*u~ effective lifetime

* The fit includes the signal and each background component
T == [1.70 0:93 (stat) £0.09 (syst)] ps
« Experimental World Average from PDG": Tpo, = 1.61510.009 ps

CMS 36 fb(13 TeV) + 20 fb(8 TeV) + 5 fb'(7 TeV) CMS 36 fb(13 TeV) + 20 fb'(8 TeV) + 5 fb™'(7 TeV)
50— ¢ Data Full PDF 160— ¢ Data
L ) e B , - Full PDF
- Y B? - ptu £255% B® 5 w*u + peaking bkg
[ cs binatorial bkg ======= B T ileptonic bk [ NN\ Bg - p
i ombinatorial bkg — hu"u™ + semileptonic bkg 140 R B® W + peaking bkg
40~ N e Combinatorial bkg
> 120 wisi B — hu"u™ + semileptonic bkg
[0
© 8 100
g % =
o
° 8 o)
2 0 g f
"E 20 » W g -
L L

0 L .LnA i RN REREN SRR RN “\I Rt e Mt B WA AT ATINAY 1 Bl bbbl L)) o
49 5 51 52 53 54 55 56 57 58 59 1 2 3 4 5 6 7 8 9 10 11
m,., [GeV] Decay time [ps]

* Particle Data Group collaboration, “Review of particle physics,” Phys. Rev. D 98 (2018) 030001.
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T — 3U

 ATLAS: Eur. Phys. J. C 76 (2016) 232
20.3 fb'! of /s = 8 TeV

e CMS: CMS-PAS-BPH-17-004 (2019)
33 fb! of /s = 13 TeV
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NV Motivation

* Charged lepton flavor violation would be a major breakthrough in
understanding the matter content of the universe

 Branching fraction is expected to very small in the SM™:
« B(t—>3u) <1074

» Some extensions to the Standard Model** ™ lead to a branching fraction
orders of magnitude greater ( 10719— 1078), within reach of
experimental confirmation

B
T '-X"_ ! T H
W /I”.IIH..ln
W‘ _________
H M }I H

* X.-Y. Pham, “Lepton flavor changing in neutrinoless tau decays,” Eur. Phys. J. C 8 (1999) 513-516

**M. Raidal et al., “Flavour physics of leptons and dipole moments,” Eur. Phys. J. C57 (2008) 13—182,
arXiv:0801.1826 [hep-ph].

T W. J. Marciano, T. Mori, and J. M. Roney, “Charged Lepton Flavor Violation Experiments,” Ann. Rev. Nucl. Part.
Sci. 58 (2008) 315, doi:10.1146/annurev.nucl.58.110707.171126.
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Analysis Overview
ATLAS

e The search for T — 3u uses the source channel:
W - tv

* A tau-neutrino from the W boson appears as
missing transverse energy (ET"°°)

* The three muons from the 7 lepton flavor

violating decay are expected to have close - LFV decay
geometric proximity
* The branching fraction 1s calculated as:
N ]
Br(r — 3u) = - o
(ﬂs X 6-S) NW—>TV W production W decay (at the PV)

PV T 7 production

* where, Ng 1s the number of signal events,
A X € 18 the acceptance times efficiency of

the signal and Ny, _,;, is the number of T
leptons produced via the decay W — v

Slide 13

26 May 2020

A. Grummer



3.

Analysis Procedures
ATLAS

Three muon vertex events are preselected and required to meet loose selection criteria”
(including selections on the three-muon vertex fit quality and missing energy)

A BDT discriminator is trained with signal MC and background events in the BDT

training region

* BDT training region: ms, in [750, 1450] MeV and [2110, 2500] MeV
* Aloose cut on the BDT score (x > xq, where xo = —0.9) 1s applied to remove

background-like events

Tight selection criteria® are applied (including tightening of the loose requirements
and mass restrictions for two muons with the same-charge and opposite-charge)

miss

* Two analysis variables are shown, the track based missing transverse energy, Et ., and

significance of the three-muon vertex fit agy, significance, S(agy)

>  — \l\l[l\ll‘l]llllfl\llll
2 as0l ATLAS B
Nt ‘% Vs=8 TeV, 203 fb" 1
) F ]
g 200 :_+ (% —¢— SB data (loose) B
> L —e— SB data (tight+x>x,)
L (# Signal (loose) ]
150 % Signal (tight+x>x) -
S
100— —
: %t (b)
r = A
o P50
C ¢°<>¢ooc>
0

60 70 80 90 100
ET: [GeV]

0

N
o
[&5]
o
D
o
6]
o

—_

Events /0.5

*Tight and loose selection criteria are described in the backup slides

o
o
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600
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200
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e
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———
ATLAS
Vs=8 TeV, 20.3 fb™

—¢— SB data (loose)
—e— SBdata (tight+x>x,)
Signal (loose)

[ Signal (tight+x>x,)

15 20 25
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NI Results
| ATLAS

» The BDT distribution for the tight + x > x, selection upon the sideband data and signal MC is
shown in the figure on the left

* A fit to the BDT score distribution of the sideband data, excluding the blinded data, is shown with
the corresponding fit uncertainty

* The fit is used to estimate the background in the signal region, and to scale the quantities measured
in x > x, to the corresponding quantities in x > x;

* The optimal BDT cut is found to be x; = 0.933, optimizing the expected upper limit on the
branching fraction

* The three-muon mass distribution for tight + x > x, tight + x > x4, the fit to the sidebands, and
the signal MC are shown in the figure on the right

* The observed upper limit on the branching fraction is:
e B(r - 3u) <3.76x1077 ata 90% CL

A. Grummer

26 May 2020

8 25 | T I L I T I T | T I T | L I LRI [ L I T T _ > 25 _l T | T T T T I T T T T I T T T T | T T T T | T T T T I T T T T I_

C5 - + SB data (tight+x>x0 selection) ATLAS - % | —¢— Data (tight+x>x0 selection) ATLAS ]

; - Fit to the SB data \E=8 TeV, 20.3 fb-1 I o | —%— Data (tight+x>x1 selection) \‘§=8 TeV, 20.3 fb-1 i

e 201~ B2 Fit uncertainty ] ® 20 Fit to the SB data —

q>_) B Signal (tight+x>x selection) i i) N B3 Fit uncertainty -« Sidebands (SB) ]

L = - GCJ - Signal (tight+x>x0 selection) -.--. Signal region _

15 - ] Lﬁ 15 L S v o ]

10— - 10 -
E JE

$ : RS 8 Povdaosd £
O . ‘-{ "éééé‘f-‘.,n L qx ot $000c B RS X 0 RERRE by i ]y TR
-0. 02 04 06 08 1 1800 1900 2000 M 2\1/(}0
m e
BDT score 3u
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I,
Y1 Analysis Overview

CMS

Use the source of 7-leptons from D and B mesons
With the 33 fb-! of integrated luminosity used in the
analysis:

e D - 1v:4%x10%? expected number of T leptons produced

« B - v :1.5 x10'2 expected number of T leptons produced

« B - D - 1v:6.3 x10" expected number of T leptons
produced

» Event selection trigger 1s for two muons and one track
* The branching fraction is measured using the
normalization channel”

Ds — ¢t — uum

» Data are separated into three categories (A, B, and C)
based on the three-muon mass resolution
* A BDT is trained on signal simulation data and the three-

muon mass sidebands for each mass resolution category
* The BDT regions are optimized by maximizing the expected
search sensitivity and used for signal extraction and
uncertainty estimations.

*See backup slides for more details

CMS Preliminary
T T T T I T T T T I

831" (13 TeV)

0.1F B .
[ { Data ]
0.08[- —Me ]
0.04f- :
0.02- .
e L. e

0 0005 001 0015 0.2
Am/m
EMD. Pretminant 3317 (13 TeV)
0 09 Category A _‘
7F — Signal ]
0.08;— — Background o —;
0.07F : 3
0.06} I .
0.05f ’ .
0.04f \ -
0.03 | -
0.02f l B
0.01¢ § HL -

o-,,..l._hﬁﬂf'...l. et 1\1'—.—._.

-0.4 -0.3 -0.2 -0.1

0 01 02 03 04
BDT output
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Mass Distributions and Results

The three-muon mass distributions for the three mass resolution categories are
shown in the highest BDT bins

The signal is normahzed in each category, assuming a branching fraction

B(r - 3u) = 1077

The yield results for the signal and data are summarized in the table for the mass
range 1.62 — 2.00 GeV (and for the signal mass region: 1.78 * 20 in parentheses)

The upper limit on the branching fractions is:
« B(r > 3u) <8.8x1078 ata90% CL

_ CMS proiminary 3310 (13TeV) o 16-CMS, Preliminary 335" (13 TeV) o (M8 Froliminay 331" (13 TeV)
3 8s[ I s ] ] S ]
(2 s Category A1 9 145 Category B1 J 5 251~ Category C1 N
o 30 ¢ baw g C ¢ Dam ] pd L ¢ Daa ]
e Sl (Ble107) < 1oF — Signal Blz=a)=10") _: > —— Signal (B(s-3)=107)
‘g 25 i = Background-only fit “2 . = Background-only fit "E = Background-only fit
@ S o
@ i, m
ok 3 obot o Lo A || o: e ®
165 17 175 1.8 185 1.9 195 2 165 1.7 1.75 1.8 185 1.9 1.95 2 165 17 175 1.8 185 1.9 1.95 2
m,, (GeV) m,, (GeV) m,, (GeV)
Signal Data BDT
sub-category 1 sub-category 2 | sub-category 1 sub-category 2 .
Mass 8o1Y 501Y 8OLY 5OLY Categories
Category A 6.3 10.3 360(44) 2502(319)
resolution Category B 3.9 18.5 110(27) 2229(449)
Category C 94 9.6 389(107) 1549(400)

categories

A.

Grummer
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252 S
ummary

* Results from ATLAS and CMS have been presented for

ATLAS 1. The branching fraction measurements for B — u*tu~ CMS

| BB - utu) = (2.8t8:§) x 107 | | BB = utu™) =[2.9+£0.7 (exp) £ 0.2 (frag)] x 1077

2. Upper limits on B® - ptp~

| BB - utu) <2.1x10710 | | BB® = whu) < 3.6x 107"

3. Effective lifetime measurement for BY — u*u~ by CMS

| 7 = (L7070 (stat)20.09 (syst)] ps

4. Upper limits on T — 3u branching fraction

| B(r - 31) <3.76x107 ata90% CL| | B(r - 3) < 8.8x107 ata 90% CL |

A. Grummer 26 May 2020 Slide 18
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-
W1 By — u*u~ Data-Simulation Comparisons

Fraction of events / 0.25

Data / bkg

ATLAS

* The BDT is optimized when trained with 15 selected input variables -
used to characterize a B meson event and the produced muons

* A grid search is performed to optimize the other BDT parameters

0.0 r——r——1—— 77T T T 8 NS LI B L B L B L B
- e Dimuon sideband data . - N H ATLAS e Dimuon sideband dat a 3
0.05 Continuum bkg MC il - Q i ~13TeV. 26.3 fo'! Continuum bkg MC -
- M B2 — wt e MC _ ] e 10 fs = ’ iy B — pt W MC -
004" aTLAs 1 E g Hr ]
0.03F s=13TeV, 26.3 fb - 3 102L .
0.02F ;1_I = 2 . i .
- " - S 107 & =
0.01 = *g 0 i 3
0: | - Lt l FURRNR SN N SN ST SN S [N T T TN T T T T A T T S S N ST YT [N T T T T ST .'.:
. ————— : o 15 -
of 1 o2

2_— | n f 1.-.:.’.!.'. ...... VR .....:.....................; ........ }.f.—.

1pe==t-- 0 *--h“{h"on’ ass0e00220200000050s .....:.._..'._...ﬂ.}. - S - R Y
oL il : . . . . A = 05 . : : : . +
-10 -8 -6 -4 -2 0 2 4 6 82 10 )] 0O 01 02 038 04 05 0.6 0.7 0.8 0.9 1
G o) lot,p| [rad]

Shown here are two of the input variables used in the training

Care 1s taken to ensure that BDT output is not correlated with the
invariant mass of the muons
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NI
="  BDT Continuum Background Suppression

ATLAS

* A multivariate approach, implemented as a Boosted Decision Tree (BDT), is used to
enhance the signal relative to the continuum background

« Here is the BDT output for various datasets used in the analysis.
« Alarger BDT output corresponds to more suppression of the continuum background

* Four BDT intervals are defined to give an equal efficiency of 18% for signal MC
events, ordered according to increasing signal-to-background ratio

* The lowest two BDT intervals contribute to background modelling.

* Signal yield extraction and systematic uncertainty determinations are performed on the
highest three BDT intervals.

80-2Hw“wHw“w”w”w”w‘” 3 8108‘”\“‘\“‘\“‘Hw“w 3
S 0 18i_ BS - u* w MC ATLAS Simulation ] o JF —— B> putwMC ATLAS E
~ 7 "F —— Continuum bkg MC ] > 10°E ___ Continuum bkg MC Vs=13TeV,26.3f0" 3
% 016 --- B, MC - ] T 40P e data mass sidebands ]
g 014i b — p* W XMC :: = g 3
Qo e e Semi-leptonic B:’S) MC i : 7 Ll 10° é
g 0.12F : i"i l = 4 :
2 01 b = 10 E
I £ 1 10° _
i 0.08 — 5
0.06f~ = 107 E
0.04F = 10 =
0.02? = ‘ e ? 1 -
o SR T i A 72 o = S v SN S s T NI A o e e S R =

-1 -08 06 04 02 0 02 04 06 -1 -08 06 04 02 0 02 04 06
BDT output BDT output
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W1

Candidates / 0.02

BDT Background Suppression

CMS

* One BDT is used to improve muon identification and suppress the

peaking background

* A second (analysis) BDT is used to suppress the continuum background

* The analysis BDT output is shown in the plots below for the signal MC
and the sideband data for 7 TeV, 8 TeV, and 13 TeV datasets

* The BDT boundaries are indicated with arrows in the figures

* The binning of the analysis BDT discriminator distributions are used for
the result extraction

800

400

200

600

cns 51 (7 TeV)

L 77 BY — - (simulation)

-1 05 0

T T T T | T T T ]
| ¢ Background (data sideband) |

IR
BDT discriminator

A. Grummer

Candidates / 0.02

CMS

20! @TeY)

I

2500

20001

1500

1000}

500

BDT discriminator
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Candidates / 0.02

CMS

1617 (13 TeV)

1500

1000

500

BDT discriminator
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-
NVL Bsy = utu~ Efficiency Ratio
ATLAS

* The efficiency ratio is required for the calculation of the signal branching
fraction:

_e(B*>J /Yy KT)
& =SB )

* Both channels are measured in the fiducial acceptance for the B meson:
« p2 >8GeVand |ng| < 2.5

R

* The total efficiencies include acceptance and trigger, reconstruction and
selection efficiencies.

* Muon acceptance: p$1 > 6.0 GeV, p#z > 4.0 GeV and |17M1’2| <25

» Kaon acceptance: pX > 1.0 GeV and |ng| < 2.5
* The signal reference BDT selection: BDT > 0.2455
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B?S) — u*u~ Extracted Yields by Category
CMS

F F
Ca.tegory N(Bg) N(BO) Ncomb Nf{)s /100 (pT(Bg)>[GeV] E.to(:/‘(':tot
2011 /central 3.6 708 0470% 23+10 750+30 16.4 3.9+0.5
2011 /forward 20107 02733 07+05 220410 14.9 75408
2012/central /low 3.7 0% 04108 299+29 790+ 30 16.1 3.840.5
2012/central /high 93733 10%1f 76+1.8 2360+ 100 17.3 3.24+04
2012 /forward /low 1.7 02783 209+29 190+ 10 14.3 7.3+1.0
2012/forward /high 4.7 113 05708 83+1.7 660+ 30 15.5 5.9+ 0.8
2016A /central/low 22102 02705 103+1.7 580420 17.5 3.1+0.4
2016A /central/high 4.0 753 04703 34+12 1290460 19.3 2.5+0.3
2016A /forward/low 3.7 709 04107 435+35 780+ 30 15.8 3.9+05
2016A /forward /high 8.1 X798 0.8 15 159+24 1920480 17.5 3.4+0.4
2016B/central/low 4.1 g9 0.4 103 344+32 1020440 17.2 3.34+04
2016B/central/high 3.6 103 04705 22+1.0 1320+50 20.8 2.24+0.2
2016B/forward/low 6.1 17 0.6 1§ 33.4+3.1 126050 16.2 3.94+0.4
2016B/forward/high 3.9 759 0433  40+13 1180+50 19.5 2.740.3

A. Grummer

26 May 2020
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)4 B?s) — u*tu~ HL-LHC Prospects

ATLAS: ATL-PHYS-PUB-2018-005
CMS: CMS-PAS-FTR-18-013
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NI B?S) — u*u~ HL-LHC Projections
CMS

* The CMS Phase-2 inner tracker provides an order of 40-50% improvement

on the mass resolutions over the Run-2 case, as determined from detailed
MC studies.

e For the full Run 2 and HL-LHC statistics

e The anticipated si%nal event yields, uncertainties and range of significance
(over 50 for B(B® —» u*u™)) are shown

* The last column shows the anticipated statistical uncertainty on the effective
lifetime measurement (0.05 ps with 3 ab-! integrated luminosity)

L () | N(Bs) | N(BY) | 6B(Bs — pp) | 6B(B° — up) | o(B” — up) | 6[t(B;)](stat-only)

300 205 21 12% 46% 1.4 —3.50 0.15 ps
3000 2048 215 7% 16% 6.3 —8.30 0.05 ps
i 3 ab-1(14 Tev) ” _ 3 ab"(14 TeV)
E - CMS Phase-2 ¢ toy events 27001 —+— weighted toy (B)
e , - — full PDF c [
5,600 —Simulation Preliminary Bg e TN
S [iml<07 el F
= [nt<or L. combinatorial bkg - CMS Phase-2
gSOO? ----- semileptonic bkg 500 Simulation Preliminary
= L B— hu'u bkg
LIC_, C f == peaking bkg
400[— \ 400
E \ c
300~ AN 300/
- \\\ C
C N B
200f. \\Q\ 200
N \ :
. \\\\\\\ \ —
100 \ 100t
L \ PPy .09 - F
F D NN M) r T -
C_\H\l\lwll‘l‘ .;ﬂﬁﬁ\r}:\}:\l\%\‘&)\$]‘IJLI‘I\I\ILLIL[L\IL 0* T T T S N N T N S SO T NN O M N \-?_
49 5 51 52 53 54 55 56 57 58 59 2 4 6 8 10 12
M(uu) [GeV] T [ps]
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B?s) — u*u~ Projections

ATLAS ,

Full Run 2 projections

e —}— SM prediction

—— SM prediction

— 087 7 T T T 1T
(@] C 1
* Analysis sensitivities are expressed S 07 ATLAS Smuaton Proimnary __ fun 2 satetes
with the branching ratio contour plots. > oosn Aun2 sitisics
= E ~ likelihood contours
» The full Run 2 and HL-LHC o 05F E
sensitivities are extrapolated from the B 04r E
Run 1 yields. 03 b
« Two scenarios for different di-muon 02c E
trigger scenarios in the HL-LHC era 0.1 A E
are shown here. ot e
. . B(B? — u*u)[10°
HL-LHC projections (B =i o
Conservative yield High-yield
g~ 06T T 71— T o 06T 7 71
o E ATLAS Simulation Preliminary = E ATLAS Simulation Preliminary
= 0.5 B?s) - p = 0.5 B?S)—)u*u'
' [ working point x15 Run1 statistics = - working point x75 Run1 statistics —— stat + svs
S oo By o e
1 1
% %
& ]

_Ill\IIIIIIIIIIIII\III\‘Illlllllllllll_

0.2 02
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—0.1E ~0.1
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B(BJ — u* ) [107]
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1.

T — 3u Analysis Procedures
ATLAS

Events with three muons originating from a common vertex with combined mass less than 2.5
GeV are selected

Loose selection criteria” (including selections on the three-muon vertex fit quality and missing
energy) are applied to obtain a background sample and a BDT is trained to discriminate the
background

* The data events are separated into three mutually exclusive regions: a blinded region (including a
signal region), a sideband region and a training region

Tight selection criteria” are applied (including tightening of the loose requirements and mass
restrictions for two muons with the same-charge and opposite-charge) and a loose cut on the BDT
score (x > Xxq)

Optimization of the final BDT cut, x4, and statistical analysis of the #ight + x > x; sample

miss

Two analysis variables are shown, the track based missing transverse energy, Et ., and significance
of the three-muon vertex fit agy significance, S(agy)

> :\II\ \II\\I\II\\I‘III\\\II; LO T — T L B S e B -

& 250~ ATLAS 3 S1000— ATLAS ]

Nk % (s=8 TeV, 203 fo™ £ Vs=8 TeV, 20.3 fo" -

£ 5004 % - Q soo —

‘q:_) —*% —4¢— SB data (loose) - L = —a¢— SB data (loose) -

u>J C + —— 23 ualt?l (tigh;+x>x0) 7] - —— g_s da]t?I (ligh;+x>x0) f

ignal (loose B - ignal (loose 1

150% [ signal (tight+x>x))  — 600 ¢— B Signal (light+x>x,)

100 . __ 400 - -

= b L © :

u 4, ] Fo .

50— & bods - 2000 —

L - O -

C ¢¢¢¢ "oy ] 0 OOEOOOOOO.QODO(OWDQOWWM il
9020 B0 40 50 60 70 80 80 %00 0 S 10 15 20 25

9
o,
=

ETes [GeV]

*Tight and loose selection criteria are described in the backup slides
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NVL BDT Optimization
ATLAS

* The BDT score for the tight and x > xg selection upon the sideband data
and signal MC is shown in the figure

* The loose xo BDT score cut is set to -0.9

» A fit to the BDT score distribution of the sideband data, excluding the
blinded data, is shown with the corresponding fit uncertainty

» The fit is used to estimate the background in the signal region, and to scale the
quantities measured in x > x, to the corresponding quantities in x > x;

* The optimal BDT cut is found to be x; = 0.933, optimizing the expected
upper limit on the branching fraction

g 25 L T I T T T | T T T I T T T | T T T I T T T I T T T I T T T | T T T I T T T ]
o - + SB data (tight+x>x0 selection) ATLAS _
~ i Fit to the SB dat 4
@ ool 1o the S5 data Vs=8 TeV, 20.3 fo™! ]
T B Fit uncertainty i
G>) : Signal (tigh'c+x>x0 selection) :
LLl L _
15— —
10~ —

5 * _

e _
S AN A

0 ,00,0’,0:0,0,0‘»00 O e e R T M AL e aadins %

08 -06 -04 02 0 02 04 06 08 1
BDT score
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=" Loose Requirements for T — 3u Analysis
ATLAS

* The Lyy significance, S(Lyy) = Lyy/ 01, Must satisfy —10 < §(Lyy) < 50, where OLyy is the

uncertainty in the Lyy.

* The agy significance, S(agy) = agy/ 049, must satisfy S (agy) < 25, where 0 g9, is the
uncertainty in the ag),.

* The three-muon track-fit probability product, P = p1Xp2 X p3 (Where p; is the track fit p-
value of track i), must satisfy Py > 107°.

* The three muon transverse momentum must satisfy pr?“ > 10 GeV.

» The calorimeter-based and track-based missing transverse energies, Efs; and EFess,

respectively, must both satisfy 10 < EXISS < 250 GeV.

cal k

» The calorimeter-based and track-based transverse masses, m$* and m¥
satisfy mp > 20 GeV.

, respectively, must both

¢ The three-muon track isolation 1s obtained from the sum of the pt of all tracks ptrk > 500 MeV
in a cone of ARmaX + 0.20 (and ARma1X + 0.30) around the three muon momentum while
excluding its constituent tracks; it must satisfy Y. p&™* (ARmaX + 0.20) /pi“ < 0.30 (and

D ptrk (ARmaX + 0.30) /p < 1). The largest separation, ARmaX, between any pair of the three-
muon tracks is on average 0.07 for the signal.
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Tight Requirements for T — 3u Analysis
ATLAS

A number of the loose requirements are tightened, namely Py s > 8X107%, m$3! > 45 GeV,
mi* > 45 GeV, and 1 < S(Lyy) < 50.

Three-muon vertex fit probability must have p-value > 0.2.
The angle between Y. and E;nggf (E%tirsﬁ) directions is required to be Acpci‘; > 2 (Acptil; > 2).
* Yt is the transverse component of the vector sum of the three-muon and leading jet momenta.

The same-charge two muon mass, mgg, and opposite-charge two muon mass, mggq0r mggz,
satisfy Mgg > 300 MeV, Mos1 =~ 300 MeV 5 and mops2 > 300 MeV, where m051(m052) 1S the
mass of the two opposite-charge muon pairs with highest (second highest) summed scalar pt
among the three muons

The event is rejected if [mog — my,| < 50 MeV or [mgg — m¢| < 50 MeV if either the p%“, the
ERISS or the EFESS is lower than 35 GeV.

The event is rejected if |mos — m¢| < 50 MeV if |mgu — mDS| < 100 MeV

In the above notation, mog 18 Mgs10r Mosy, and m,, My, Mp_ are the masses of the w, ¢, and D
mesons”, respectively

*K. Olive et al., Review of Particle Physics, Chin. Phys. C38 (2014) 090001.
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NV Normalization Channel
CMS

(left plot) The invariant mass distribution for two muons and a pion is shown

* Kinematic cuts are applied to the two muons and the pion, the muons are
required to have opposite signs and an invariant mass consistent with the ¢
meson mass.

 The two peaks are associated with D(1.97 GeV) and D* (1.87 GeV) decays, and
modelled with Crystal Ball functions, while the background is fitted with an
exponential function.

(right plot) Simulated prompt and non-prompt contributions of D are
compared to data in the proper decay length distribution

.. 1

CMS Profimivary 3% (13ToW) o . CMS Prominary 331" (13 TeV)

5 30000(— £ 7000 T :
= o C ]
- > L ]
P ¢+ Data (TR ¢ Data .
T 25000 C ]
._% _ T?tal C D Direct D, .
[ —D"and Dy 5000(— |

20000k Background . B-D,

4000f
150001 r
- 3000f
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5000 r 1000 :
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m(2u+1tk) (GeV) Proper decay length (cm)
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BDT Training

CMS

* A BDT is trained for each of the three mass resolution categories

* The BDTs are trained on signal simulation data and the three-muon mass

sidebands

* Ten analysis observables are used in the training and are separated into two
categories: (1) variables associated with the three-muon vertex properties and (2)
variables associated with reducing hadrons misidentified as muons and muons
originating from a pion or kaon source

* The boundaries defining three BDT regions are optimized by maximizing the

expected search sensitivity.

* The two BDT regions with the best signal-to-background purity are retained for
signal extraction and uncertainty estimations.

CcMS Prellmlnary 33 fb (13 TeV)

009k CategoyA E
- — Signal 3
0.08f — Background —;
0.07F o |
0.06f ’
0.05f
0.04f
0.03f
0.02f
0.01f

. mﬁ;

%4203°02-01 0 01 02 03 04
BDT output

0.09E

CMS Prellmmary

33 fb (13 TeV)

— Background

lu_gh...l....l.l.

- categoye
0.08§ —— Signal

0.07f
0.06}
0.05f
0.04
0.03
0.02f
0.01F

‘_’_,J—‘

1.

—004 -0.3-0.2 -0.1

0 01 02 0.3 04

BDT output
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NI T — 3u Results
CMS

* S/(S+B) weighted three-muon mass distribution including events
from all mass resolution categories used in the analysis 1s shown

* The upper limit on the branching fractions is:
« B(t - 3u) < 8.8x1078 at 2 90% CL

160 TP T Rman e A

140+ -
- + —— Signal (B(t—3u)=107)

120 - - Background-only fit S

100
8of

]

40 -

S/(S+B)-weighted events/0.01 GeV

20/ 4
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YL T — 3u HL-LHC Prospects

ATLAS: ATL-PHYS-PUB-2018-032

* HL-LHC prospects are also summarized in:

“Opportunities in Flavour Physics at the HL-LHC and HE-
LHC,”
CERN-LPCC-2018-06
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NI HL-LHC Projections T = 3u

ATLAS * Simulated three-muon mass distributions under HL-LHC
W Channel detector conditions are shown

* Widths are estimated from double gaussian fits.

0.25 ATLAS Prellmlnary

reconstructed only with the Phase-1 detectors, and (2) at least one

>
()]
E Projection from run-1 data —HLLHC
C j - .. . . . .
Z C JatL=300017"5 = 14 Tev oo run-2 * For ATLAS, several conditions are investigated including
£  02F w-channel 1mpr0vements to vertex and momentum resolution with a new
e Opro = 250 MeV tracking system and improved low muon trigger thresholds
o 015, -a6smev * For CMS, two categories are considered: (1) all three muons
S
5
S
L

0.1 muon reconstructed by the new triple Gas Electron Multiplier
. (GEM) detectors in the upgraded muon system
0.05
) * 90% confidence level limits are summarized in the tables
e /TR RS T I T BN T below for (top table) ATLAS and (bottom table) CMS

CMS o MM ATLAS

HF-Channel
" CMS Phase-2 Simulation 3000 fb”, 14 TeV, 200 PU Scenario W -channel HF-channel
g p TS 90% CL UL [10™"] 90% CL UL [10™]
T 10° - ATLAS High 5.4 1
E Event category 2 E ATLAS Medium 6.2 2.3
- - —— Signal (B,3,=2x10?) 7 ATLAS Low 13.5 6.4
E_ — Background _E
; Cpu=31 MeV ] CMS
10°g E
E 3 Category 1  Category 2
Al h Number of background events 2.4 x10° 2.6 x10°
10 E E Number of signal events 4580 3640
- . Trimuon mass resolution 18 MeV 31 MeV
10% H a B(7 — 3u) limit per event category 4.3 X 107 7.0 x107°
I v v b b by b v vy B(T N 3,u) 90% C.L‘ llmlt 3'7 X 1079
155 16 165 17 175 18 185 19 195 2 B(r — 3y) for 3-0 evidence 6.7 % 10~°
m, (GeV '
o ) B(t — 3pu) for 5-¢ observation 1.1x107%
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