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Flavour

Flavour is one of the most puzzling aspects in the Standard Model
e Apparent hierarchy but hidden cause
* Quark-lepton symmetry?

Flavour physics provides a wide range of Standard Model tests, subjecting SM to deep scrutiny

Comparison of precise measurements with theory can probe the nature of new physics
in a complementary way to direct searches, not limited by collisions energy
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https://arxiv.org/pdf/1910.11775.pdf
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Flavour is one of the most puzzling aspects in the Standard Model
e Apparent hierarchy but hidden cause
* Quark-lepton symmetry?

Flavour physics provides a wide range of Standard Model tests, subjecting SM to deep scrutiny

Comparison of precise measurements with theory can probe the nature of new physics
in a complementary way to direct searches, not limited by collisions energy

ESPP 2020 Physics Book
Z 2
5 I o’ DISCLAIMER:
CU L Q S} RS ;:106
; 5 8 . i l I 3 s 108 Very large topic, | selected only a few examples
25 v, . § § 10¢ mainly from quark HF sector (neglecting Top)
. | ‘} !F g S 103
S = g N A § E 107 Only a few examples from the lepton sector,
N
< TTIT% ’- namely tests of charged LFV
* - = 1101
SIPINIEEE SIS e 10
SPPELE SN 1 T
NESESISISERRSEEENENEN
8
Observable



https://arxiv.org/pdf/1910.11775.pdf

ATLAS and CMS

Muon chambers Solenoid magnet | Transition radiation fracker
Semiconductor fracker

These are not B-Physics dedicated detectors
* No particle ID

* Different rapidity region e.g. wrt LHCb

Compensate with

TRACKER
CRYSTAL ECAL Total wel

Overall dmm D150 m

PRESHOWER

RETURN YOKE

SUPERCONDUCTING
MAGNET

HeAL

MUON CHAMBERS

e Excellent muon reconstruction efficiency and momentum resolution

e Optimal tracking and vertexing performance

B-physics: ~100 to 200 Hz out of the total trigger budget with standard running

12500 T

Overall length : 216 m
Magnetic field : 4 Tesla



Triggering on B-Phys topologies
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CKM matrix and CP violation

’ V, |4 V - . .
csi, z et Vs = Vuj v V“]: The CKM matrix is a 3x3 unitary matrix whose elements
’ - C CSs C . . .
b’ b Vig Vie Vip represent the strength of flavor-changing weak interactions
Only 4 parameters (3 mixing angles and 1 CP violating phase)
* Many measurements = Unitary Triangle is highly overconstrained

* Huge progresses in the last three decades
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One of the most powerfool tools to test the Standard Model



CKM matrix and CP violgr—
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BY. mixing phase (B, = J /Y ¢)

¢,: weak phase difference between direct decay and decay through B% mixing
AT, : decay width difference between light and heavy B% mass eigenstates
= Both sensitive to New Physics

Golden mode: B - J /i ¢ — uuKK

Time dependent angular analysis

Crucial role of flavour tagging, b

i.e. identification of the B flavour at production Py (, p

= Both ATLAS and CMS use opposite side taggers, 3
with a tagging efficiency of 20-50% q

ATLAS: Eur. Phys. J. C. 81 (2021) 342 (2015-17 + Run1)
CMS: Phys. Lett. B 816 (2021) 136188 (2017-18 + Runl)
LHCb: Eur. Phys.J. C. 79 (2019) 706, Recent CERN Seminar. (Runl+Run2)
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Signal Side

Opposite Side

b-u X


https://link.springer.com/article/10.1140/epjc/s10052-021-09011-0
https://www.sciencedirect.com/science/article/pii/S0370269321001283
https://epjc.epj.org/articles/epjc/abs/2019/08/10052_2019_Article_7159/10052_2019_Article_7159.html
https://indico.cern.ch/event/1281612/
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BY. mixing phase (B, = J /Y ¢)

HFLAV

P08 b
0.13 68% CL contours

(Alog £ =1.15)
0.11 CMS 116.1 fb~?
SM no penguins

CDF 9.6 fb~1
ML HCb 9 fb~1
0.07

ATLAS 99.7 fb~!
0.057

¢, [rad] Al [ps]
ATLAS -0.087 + 0.036 + 0.021 | 0.0657 £+ 0.0043 + 0.0037
CMS -0.021 + 0.044 £+ 0.010 | 0.1032+ 0.0095 + 0.0048
LHCb (new) -0.039 + 0.022 + 0.006 | 0.0845+ 0.0044 + 0.0024
CKMfitter -0.0368 *0:0006 | 10g
UTFit -0.0368 + 0.0010
arXiv:1511.09466 0.085 + 0.015
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1 0.3
¢[rad]

Good agreement of all LHC experiments with competitive results

Combined result consistent with predictions
Results still dominated by statistical uncertainty




Events / 40 MeV

BY, BY% — up

Rare decays are a perfect laboratory to search for new physics = complementary to direct searches

B?, B%, — uu are the golden channels at LHC

* Pure penguin decays (helicity suppressed)

* \Very precise theoretical predictions

* Experimentally clean

e Highly suppressed in the SM, and enhanced elsewhere

Deviations from
expected BR or
expected lifetime of
the heavier eigenstate

In absence of CPV, only the heavier mass eigenstate (CP-odd) would point to NP

can decay to uu (CP-odd as well)
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https://link.springer.com/article/10.1007/JHEP04(2019)098
https://www.sciencedirect.com/science/article/pii/S0370269323002897
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.105.012010

BY, BY. = uu : branching ratio and lifetime

oM H.— 3,834 Relative B% BR uncertainty with the new CMS result reduced from 23% to 11%
LHCb +048  Statistical uncertainties dominate in all measurements
PRL 128 (2022) 041801 p——13l5 3.097,,,
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BPH-20-003 T 26975 Lot of work done
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e i Long way to observe B® = uu(y)
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S B i + 3.6+ 0.14  Main challenge: combinatorial background
1 1 1 | 1 1 | 1 I 1 1 1 1 | 1 1 1 1 I 1 1 1 1 | 1 1
1 2 3 4 5 %
B(B) > wy) [107]
CMS CMS 4+0.23
BPH-21-006 A — <19 EPH.21.008 B 18375
LHCb . .
€ 2.6
TTL'CZ:(SZOZCZ)I\(I)|4;BOI1.HCD < Hll.?zg (2022) 041801 ' " 1 207+:0.29
+CMS+
oPH 20003 N " S CMS+LHCb Combine | o . 4gp%¥
CMS B BPH-20-003 ' ! V1 035
JHEP 04 (2020) 188 ¢ = <36
ATLAS e : . T
» JHE ’ LIV,
JHEP 04 (2019) 098 ¢ N <2.1 ooz e o
—_— SM Prediction
SM Predict
BenekeZ?au,lfHég?o (2019) 232 'T' 1.03 = 0.05 8, | : l T | 11'616 * 0'?10
1 2 3 4 5 05 1 15 2 25 3

BB — i) [10™) t(B" - 1) [ B



Spectroscopy

LHC: hadron factory, thanks to high luminosity and high b,c production cross-section
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Intensive spectroscopy program at LHC

Conventional Heavy Hadron:

* Excited open flavour mesons

* Excited conventional charmonium

* Excited baryons

o sese

* Precise mass and BR measurements

Exotic spectroscocpy:

*  x:1(3872) production and decay
* Other cc tetraquark candidates
* cccc

LHCb main player here (64/72 new hadrons discovered at LHCb), but ATLAS and CMS also in the game

12


https://www.nikhef.nl/~pkoppenb/hadrons/Masses.png

ATLAS and CMS Spectroscopy (highlights @LHCP)
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z - Total fit Vs= 13 TeV, 139 fb™ ]
% 40 oo gé:jjxgéw Dataset 2 7 ATLAS: JHEP 08 (2022) 087
% 30 f_;"‘_‘gi:q;’i:;;’i;gackgmd - High precision measurement of B*.— J/y D*;and B*.— [/ D**
: branching ratio with Full Run2 data. Current highest precision
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5800 6000 6200 6400 6600 68C .
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35 F —Fit
CMS: : --= A, signal
Eur.Phys.J.C82 (2022)49%9 oty o - Background

Observation of B - 1 (2S5)K% nr and B% — y(2S5)K° decays

Phys. Rev. Lett. 126 (2021) 25
Observation of a new excited beauty strange baryon decayingto & i

CMS-PAS-BPH-22-002 (new!)
Observation of the A%, —» J /i &  K*decay

Candidates / 16 MeV

v



https://link.springer.com/content/pdf/10.1007/JHEP08(2022)087.pdf
https://epjc.epj.org/articles/epjc/abs/2022/05/10052_2022_Article_10315/10052_2022_Article_10315.html
https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.126.252003
https://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/BPH-22-002/index.html

Observation of new structures in di-charmonium mass spectra

In 2020 LHCb reported the observation of a significant structure at 6900 MeV Sci. Bull. 65 (2020) 23, 1983
Both CMS and ATLAS investigated the J/y J/Y mass spectrum; ATLAS also the J/y y(2S) spectrum

Observation of X(6900) confirmed by both experiments ATLAS arXiv:2304.08962
* Parameters in agreement between the three experiments CMS arXiv:2306.07164

CMS also see structures at 6552 MeV (observation, 6.5 ) and 7287 MeV (evidence, 4.10)
* A model with three interfering signals significantly improves the fit quality (with mass and width shifted)
ATLAS also see a broad excess at low mass

Run3 data will allow more detailed studies of these structures
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https://www.sciencedirect.com/science/article/pii/S2095927320305685
https://arxiv.org/pdf/2306.07164.pdf
https://arxiv.org/abs/2304.08962

Lepton Flavour Universality and Violation

No observed transitions coupling charged leptons from different generations

Why??
*  Weak force mixes quark of different generations “ 1 s
* Neutrino oscillations bring to LFV in neutral leptons in the Standard Model )ﬁi\ﬁﬁr
LFV in SM rate far from current experimental sensitivity / |
but New Physics could enhance it in a significative way - e
u " e " =
Many related searches at ATLAS and CMS:
im 1.5_

* At high mass (Z/, Leptoquarks...)~_, - +-CMS

u ~# LHCb
* InZ, Higgs and Top decays el Not covered here = & Belle
* Intau decays » Next slide 0.5 Q“T,,%SEMV
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Interest in search for LFV and LFU also driven from flavour anomalies
(Not covered here)
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x 10 Up to 131 fo™" (13 TeV)

o 18
[ ] 1
%) - CMS
LFV in Tau decays (T = uuu) -
@ |
c — Observed
3 10 __ ----- Median expected
B-Factories exclusion limits @90%CL : o | Bl 68% expected
Belle, <2.1x 108 PLB 687 (2010) 139 gt o peneg
Babar, < 3.3 x 108 PRD 81 (2010) 111101 @ s
Searches also performed at LHC by ATLAS, CMS and LHCb [
New result released by CMS, adding 2017 and 2018 data (CMS PAS BPH-21-005) I
0 HF analysis W analysis HF + W HF + W
2017+2018 2017+2018 201742018 2016+2017+2018
In:lg:)dg;epr;oednlgtr{gn from W decays and heavy flavor decays 2018, 50.7 " (13 TeV) 5018, SOETA (137TeV)
= ity 3 [ 2 [
S "’ CMS HF Category A1 | S5t CMS W Category A
- | . a wo global one tracker =k A i
Signal and background separated exploiting BDT 2 1o ESHMITER . § | Preliminary izigtna,(3=10_7)
S i —— Signal (B= W 4
Events categorized based on 3u mass resolution i —— Background-only fi ; — Background-only fit
No signal observed, limit set: :
B(t — uuu)<2.9(2.4) x 108 obs (exp) @90% CL i)
Best LHC result \H i /\
World’s best still from Belle mranr e B e

m(3u) [GeV] m(3u) [GeV]


https://www.sciencedirect.com/science/article/abs/pii/S0370269310003576
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.81.111101
https://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/BPH-21-005/index.html

What’s next?

Large Hadron Collider (LHC) High Luminosity LHC (HL-LHC)
FCCeo

[ et st ] e 2] e ] 3 | ke 14 [ Rws

7 TV = 8 ToV— 13 ToV meeeeeeee 13.6 TeV e 14TeV

LHCh © iy ] Upgrade | 35 fly ! ] Upgrode Ib Upgrade I 300 fly-! oPD

ATLAS/CMS 190 Fy-! o] 430 fb! ] 3000 fb!

2011 {2012] 2013 2014 2015 | 2016 2017 2018 2019|2020 {2021 | 20221 2023 | 2024 2025 | 2026 | 2027 2028 | 2029 | 2030] 209 [2032] 203 [ 20642035 2038 MIW
Bollo |l 400 fb-' =] 7ab' — 50 ob"!
e P 2 [

SuperKEKB
M1 @Vs=3.773 GeV 20fb-' g5 = 3773GeV
BESIN 3fb'@ Vs =478 GoV =i 6 ' @ ¥s= 4178 GoV =P
3fb' @ s~ 4,64 GV 5fb-' @ s~ 464GeV
BEPCII Tab' @ ¥s= 3.773 GeV A3
STCF

CEPC _

F. Archilli, W. Altmannshofer
arXiv:2206.11331
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https://arxiv.org/abs/2206.11331

FCC-ee

10°

® FCC-ee(21Pg)

¢ FCCee(4IPs)

= |LC (TDR, upgrades)
CLIC (CDR, 2022)

k3
.Z 168-94 GeV)

10°

N WW-{157-163 GeV)

— B i
T2 (280 GeV)

10

Luminosity [10* cm?s]

. _— e
M 0 cev)

1t (365 GV)

100 150 200 250 300 350 400
Is [GeV]

High lumi is the crucial ingredient

@Z pole:

About 15 times the nominal Belle Il anticipated
All species of b-hadrons produced

Expect ~4x10° Bc mesons

Slides largely inspired by Stephane Monteil’s talk at FCC Week Jan.23

and Jernej F. Kamenik’s talk at FCC Week Jun.23

FCC-ee will operate at Z, WW, HZ and tt energies
Flavour physics at all thresholds but the Z pole is the focus

FCC-ee expects to operate at Z-pole for 4 years:
e 10°7Z/s and 50x10'2Z bosons in total

* clean environment: no pileup, controlled beam backgrounds
Boost at Z pole: <Ey,> = 70% Epeam; <BY > ~6
Z pole does not saturate all possibilities: e.g. WW operation

will allow to collect several 108 W decays on shell and boosted
=> Direct access to |Vcb| and |Vcs|

Particle production (10°) B° /B B* / B~

B /B, Ay/RA, cc

7=/t

Belle 11 27.5 27.5
FCC-ee 300 300

n/a n/a 65 45
80 80 600 150 18



https://indico.cern.ch/event/1176398/contributions/5208410/attachments/2581720/4453175/FCC_Introduction_Flavours_Krakow_20230125.pdf
https://indico.cern.ch/event/1202105/contributions/5402639/attachments/2660472/4608865/Kamenik_FCC-Week_Flavours_2023.pdf

Slides largely inspired by Stephane Monteil’s talk at FCC Week Jan.23
and Jernej F. Kamenik’s talk at FCC Week Jun.23

FCC-ee

A complete flavour physics program:

Leptonic and semileptonic b decays
» Ultimate Vub precision possible with Bs = Klv and B— mlv

Rare b-hadron decays
* E.g.to Ts or neutrinos

CPV in b decays and mixing
Tau physics
* Expect ultimate precision on LFU ratio I'(t = evv)/T'(t = uwv)

Charm physics
* CPVin radiative charm decays, rare D— [m, p]vv decays
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"Phys. Rev. D 102, 056023 (2020)"

1201 FCC-ee

Z" — bb Delphes simulation
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Candidates / (5.0 MeV/c?)

Eur. Phys. J. Plus
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Measurement of ultra-rare B— uu decay
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Program poses serious constraints on
01 detector design and mainly
vertexing, calorimetry and particle ID
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https://link.springer.com/article/10.1140/epjp/s13360-021-01814-0
https://link.springer.com/article/10.1140/epjp/s13360-021-01814-0
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.102.056023
https://indico.cern.ch/event/1176398/contributions/5208410/attachments/2581720/4453175/FCC_Introduction_Flavours_Krakow_20230125.pdf
https://indico.cern.ch/event/1202105/contributions/5402639/attachments/2660472/4608865/Kamenik_FCC-Week_Flavours_2023.pdf

summary

The vast production of hadrons in the current era allows us to probe with extreme precision the extremely rare

Both ATLAS and CMS continues their Heavy Flavour programs:
* Analyses using Run2 data are being published
* New data are collected and analyzed in Run3

Despite not being dedicated experiments ATLAS and CMS also provide competitive results on many aspects

FCC-ee may give complementary contributions from the Z pole in the second part of this century

Thanks to its reach phenomenology, flavour physics allows precision measurements
which are a bridge to search for new physics. More to come!

For a complete view of ATLAS and CMS results:
https://twiki.cern.ch/twiki/bin/view/AtlasPublic/BPhysPublicResults
https://cms-results.web.cern.ch/cms-results/public-results/publications/BPH/index.html
https://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/BPH/index.html
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https://twiki.cern.ch/twiki/bin/view/AtlasPublic/BPhysPublicResults
https://cms-results.web.cern.ch/cms-results/public-results/publications/BPH/index.html
https://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/BPH/index.html

Backup



BY. = J /Y ¢ analysis strategy

BO, decay into J /1 ¢, which is a mixture of two CP eigenstates: odd/even
* Need to disentangle the two states using an angular analysis
* Time dependent analysis, proper decay time reconstructed

¢ rest frame
Yr
K+

An unbinned maximum likelihood fit is performed extracting

the parameters of interest.

Many observables measured simultaneously:

Amplitude and strong phases: Ay, A, A, As, 60,0 |,0 |, 05, (0s-0 )
e CPV parameters: ¢gand || "
* Mixing parameters: AI', and Amg
* BO properties: I, =(I'y +T7)/2
CMS also measure Amsand |1, fixed to PDG and 1 for ATLAS \ cest frame

Observables used in the fit:
* m, proper decay time, angular observables
* per candidate quantities (resolution, flavour tagging probability)
22



8% — J /Y ¢ tagger

Opposite-side taggers to identify the flavour of B, and B

CMS: muon tagger, using semi-leptonic decay b = u +X decays

ATLAS: muon, electron and b-jet taggers

CMS: DNN, to reduce the mistag fraction

Per-event mistag

ATLAS: key variable Qx = charge of pr-weighted tracks in a cone probability
around the opposite side primary object (u, e, b-jet)

Taggers Calibrated in data using B* — J /¢ K*
* Self-tagged events, charge of K determines flavour of B

Sources of dilution: cascade decays, pileup, gluon splitting, mixing

ATLAS ]
Tag method €x (%) D, (%) Ty (%)

Tight muon 4.50 = 0.01 43.8+0.2 0.862 £ 0.009
Electron 1.57 £0.01 41.8+0.2 0.274 £+ 0.004
Low-pt muon 3.12£0.01 29.9£+0.2 0.278 £ 0.006
Jet 12.04 £0.02 16.6 = 0.1 0.334 £+ 0.006
Total 21.23 £ 0.03 28.7 £0.1 1.75 £0.01

CMS

Data sample
2017

2018

CMS 36.7 fb' (13 TeV)
§ 1_"'1"'1"-x"'1"'_
= [
3 o048
0.6}
0.4}
0.2F1
o
= 5
0
a5
0
€tag (%) Wtag (%) Ptag (%)
45.7+0.1 271+0.1 9.6+0.1
50.9+0.1 273+0.1 10.5+0.1



B, lifetime

HFLAV

0.16
prelimina

Theory assuming
0.14 T)¥A=1.519+0.004p

Vi

DO § fb~!

CMS 116.1 fb 2

IU)
2 0.10
e
C
< 0.08:

0.06-

0.04- S

CDF 9.6 fb
0- %620 0.650 0.660 0.670 0.680



Last ATLAS, CMS and LHCb BY— upu combination

BB’ — utu) (107)

o5t
04 E
03 3
0.2 E

0.1F

— 2011-2016data

06 ATLAS CMS LHCb Summer 2020

Prehmmary

s
B(BY — utw) (107)

Data collected 2011-2016

Results compatible with SM wihin 2.1¢ in the 2-dim plane
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BY,— uu BR measurement

BB - ptu~) =B(BT = J/YKT) x

Npo .
B(B® - putu~) = B(BT — J/pKT) x 226w

NBo_ it pu- o EBYo /YKt o

NB+—>J/1/)K+ €EBO s putu— fs

NBosutu= ., €B353/99

or - = B(B) = J/Ye) x

Npo—yjpe  €B0—putp-
€EB+—J/vK+  fu

X X

NB+—>J/¢K+ €EBOutpu— fd

Normalized to B* = J /Y K* and B; = J /Y ¢ (cross-check)

Main backgrounds:

3-body and partial decays (muons from the same B)
Combinatorial background (muons from different Bs)
Fakes from B— hh

Mainly from B— K and Bs — KK, with K and i decays-in-flight to muon and neutrino
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BY,— uu BR measurement

NB(S)—)y‘*'y_ EB+—ypKt fu

B(Bs — u'u”) = B(B" — J/yK") :
N+ y/px+ €p0utu— s

CMS measurement uses fs/fu = 0.231 + 0.008

Based on LHCb pr-dependent result
PRD 104 (2021) 032005
* Integrated with effective py distribution

Previous CMS result used fs/fu = 0.252 + 0.032

Treated as an external uncertainty,
not constrained nuisance parameter

Entries / 2 GeV

_CMS Preliminary 140 fb-1(1 3 TeV)
30 { Data
i MC
25/ ‘1
- ‘\ \
201
151
R
10 |\
- N
5
0 10 20 30 40 50 60

P, (B)) [GeV]
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https://journals.aps.org/prd/pdf/10.1103/PhysRevD.104.032005

s  pr7 | LI P LI VLSRR EN P 0 LR P LSRRI ) LI L LR LR LY LR PR Iy
+ + + *_|_ = . ATLAS —e— Data ]
B E a n ) % 120; Vs=13TeV, 139 b —— Total fit 7]
C S C S '% 100:~ Datasst1 | . E:jjzg A, .

L

[ + + ------ Bi—J/yD", Ay ]
80 B + + —_— Comblnatonal background

602}

High precision BR and final state polarization measurement SRR _
o0 L 5.95 GeV < m(J/yD’) < 6.35 GeV :

Previous results: ATLAS and LHCb Runl R g
o )] MO T P I I i i L TR s sasang J

. oL ]

D*s;and D**reconstructed from their decays 2 .__._.l_l =g o E
D*— @(KK) and D*+,— D* ;% /y with partial reconstruction * _QP . . :

0 01 02 03 04 05 06 0.7 08 09 1
B*c = J /i m*asreference channel lcose'(u’)|

2D fit to m(J /Y D*, ), |cos’(u*)| = helicity angle between

D+sandl,l+inthe]/lp reStframe III;[TI-ZAISIIIIIIHII IIIIIIIIIII[]|]|||||[l]]]]|| T[T T [T [Trr]T
ATLAS (Run 2) o -
LHCb (Run 1)
ATLAS (Run 1) —r 'i x
QCD PM (arXiv:hep-ph/9909423) agrees very well acopm| s -
. . . . . QCDSR| = o
while others deviate in some cases or lack precision ccam : -
BSW
LFQM /‘
pQCD o ”
RIQM i .
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https://arxiv.org/abs/hep-ph/9909423

135 fb” (13 TeV.
180 —m——— 2010, (13 TeV)

* NRSPS and NRDPS backgrounds components: MC-driven shapes

> = CMS
= 160 — —
/ / [CMS] & 1a0F [ 1 ~ & Data —Fit E
- — IF [ —BW, ---BW, =
§ 120 =] ‘ ‘} ”‘ ------ BW, - Background —
_-8 100 \ =
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o
e
—e—
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——
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X* exp (— 7) Pol,(x) where y= M ) A

e Threshold enhancement: ad-hoc Breit Wigner
e Signals: Relativistic Breit-Wigner functions

a3
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-
-
) =
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y a
) -
AN
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1 Ll
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To better constrain SPS and DPS backgrounds
the fit is up to 15 GeV

mJ/W,W [GeV]

Main sistematic uncertainties: 1351’ 13Tel)

* Signal and background shapef B
* Including feed-downs X— [cc]4 [cc], = J/Y]/Y

CMS Supplemen ay

} Data
— BW,

= NRSPS

-+~ Interfering components

* Dips between peaks not well described
* LHCb interference model does not provide
a good description of CMS data




JIp ] [CMS]

Model with three interfering signals improves the quality of the fits

Masses and widths shifted wrt non-interference fit

BW, BW, BW,4

Candidates / 25 MeV

Stat. unc.

Data-Fit
|

No-interference m [MeV] 6552 +10+12 6927 +9+4 7287728 +5
[[MeV]  124732+£33 122720 +18 953 +19

120 78 64
Interference ~ m[MeV] 6638153120 684715558 7134 1358+H71
CMeV] 40 B8 U 97

Candidates / 25 MeV

Data-Fit
Stat. unc.
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J/p I [ATLAS]

Backgrounds estimated with a mixture of MC and corrections from data

* Two prompt charmonia:
* Single parton scattering
* Double parton scattering
 Two non prompt charmonia:
* bb-> I
‘Others’:
* prompt single charmonium production and non-resonant di-muon production
* At least one charmonium candidate containing random combination of fake muons

Data control regions.
Reweighting between data and MCin J/Y J/Y pT, A, An, and others
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J/p I [ATLAS]

di-J /¥ model A model B
mg 6.41 £ 0.08*0-07  6.65+0.02*00
Ty 0.59 +0.35%-72  0.44 + 0.052-9
0.08
m 6.63 + 0.05% )00 -
0.11
I 0.35+0.1170- 1
m; 6.86 + 0.03700°  6.91+0.01 +0.01
I, 0.11 +0.05792 0.15 £ 0.03 + 0.01
As/s +5. 1%“:2'_ ;Z‘(’) -
J [+ (2S) model « model
myorm  7.22+0.037291  6.96 + 0.05 + 0.03
Fzorl'  0.09+0.06700%  0.51+0.17*)10

As/s

+21% + 14%

+20% + 12%

Significant excess of events (>50) in the J/Y /Y channel
A resonance around 6.9 GeV and a broad structure at
lower mass are observed

Models accounting for interference describe the data
better and models without

In the J/Y 1 (2S) channel a 4.70 excess of events is
observed when considering a model with two resonances,
one of which near 6.9 GeV
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J/p I [ATLAS]

Model a):
Three interfering S-wave Breit-Wigner resonances > 400 T T T > 00l T T T T
o [ ATLAS —— Sig. + Bkg. 3 [ ATLAS —— Sig. + Bkg.
MOdeI b) §300;—::i§_;\;3 e " i ziz(s:vrzu:ed-down—; §3002_C‘£i§'~;\l1/3 e " i Z\k,:;0 :v/ikfi:dl-rc‘j:wn_;
Two resonances, one interfering with 5200:_ SIS0 E 5200:_ - Sig. wio Int. E
the SPS background and the second one standalone § F Sig. Int. 1 5§ T Interference ]
Lﬁ 100:_ —— Data _: Lﬁ 100:_ —4— Data _:
Also tested: y ] il A s e
* 2 resonances model with interference 05 ) . 05 B .
* 3 resonances model without interference ~100f 1 -100F =
= Excluded with >95%CL based on toy MC s (a) : 5 (b) -
when compared with Model a) -200¢ | | | | | | E | | | | | | E

65 7 75 8 85 9 65 7 75 8 85 9

m,, [GeV] m,, [GeV]
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J/p P(25) [ATLAS]

Model c):

The same interfering resonances observed

in J/W /W also decay into J /1 ¥ (2s), in
addition to a standalone 4t resonance in this
channel

Events / 0.075 GeV

Model d):
A single resonance in this channel
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1 L 1 T T T 1 T 1 T LI B B | L
| I |

i — Sig. + Bkg. _:
L (s =13 TeV, 140 fb" — Background 1
| Jhy+y(2S) - Ssignal _
i —— Data :
] J[ + (©
| | 1= |- 4 Ll + L1 1 i L1
7 7.5 8 8.5 9
m,, [GeV]

40

Events / 0.075 GeV

50F

H T I L L I LI 1 I 1 1 1 T | 1 1 T T I T
- ATLAS

i — Sig. + Bkg.

| {s=13TeV, 140 fb™ —— Background

| Jhy+y(2S) - -~ Signal
—— Data

Illlllllllllllllllllllll
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T = uup HF analysis

Large cross-section; low prand large background

Signal:
e Ds — 1+ nu(including prompt Ds and B = Ds)
e BtorB—>1+X

Normalization channel for Ds - t events: Ds—>@(2u)n
(event selections as close as possible to those for the signal channel)

Non-Ds contributions
e B->1(~25% of the total): based on MC, but verified by comparing decay length of B - Ds in data and MC
* Very small contributions from Bs and D* based on MC and 100% uncertainty

Main backgrounds:
 Two real muons + 1 fake. Most common: B - D cascade decay
e 3 genuine muons, two of which from resonances

High level trigger:

* Three reconstructed tracks, two of which must be identified as muons with p; > 3 GeV; the 3™ one p; > 1.2 GeV

* Fitted to a displaced common vertex

* Invariant massin 1.60-2.02 GeV

Collects events of t=>3u signal and Ds—>@$(2u)m normalization channel at the same time with the same trigger 35



T = uup W analysis

Relatively small cross-section; isolated and at higher pr muons, large MET; low background
Signal: W-> | nu signature, where | = muon triplet

High level trigger:
 Three muons with pr>7, 1, 1 GeV respectively, and >15 GeV in total

Strategy:

* Loose pre-selection

e BDT to reduce background

e Event categorization and m(3u) fit
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T = uup results

HF: B (T = uuu) < 3.4 (3.6) x 108 obs (exp) @90% CL
W: B (T = uuu) < 8.0 (5.6) x 108 obs (exp) @90% CL
HF and W analysis combined with the previously published 2016 CMS result

Result still dominated by statistical uncertainty

Comb: B (t = uuu) <2.9(2.4) x 108 obs (exp) @90% CL
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