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Outline (2)

» LHC & the ATLAS Detector
» The ATLAS Trigger system
> (Some) ATLAS Highlights from LHC Run| and Run 2
» New particles
» Exotic states
» Quarkonium physics
» B-mesons/hadrons properties
» CP-violation measurements

» Rare decays and New Physics contributions
(e.g. B- anomalies)
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CERN & LHC (3)

» CERN (Centre Européen pour la Récherche Nucleaire)
» Founded in 1954
»  The biggest laboratory for particle physics

» LHC (Large Hadron Collider)
»  The most powerful
accelerator ever built
»  First pp collisions in 2010

Universita di Roma

Genova, 02/12/2021



SIS

LHC - B CERN
Pl == ATLAS ALICE
Point 1 %Point 2

CMS
Point 5

Universita di Roma

Genova, 02/12/2021

Tor Vergata



The ATLAS Experiment  (5)

. » ATLAS (A Toroidal LHC Apparatu$)
»  “The Physics Giant”
>  44x25 m, 7000 t

! » A multipurpose detector to find new particles and measure the
| properties of well-known particles

Muon Detectors Tile Calorimeter

Liquid Argon Calorimeter

Toroid Magnets Solenoid Magnet SCT Tracker Pixel Detector TRT Tracker
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Integrated luminosities (s)

»  ATLAS collected data from 2010 to 2018 at a centre-of-mass energy
Vs =7,8and 13 TeV
> Run 1 (2010-2013) > 49fb' @ 7TeV + 20.3 fb-! @ 8TeV
> Run2(2015-2018) > 139 fb' @ 13 TeV
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Typical B-physics signatures

> B-physics signatures at hadron colliders are mainly made

by:
» Low transverse momentum (P;) muons = Tracking
system + muon system

» Tracks in the Inner detector = Tracking system

» Rarely photons/electrons =

» Trigger these events is complicated due to low thresholds
in muon P+ = Incompatible with bandwidth constraints at

high luminosity

» In addition ATLAS (and CMS) does not have specific
detectors for particle identification = Kaons, pions, protons
are all “just” tracks
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Trigger system in ATLAS: Run1 (o)

Overview Trigger System

¢ (proton - proton)
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Selection of rare events (R ~ 103 Hz)
out of extremely high background
(R = 10°H2)

Realized in a multi level trigger:

Hardware
LVL1: muon and calorimeter signals used

for "Regions of Interest”
stop data acquisition (75 kHz)
Software

LVL2: LVL1 candidates used to find physics

objects as e, y, M4, T, jet, b-jet

or E;™s with reduced event infor-

mation within Region of Interest

starts the read-out (2-3 kHz)

Software

EF: full event information, fast data

analysis

storage after filtering (300 Hz)
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Muon-trigger system in ATLAS

Algorithm:

TGC 3

RPC 1
TGCEI low pT
[ Yl
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Resistive Plate .
Chambers (RPCs) * deflection depends on muon py

» programmable width of 6
coincidence windows determines the
prthreshold.

« MuCTPI collects information form RPC and
TGC triggers does overlap removal.
Sends results to the CTP for LVL1 event decision

End-caps: 1.0< |n|< 2.4
Thin Gap Chambers (TGCs)

Detector too big to be readout completely at L1 =>Region of Interest (Rol)
i.e.a region of the detector where something “interesting” happened
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Triggering events in Run 1.. (1)

» Two approaches based on
iInstantaneous luminosity:
» TrigDiMuon algorithm — low
luminosity periods
» Seeded by a single muon Rol
» Look for Inner Detector track in -
the Rol and extrapolate to
Muon Spectrometer
» Efficient for low-P; J/%Y but high
rate.
» Topological algorithms
» Seeded by two muon Rols
» Lower rate but less efficient for Signatures looked at:

 Extrapolate to muon
system and search for hits

IOW'PT » Jpsimumu: 2.5-4.3 GeV
» Primary trigger in most of » Bmumu: 4-8.5 GeV
Runl » Upsimumu: 8-12 GeV
» Dimu: 1.5-14 GeV,
Universita di Roma prescaled
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..and in Run2 (12)

» Topological trigger!
» Use info on PT, n and ¢ of the muon ROls to build topological di-
muon quantities (inv.mass or AR):
> Efficient way to reduce bandwidth usage keeping the signal
efficiency high
» Gain up to a factor of 3 in di-muon background rejection!
» Baseline for 2017 data\(with MU4_MU6 and 2MU6 thresholds)

T
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Events / 40 MeV

New Bc meson excited state

* BH(2S)—= B m (BE—Jlw(— up)TTE)
* Both 2011 and 2012 data with a combined significance 5.2 T
» Consistent with second S-wave excitation of B,
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http://journals.aps.org/prl/abstract/10.1103/PhysRevLett.113.212004

New particlelll

* Observation of the new state Y,(3P)—=Y(15,25)y

* First particle in the LHC
. Cﬂnﬁ FI'T'IEC' h}'r Dther Experi ments Observed bottomonium radiative decays in ATLAS, L = 4.4 6
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Exotic states: pentaquarks!

» Baryons and mesons are made of respectively by 3 quarks and a
quark-antiquark pair qq
» Can baryons made of 5 quarks and mesons made of two qq pairs
exist?
» In principle yes! They do not violate any symmetry....
» LHCb first and then ATLAS found evidence of the production of those
strange particles..

> By looking at the AY >)/WpK =" 2D
decays in 2015 LHCDb claimed the ol '
presence of new states in the J/Wp — background |

sub-system invariant mass e

» m(}J/Wp) not compatible with
a 3-body decay
» The first firm evidence of a
particle made of 5 quarks: the

800 —

600 —

400 —wﬂ il

weighted candidates/(2 MeV)

(4440)" . (4457)"
Pentaquark! 4312
. . — 200 —
» Quark composition: duucc
» Spin-parity |": /4" for Pc(4312) 0
Universita di Roma 4200 4250 4300 4350 4400 4450 4500 4550 4600
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Exotic states: tetraquark! (1)

» Baryons and mesons are made of respectively by 3 quarks and a
quark-antiquark pair qq
» Can baryons made of 5 quarks and mesons made of two qq pairs
exist?
» In principle yes! They do not violate any symmetry....
» LHCb first found evidence of the production of those strange

» The first evidence of a particle
made of 4 quarks: the Tetraquark! 10

ﬁ_ ----- i y
b ,@{m+ﬁ+ﬂ+++++ﬂ+ﬁ % *ﬂ +H t g

particles..
L S p .
> In 2021 LHCb claimed the = mf_ LHCh 3%
presence of new states in the S F 9fb! =
D°DO7t* sub-system invariant ‘;3 S0F { 3 ] T :
mass & 01 g .+ +T*+ +i
> m(D'DOntt) not compatible mf_ = .ll’._ij'l”.”; SN
with a D°D%* decay f -
20F E
: :
| 3,

» Quark composition: ccud 0 t

. . P. 1+ C T L ;
» Spin-parity |™: | o o T .
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% http://arxiv.org/abs/2109.01038
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Exotic states: pentaquarks!

> ATLAS looked at the A >J/WpK decay as well to confirm/reject the
LHCb evidence

> Reconstruction of both A) and J/Wp invariant masses more
complicated due to the missing particle identification -

. : e !
Combinatorial background difficult to treat! ATLAS-CONF-2019-04

> _I T | T T T T I T T T T i > J T I T T T I T T T | I lllllllllll ]
g L ATLAS Preliminary E /[\)fijwpl( - § - ATLAS Preliminary : TD:::, signal ]
© 1000l Vs= 7.8 TeV; 4.9, 20.6 fo’ [ A sdipK refl, Q 300[Vs=7,8TeV; 4.9,20.6 b ] Combinatorial BG_|
- C b ) i o L [ By—=J/yKn 7
@ - (] Combinatorial BG | P [ 5.59 < M(J/y,p,K) < 5.65 GeV B B Jhyn
c = [ By JdiyKn B c 0
£1000— [ B.—JivKK ] @ 250~ B B,y
g L sy - Lﬁ r I B.—J/yKK ]
C B B,—Jrynn ’ L ARJpA* + refl.
— [ B.>Jdiyan i C — Ap=PK
800— = 200— - AE—)PGK refl.
7 C Ap—P K
600 i ] 150 — — AP K ]
4001~ -] 1001~ -
200 o 50— =
0_ 1 1 1 1 I 1 1 1 1 I 1 1 : E
54 55 56 5.7 5.8 59 0

5.2

M(J/y, p, K) [GeV] M(J/y, h=p) [GeV]

» The fits prefers the hypothesis of 2 pentaquarks with masses
compatible with LHCb ones
e a e INO PQ hypothesis excluded with a p-value of 0.9%
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Quarkonium physics

» Quarkonium is the generic definition of a bound state
made of a quark-antiquark pair of the same flavour

» Notable examples: J/V¥ (charmonium) and Y (bottomonium)
» Masses: 3.097 GeV and 9.46 GeV (ground-state)

» The J/¥ can be produced at LHC in two ways:
» Promptly (i.e. from the main partonic collision)
» From the decay of B-hadrons (e.g. B* - J/WK™)

Y =
» The Y can be produced only = [ ATtAS < ]
promptly (i.e. from the main < BO0F vs-7Tev oo ey ]
partonic collision) £ 150 Jra-rem v(@S) i~ 127Mey
» Present in several } Y9 o m oIy
. . 100
excitation (due to angular :
momentum) 50[

08 9 10 11

Phys. Rev. D 87, 052004 (2013)  m,, [GeV]
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https://prd.aps.org/abstract/PRD/v87/i5/e052004

Quarkonium physics

» Both decays are reconstructed from the invariant mass of
two muons
> Inclusive and differential cross-section (vs P+ and Y)

» Crucial to compare them with theory
» Both prompt and non-prompt (i.e.from B mesons decay mainly)
components measured for J/¥

% 105 ' ATLAS Préliminary ‘ ths. ReV. D 87, 052004 (2013)
% 10t o= Non-prompt J/y Cross-Section 5 T i TR N AN AR O I R R
':'b‘ R § 10 <12
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3 10 —— . - =5 g, 0000
> e e . T ke, 0
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@ data x 10%, 1.50 < [y| < 2.00 +—e= e _
10 Idata x 101, 0.75 < ly| < 1.50 E i,
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https://prd.aps.org/abstract/PRD/v87/i5/e052004

W+J/¥ associated production ()

> Interesting to study the QCD at the border between
perturbative and non-perturbative regimes.
» W+|/W can be produced via two mechanisms:

» SPS (Single Parton Scattering)

» DPS (Double Parton Scattering)
» The J/V¥ is reconstructed in the di-muon decay while the W in
its leptonic decay (electron/muon)
» SPS contribution extracted from data after subtracting the DPS

(uncorrel:ited) component JHEP 01 (2020) 095
3 ?‘pp—>pronl"|pt.J/1|If+Wli:p;p—‘>V\‘Fl f —
10*5§ ATLAS 4 _Dawmzm2 -

e
50 ATLAS
u Vs=8 TeV, 20.3 fb™

Events / (n/12)

; g 5] spin-alignment uncert. ; C pp— prompt J/W + Wi
; D_'_ r 6 3 b @ DPS and theory uncert. _| 40 [ Data
=6. i . *
‘:‘S_ D10 6 %@% Geff m Estimated DPS (:onlr'll:l._E C DPS (SE"=B.3 mb
= E NLO CO SPS Prediction J DPS o_,=15 mb
ol r . - - Pile-up
=107 = s = 30 == Uncertainty for c,,=6.3 mb -
= E .\\\\\+\\\\\ 3 [ [C—3 Uncertainty for =15 mb

10—9;g T é 10:_ { } + } +
E  Vs=8 TeV, 20.3 fb™ ] C |

10_10:€ 2 s :l
B |yJ/l|’|< o 3 O— \

—11 1 1 1 L L L 1 M R
" o 20 30 40 50 107 0 05 1 15 2 25 3
Universitad di Roma pi"” [GeV] A(I)(.J/\V,Wi)

NLO CO model does not describe well data at high PT(J/V)
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B+ production cross-section

» Look at B* /WK™ > yuK*
» B+ cross-section up to P; of 120 GeV
» Differential cross-section vs Pr and n

» Comparison with theoretical predictions:

» POWHEG+Pythia agreement

» FONLL good agreement

» MC@NLO has:
» Lower cross-section
» Softer P; spectrum for low |y|
» Harder P~ spectrum for lyl > |
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http://link.springer.com/article/10.1007/JHEP10(2013)042

Bc/B+ production cross-section

»Bc meson is the heaviest known meson s T
»>Its dynamics are still under investigation
» No data from B-factories
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Phys. Rev. D 104 (2021) 012010
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https://link.aps.org/doi/10.1103/PhysRevD.104.012010

B-mesons lifetime

Hard fragmentation of b quarks xz~ 70%
High mass mz~ 5 GeV
Lifetime of B hadrons:
ct ~ 470 um (mixture B*/BYB,) , ~ 390 um (A,)
for E(B) ~ 50 GeV, flight length ~ 5 mm, d, ~ 500 pum /

=» Spatial tagging:
Signed impact parameter dO
of tracks (or significance)
Secondary vertex , a,>0

Proper-time t :

7z et
/ ..... —
y P t = LXYmB/PT,B
Universita di Roma ..,/.'/

= X
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A%, lifetime measurement

> Look at N0, —J/P(p+p-)A°(pT-)
» Lightest baryon with b-quark
» Not tested at B-factories (too heavy)

» 4 charged tracks pointing to a secondary vertex

» J/¥Y and A° mass windows used
» Simultaneous fit of mass and lifetime

» To reduce the systematics, measure of
R=1(A,)/t(B,) where B, —J/W(p+p-)K (Tt+11-)
» Value 0.960+0.025(stat)+0.016(syst) is:

» Between CDF and DO measurements

» In agreement with heavy-quark expansion and NLO QCD calculations

> __I T T T T | T T T T I T T T T
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CPV in Bs 2 J/¥o®

»Interference between mixing and decay Ar

B, f
Mixing: g/, -
g:q/p _ A;
BS

(.'}
= I
C
o AL |
{ oM =2, =-2arg| ——= | =-0.04 rad

—4\ ' V.V.
} T 01 o

Small CPV phase in SM = Ideal place for New-Physics!

» Essential ingredients at hadron colliders:
» Good time (spatial) resolution to measure the oscillation accurately
» Flavour tagging (i.e. distinguish the “Bs side” of the event )

Same side
proton anary vortex ' Opposite B proton  Vertex-charge
\ tagger from
inclusive vertex
WP omostoraon  IUONS, electrons and
tagger .
Universita di Roma ]ets used as taggers
Negative lepton

Opposite side taggers (e-,p") Positive leptons

from b-quark from b-c-I cascade
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Bs 2 J/¥® amplitudes @

|A0|2(t) = |A0|Qe_rst[cosh (%t) — cos ¢s sinh (%t) + sin ¢ sin(Amt)],
|4 B = |Ay |2e~Ts*[cosh (%t) — cos ¢s sinh (%t) + sin ¢s sin(Amt)]
AL (®))> = |AL|*e Ts*[cosh (%t) + cos ¢s sinh (%t) — sin ¢s sin(Amt)]
AT — It . . AT
(A ) ALE) = |A)llALle™ =" [~ cos(d — J))sin ¢ sinh Tt
—cos(8; — 6_||) cos ¢s sin(Amt) +sin(d — §) cos(Amt)],
’R(Aa(f) A” (t)] = |A{)||AI| |e-Fsi CO\S((SH — 50)[(:05]:1 (%t) — COs qﬁs sinh (%t)
+ sin ¢s sin(Amt)] ,
%‘(Aa(t)AJ_(t)) = |Ao||ALle T [~ cos(6,. — d0)sin ¢s sinh (gt) Llfe easier for CP
2 eigenstates (e.g. J/Wf0)
—cos(d) — b0) cos ¢s sin(Amt) + sin(d | — do) cos(Amt)],
As()?2 = |As2e T=t[cosh (%t) + cos ¢4 sinh (%t) — sin ¢ sin(Amt] Only term for f=fcp
RAT@DA () = A4 le~Tst[— sin(d; — ds) sin ¢ sinh (%t) —sin(d) — ds) cos ¢ sin(Ami)
+cos(d) — d5) cos(Amt)]
J(AZ(HAL() = |As||ALle Tstsin(6; — 85)[cosh (%t) + cos ¢ sinh (%t)
— sin ¢ sin(Amt)],
" of 4 et L (AF )
R(A(t)Ao(t)) = |As||Aole™ =*[—sin(dp — &) sin ¢ sinh Tt

—sin(dg — ds) cos ¢s sin(Amt) + cos(dg — ds) cos(Amt)] .
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>

Universita di Roma =

Bs 2 J/¥Y® measurement

https://link.springer.com/article/10.1 140/epjc/s10052-021-0901 1-0
» Flavour tagging calibration done

using B* 2 J/IWK~*

Information on B™ flavour
extracted from the kaon charge
Flavour tagging probability affect
significantly the precision on the
extraction of the parameters
Total tagging power: 1.75%
Angular analysis with 10
amplitude functions is done
(/YO is not a CP elgenstate”)

Candidates / 5 MeV
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20k E
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10— =
sE- =
O E
= 2 =
& 1k 3
14 0OE
—1E =
—2F =
—3E
3E
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e L L B ]
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3501 {s=13 TeV, 80.5 fb " =
300F- s =
250:_ = = = = Combinatorial background_:
c B -oex ]
200 N . —
- - BToJ/iyn .
1501 E
100/ =
sOf TTTTTTRTmeeeeel® ;
.
5 5.1 5.2 5.3 54 5.5 5.6
m(Jy K¥) [GeV]
Q 107 p= . bota
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= --=- Background
& 10° -.- Prompt J/y
10"
10°
10%
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= 1E
8 0E
I
732—
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52 5.25 5.3 535 5.4 545 5.5 555 5.6 5.65
M yo) [GeV]
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Bs 2 J/¥Y® measurement

https://link.springer.com/article/10.1 140/epjc/s10052-021-0901 1-0

» Extract the 10 parameters from a global simultaneous fit to the various
distributions (mass, angles, etc )
» Focus on three parameters:
» [ (decay width)
» Al (difference of the widths) 777 === n.}_l

¢ rest frame

» &, (the CPV weak-phase) e
Jhy rest frame
,—';‘ T T T T T T ' ' " J i —_ T ‘ T '
o - ATLAS ----Run1,7 and 8 TeV, 19.2 fb™' - ‘n
k=" ATLAS
2012 5=7,8,13TeV 13 TeV, 80.5 fb” 1 So12f 5-7 8 and 13 TeV
< | 68% CL contours — Combined 19.2 + 80.5 b’ 5 L CMS. JIyKKE 1161 o $=7,5 an eV .
— SM prediction 68% CL contours
0.1+ . 0.1 .
! R : b LHCb, J/wK'K, 4.9 10"
0.08- !._‘ _‘f' ) 0.08-— LHGb, all channels, 4.9 fb”
0.06- \/ ] 0.061 ATLAS, J/yK'K,99.7 b 7
L | L L h | L L L | L I ' | L L 1 | L " L | ]
-0.2 0 0.2 -0.2 0 0.2
¢ [rad] ¢, [rad]
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Rare decays

Similarly to AF=2 mixings, rare decays mediated by Flavour Changing Neufral
Current (FCNC) amplitudes are useful probes for precision tests of flavor
dynamics beyond the SM
’ b __ s
= N,

-

/

o i new B
® No SM tree-level contribution Rdof
/
@ Strong suppression within the SM because of “r
CKM hierarch : ]
| o o Coy, [ w
@ Predicted with high precision within the SM -
at the partonic level: NNLO pert. calculations
available for all the mamn B modes (my, > A,
@ The key point 1s the relation between patonic & hadronic worlds
~ N
Fully inclusive decays Exclusive decays
usually good precision thanks generally more difficult than inclusive,
to heavy-quark symmetry with some notable exceptions:
Ib—sy) "%, ITB—X,y) B — (0, K, K"+ put

Universita di Roma

B(s) > wu”
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Bs,d2>uy BR measurement @

» Rare but clean decay suppressed by FCNC in the SM
»>BR(Bs>up) = (3.66 = 0.14) x10?
>BR(Bd>pp) = (1.03 £ 0.05) x10-1
» Three suppression factors:
» FCNC processes forbidden at tree-level
» CKM elements (V V)
» Helicity suppression (0 state going into two fermions)
» Sensitive to New Physics contributions through loops
» Disclaimer: deviations from this value can be interpreted as
“hints” that some NP is out there, BUT no deviations doesn’t
mean no NP!

c Bg + ot d Bg —
b u* b
0
BY Z B (W2
W
s u s
e BY —, f BY -
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https://link.springer.com/article/10.1007%2FJHEP10%282019%29232

B; 42Hp BR measurement: state-of-the-art @

» Measurements by CMS and LHCb:
BR(B,2>pp) = ( 29157 +0.2 (frag.)) x10? (CMS)
BR(B,>up) = ( 0.8+14) x10°1° (CMS)

BR(B,> uy) = (3.09+446+0.18) x10-? (LHCb)

0.43-0.11

BR(B,~>pp) = (< 2.6) x1019 (LHCb)

» Analysis strategy:

Hadronisation probabilities
b

_ — - u l
B(B), = u™ ") = N(B,, = u 1) x [B(B® = JWWK) X B — )] x fu_ o
fs /d D norm
Dnorm — Z Njf}'ti‘l{iwk (:,U i )
Number of Bs/Bd events % ETIWK= ]

/

Trigger categories
and luminosity
prescales™

from an unbinned ML fit to
m(p) distribution
Reference channel: B*2>)/PyK*
Extracted from an unbinned
ML fit to m(pupK*) distribution

Universita di Roma
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https://link.springer.com/article/10.1007%2FJHEP04%282020%29188
http://arxiv.org/abs/2108.09283

Backgrounds (33)

» Main backgrounds for the measurement:

» Combinatorial background:
real muons coming from the
decay chain of b and b initial
quarks

» Partially reconstructed B
decays: real muons coming
from B =2 pp+X decays

»> “Peaking background”: I
Bs/Bd = hh (where h=m,K) “" %
decays when both hadrons
are misidentified as muons

» “Fake muons”: 11, K misidentified as muons fulfilling the muon and
vertex selection criteria.

dﬁm Present in partially reconstructed (e.g. B> phX) and in the
“peaking background”.

r~ 1T
ATLAS Simulation
s =13TeV, 26.3 b o wwx

- B, decays

|:| Semi-leptonic decays
CLEn

B° - ut

10°

Events / 40 MeV

102

10

N |
5200 5400 5600 5800

Dimuon invariant mass [MeV]

B orcato Genova, 02/12/2021



Combinatorial background

» Real muons from semileptonic heavy-
quark decays

Displaced
Tracks

> Dominated by bb 2 ppX decays Secondang
» Largest background component. Jet ¥,
> BDT is applied (c-BDT) to reduce its \}.’d'
contribution 4\
» B-meson kinematic

» Secondary vertex displacement (L
» Properties of muons

> Rest of the event (X2 w.r.t other J n
vertices, B isolation...) b cé
b ",

: S
M . . @' @_ﬂ______.
» Signal efficiency: 54% :
» Background reduction: ~10? Semal Sacground (bbar ' )

Xy’ do ) Jet
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B, 4 ?uH BR measurement @

» BR extracted w.r.t to a well know high statistics reference
channel (B* = J/yK™) = reduce systematics

» Blind analysis

» High reduction and control of the backgrounds (both from
fake muons and combinatorial)

» Simultaneous fit for the two channels in the di-muon invariant
mass in 4 BDT regions (with different S/B ratio)

70| T ] T T T T T [ T T T ] T T T [ T 7T

% L I_ % 1841 T T T ‘ T T T T T T I T T T ‘ T T T | T T i
= - ATLAS *  2015-2016 data ] = 16 ATLAS *  2015-2016 data E
Q 60 ys-13Tev,26.31b" Total ft = = fs=13TeV, 26.3 fb" — Total i .
& v 0.3312 < BDT <= 0.4163 — - Continuum background 3 o 144 0.4163 < BDT <=1 — - Continuum background —]
g sor b — p* o X background (JC.) o b—ptpu X backgroundj
Ll-’] 40:  Peaking background _: Li i A R Peaking background .
C - Bl 5w pw+B sptyp g 10 A T Bgﬁllfur"'Bo—’J—l*H'?
30 = 8 E
- ] 6 =

20— ]

- ] 4 \

10 =
= PR NLIVIUSTE i AL |
Colmt s ...--" ‘nnk::...\ ”"'"'ru loy _ O Ltttabimtii 6 L —N

%-800 5000 5200 5400 5600 5800 4800 5000 5200 5400 5600 5800

Dimuon invariant mass [MeV] Dimuon invariant mass [MeV]
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BR extraction
> Likelihood contours in the BR(B, 4 ) plane

cl.')_' [ T T T T I T T T T l T T T T I T T T T I T T T T I T T T T I T T T T _|
o 1.2 ]
- - ATLAS 2015-2016 data .
=) 1 -
n [ Run 1 + 2015-2016 data -
= — -
T 0.8 — T e Likelihood contours for 7]
CED 0.6 [ o TS - 2 Aln(L) =2.3,6.2,11.8 ]
o - = ]
0.4 =
021 o

0 [ B ‘."\L L1 1 ;\'I \I Lo |

_0-2 __' R | .‘I’\:\‘.I | I |-\|\_—‘

0 2 3 5 6 7

B(Bg — u* ) [10°°]
BR(Bs) = 2.8708 x10- (stat. £ syst.)

BR(Bd) < 2.1x10°'° (95% CL)

Universita di Roma

Genova, 02/12/2021



ATLAS+CMS+LHCb combination  (37)

> Effort to combine the three measurements
» First ATLAS+CMS+LHCb combination!

» Effective B, >y lifetime CMS+LHCB combination
included

» Combination of the three likelihoods
» Measurements dominated by the statistical uncertainty

PR ATLAS CMS LHCb ISummer 2(?20 _ 160 CMS LHCb Sunllmer 2020 _
ci;: - Preliminary E E . Prehmmary .
= 0s5F 2011-2016data 3 < 145‘ 2011 - 2016 data E
™ . ] I 12F =
i 0.4 3 E lof- E
T 03p = 8 =
X gaf E oF E
a " 4F =
0.1 é— = 2 E— _E

01 : 4 5 00 R

BB — ) (107) Tho s o ps]

Note the 2.30 “tension” w.r.t. the Standard Model prediction...

Universita di Roma
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The “flavour anomalies” puzzle

» Most intriguing (and compelling) set of measurements suggesting
a deviation from the SM predictions:

» In the last 5 years several measurements showed a disagreement
with the SM predictions

» Main characters:

> b~ oﬂtransitions

e Flavour Changing Neutral Current (FCNC) b — s(d)I*1~ decays, such as
BY — K*9u* i~ are forbidden at tree level in the SM

b t S b t S b
W= Wt g H™ < S
)

» Test of the Leptonic Universality (i.e. electrons and muons have
the same couplings? )

Universita di Roma
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[C——
[C—
C
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The “flavour anomalies” puzzle

» First evidence: the angular analysis of several decays of B mesons
into a strange meson and a muon-antimuon pair
> BO >K¥Km)utpu~
> B*>Kutu-
» B >®(KK)u u~
»  All these decays can happen through the J/¥ but the interesting
region is away from the resonance (i.e. non-resonant region)
» The decay amplitude can be written as a function of three angles and
the invariant mass squared q?2 of the p*u~ pair.

» A fit in the four variables allows to o
extract helicity amplitudes that can be pt
translated into Wilson coefficients %ﬁ BY N6
and/or optimised variables P; \ \\\
O! N . . —
I :LsM+ Wilson coefficients 1% .

i NP \
> P/ less sensitive to form factor

uncertainties at leading order.

Universita di Roma
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“flavour anomalies” puzzle

EWLCSR Lattice —-Data ENLCSK Lattice —-Data 20 ENLCSK Lattice —-Data
L B B R B B B B B B B S B BB | & LR B L R B AL R B L AL L a5 B B L L I AL BELEL
B'— K E s B =K uu s B =K utuw
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The “flavour anomalies” puzzle

» These deviations were found in the di-muon final state.... Do
we see the same also in the electron channel? And what about
the tau channel?

» ldea: measure ratios between the two channels!

» Strong reduction of the theoretical uncertainties
» Define R(K,K*) as the ratio between BRs in electrons/muons

> Define R(D,D*) for the charged current processes B>Dfv

E _I T T T ] T T T T ] T T T T ] T T T T ] T T T T [ T 1§ T T I—
- , Banr o 2 - [JHEPQ8 (2017) 055, 3 fb1]
E 0.1 = g2 =812 GeV-/c £‘ 1.0 ISR = S DR SRR S S i
N , Belle i N
1.0 < g2 = 6.0 GeV3/¢? 0.8 n 0
LHCb 3 fb! S b} } ¢
11 < g?= 6.0 GeV¥/ et S B ® LHChH 3
Z BIP ]
LHCb 5 fb! 04} v CDHMV ]
: 1.1 < ¢* < 6.0 GeV?/c* _ BR(B to K*QE) = ﬁc;S _
LHCbO fb! 0.2 ‘ g € flav.io
- i 1.1+ Eb s.of!?e\'-‘ ot [ LHCb — R (K ) e JC
L ] 3 3z M M I ¥ 1 1 N ] M M U[) ~1 { AN T N O Y WART NG GO N Cy T M N L I M S G M WY O ko TR LAY 2 Y |
05 ] 1.5 0 1 2 3 1 5 6
Ry ¢’ [GeV?/cH]
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The “flavour anomalies” puzzle

» If one puts together all measurements involving b = sl
transitions the significance of the deviation from the SM is
between 3 to 40 ...

> ... and similarly for the B>DIV transitions...

arXiv:2103.12738 [hep-ph]

2.0 ~ ——
% C T | T | ]
e, B HFLAV average sz =1.0 contours |
1:5 e M o04- -
T C BaBarl2 1
1.0 ol - 035 — —]
- - -3 [ 3¢ ]
-2 o L. 5 C LHCb18 ]
Q 0.5 . D - .- 03 =1 o~ — ]
o .- £ \, ]
00— ————= - xSM . \-P,mm(’, Bellel5 =
————Clean Fit C a
. r Bellel7 n

O ) 5 02— +Average of SM predictions HFLAV
- R(D) = 0.299 % 0.003 |__Spring 2019 |
~1.0 B | IR(D’):().ZSStO.OOS | lp(x2):27% a

-2 —1 0] 1 2 02 0.3 0.4 0.5
% R(D)
SCH

» And not to forget the muon g-2 recent result...
» More measurements (and theoretical calculations) with higher precision will
be done in the next years to confirm or deny these deviations!

Universita di Roma
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R(K*) in ATLAS ??

» Target B— K*ee

» L1triggers: new topological triggers which
look for a pair of soft electrons with low
mass, or a soft “jet” near an electron (the jet
assumed to combine two electrons)

- toreduce rates also require additional muons
from other B hadrons in event

* Software HLT dielectron low-mass triggers:

- some seeded by the L1 topological triggers

- also triggers that look at all events accepted by
the L1 - very powerful

» Deployed mid-2018, ran for ~ 40 fb!

ATL-DAQ-PUB-2079-001
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Conclusions & outlooks

» Highlights in flavour physics by ATLAS from Runl| and Run 2
data analysis have been shown

» The ATLAS programme in flavour physics is quite rich and
cover a good portion of the most interesting topics in the
domain

» ATLAS is competitive with LHCb (despite the different
performance and environment) in few channels. Among them:
» CPV with the analysis of the Bs = J/W® decay
» Measurement of the BR(B, 4 2 uu) rare decay

» New measurements using the full Runl+Run2 statistics are
ongoing: stay tuned!
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Flavour in the SM

Particle physics 1s described with good accuracy by a simple and economical
theory:

““'“/SM - ﬁyi;ﬂuge (‘4‘3.'- ll)'l) T J}—Ii_ﬁé’i(d)’ A:a’ ufi)

e

» Natural N éme =

W+ LDy,

IL"'r
"—“’ a

» Expermmentally tested with
high accuracy

@ Stable with respect to
quantum corrections

» Highly symmetric: | | SU(3)_»xSU(2), <U(1), local symmetry

~Global flavor symmetry
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Flavour in the SM

Particle physics 1s described with good accuracy by a simple and economical
theory:

“/_/SM - “yéauge (‘;‘Ia’ lljl) t JE‘IIE"—’ (d) a’ 11“

d |

@ Natural ® Ad hoc
» Experimentally tested with @ Necessary to describe data
high accuracy [clear indication of a non-invariant vacuum]

weakly tested in its dynamical form

@ Stable with respect to
quantum corrections @ Not stable with respect to quantum

_ _ corrections
» Highly svmmetric

@ Origin of the flavor structure of the model
[and of all the problems of the model... |

Genova, 02/12/2021



Flavour in the SM

-“}/*?-.\fl B “;;auge (Aa-‘- W1) T~ Hiﬁga(q) A wl
|

L 3 1dentical replica of the basic fermion family
v =0,.u,d, L,. e,] = huge tlavor-degeneracy

T 1 11 Vv
zW:QL-ffR-ffR-iL-E?R 2. WiIDWi QL:[ L}-. up | dp, LLZ{ L}, ex

‘Within the SM the flavor-degeneracy 1s broken only by the Yukawa
interaction:

Oy gk Jiarik 7k
in the quark Op ¥p'dg' & + he — dp Mp" dg” +..

sectlor: k

0, }'[_-"""_ an b, + he — i *.-Ur__."""_ g T ..

Universita di Roma
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Flavour in the SM

The Y are not hermitian — diagonalized by bi-unitary transformations:

Ty 77, = i ~ .
Vp Y, Up = diag(yy,, v.. ) = 27 mg, mg,

Ve Y, Up = diag(v,,y.. ) T ($y 174 GeV

The residual flavor symmetry let us to choose a (gauge-invariant) flavor basis
where only one of the two Yukawas 1s diagonal:

i : |

Vp = diag(v,.v;.,) V' = V X diag(y,.v,.v,)
] - . or

T, = V7 X diag(v,.v..v,) Y, = diag(v, .v..v)

> unitary matrix

O v, ds" & — df MJ" dgF + . M, = diag(m .m_.m,)

— I v ik k — i 3 ik i 7 = YT ;
O ' Y M ugt ¢, — up” M upgh + . M, = V7 x diag(m,.m_.m,)

To diagonalize also the second mass matrix we need to rotate separately u; & d;
(non gauge-mvariant basis) = V appears in charged-current gauge interactions:

Jo = up yhd; — up Vytd,;

Jnivers | Cabibbo-Kobavashi-Maskawa
(CKM) mixing matrix

Genova, 02/12/2021
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CKM Matrix (s1)

Jo' = mpytdy — g Vytd,

‘ Cabibbo-Kobavashi-Maskawa

(CKM) nmuxing matrix

V Vv
td us ub
— i —
V w_ =1 V CKM Fm’ Vc.s: Fcb
_ | v td V.f.'; Fr& |
The SM quark flavor sector 1s -
described by 10 observable parameters: ® 3 real parameters
(rotational angles)
* 6 quark masses ¥
# 3+]1 CKM parameters @ 1 complex phase

— (source of CP violation)

Note that:

 The rotation of the right-handed sector
1s not observable
# Neutral currents remain flavor diagonal
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CKM Matrix properties (52)

7 7 4 +
ud Us / ub VC}LM VCKM =1
Verr = Ve Ves Ve ‘
v td 4 Is 4 th _
The b—d UT triangle:
Experimental indication V.V, Vo Vot ’frb::: V., =0
of a strongly hierarchical ‘ o o f
structure:
i : 7 LI SO
1-2%/2 Lo A (p-in)
-k 1-022 A2 ¢
1 . n D \ f B [
AR (1-p-in)  -AN 1 0 | el
- - P
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CKM Matrix properties (53)

Nuclear [} decay K— nlv
—] Once we assume unitarity,
J Y i iV the CKM matrix can be
, completely determmed
')**hﬁfh Hipretely Celetll
using only exp. mnfo
e f— Dy from processes mediated
' by tree-level ¢.c. amplitudes

- ¢ —shv
v+d—c+]

Excellent determination (error ~ 0.1%)
Very good determination (error ~ 0.5%)
Good determination (error ~ 2 %)

Sizable error (5-15 %)

Not competitive with unitarity constraints

[V
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CKM Matrix properties
The only CKM elements we cannot access via free-level processes are I/, . & 7,

\

Loop-induced amplitudes:

AF =1 FCNC AF=2 (neutral-meson mixing)

bis) . s b (s) s (d)

q, =uct

/ s (d) b (s)

GIM mechanism
| large top-quark contribution: 4 ~ 111t2 V. ,q:"' V]

« Rare B decays ¢ By~ By nuxing

: Slaia - |

[B— Xy, B—=KOIT B 4—IT,..] ¢ K- K? mixing
* Rare K decays
[ K— mwy, ...]
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CKM Matrix properties (s5)

The only CKM elements we cannot access via free-level processes are I/, . & 7,

\

Loop-induced amplitudes:

AF=2 (neufral-meson mixing)

antibottom antistrange b (‘S) &) (‘0
quark quark YaYaVvaviv.y
q =uct
antitck)p antitap u
quar quarl LAAAAN
g @ b (s)
strange antistrange
quark A‘\quark . .
GIM mechanism
| large top-quark contribution: 4 ~ 111t2 Vig Ty ]
« Rare B decays ¢ By~ By muxing

A DI e

* Rare K decays
[ K— mwy, ...]
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CKM Matrix properties

7 7 4 +
ud Us / ub VC}LM VCKM =1
Verr = Ve Ves Ve ‘
v td 4 Is 4 th _
' ' The b—d UT triangle:
Experimental indication V.V, Vo Vot ’frb::: V., =0
of a strongly hierarchical ‘ o o f
structure:
i : 7 LI SO
1-2%/2 Lo A (p-in)
-k 1-022 A2 ¢
1 . n D \ f B [
AR (1-p-in)  -AN 1 0 | el
- - P
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CKM Matrix properties @

At the moment, all measurements are compatible and consistent
each other and confirm the success of the CKM picture

1-5 T T T T I T T T T T T T |€ - — —
I~ | eschuded area has CL= 0.95 | ’3;; 1= [ UTfif I Y )/\ .
H B | > X md
L N b 1_ Summeri4 \ Am,
1.0 — ' % Amy& Amg S St
0.5
05 -
I= o00F 0
- o B
- |Vub| o 4 B
-05 — : — —
L : g -0.5—
=-1.0 N EK - :
r % 'Y sol. wicos 2h<0 -1
= Summer 14 {excl. at CL=0.95) - -
-1-5 L 1 1 1 1 | 1 1 1 1 | 11 1 1 | 1 1 1 1 | 1 1 1 1 | 1 1 1 1 C1
-1.0 -0.5 0.0 0.5 1.0 1.5 20

And the agreement is even more impressive if one consider also
other measurements (like Bs mixing phase) not entering in the fit.
Is there something else interesting in this area?
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Neutral mesons mixing

» Neutral mesons (K, D ,B) can transform into their own
antiparticle through 2" order weak interaction processes
» This happens because interactions eigenstates are not the same

as mass eigenstates
» Let’s focus on the Bs case (it means q is the s quark)

b th tq q

&) -5
1—| - [ =[M-1172]] =
dt | B A B’

tq tb b
H off-diagonal elements of the
mass matrix

M), =M,,

b

b cu b
q \/ q
q

g
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Neutral mesons mixing (2)

» Writing M and " explicitly we have:

B, M,-T,/2 M,-il,/2 || B
B | | Mj,-il},/2 M,-ily,/2 || B

» The mass and the lifetime of the physical eigenstates are then:

B, mass eigenstates:

mB, = (M+M,)/2, AM = M,-M,,

08

06

04

0.2

[B,) =plB°) +q|B°)

B,,) =p|B’) + q|B°)

|q?|+]|p?| = |

1/15.= T=(Ty+I)/2, AT=T,-T,

DD

1

08

Prob[D°](t) oe
almost zero? o
0.2

Bs

Prob[B](t)

Prob[B](t)
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Just found by LHCb!
Phys. Rev. Lett. 127 (2021) 111801
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CPV in neutral mesons mixing

» Given these conditions, how an eventual asymmetry would evolve?
» N.B. To measure an asymmetry, one has to identify a number of final
states f common between the particle and the antiparticle!!

Consider lran— LM =) =TM = /) \where fis a
CP eigenstate L(M = f)+T(M = f) -

Define A, =AM — ), A, =AM — f), A, = BA_f
: A,
A¢is a function of V;; in SM See Nierste
arXiv:0904.1869 [hep-ph]
2 AT AT L
I'(M— f)= Nf.|Af err[cosh ! — Re A, sinh ! —ImA, an(Aﬂm‘)]
_ 2 A" AT L
F(M — f)= Nj.|Af| e '’ (COSh L _Re A, sinh f +Im A, SlIl(AMI))
» B mesons is a good place to look at CPV but: b Voo Vi s
AVAVAVAVAYS
q _ th  td _ p-2i1p .
Bd>~ =7 .o~ ¢ —> Large CPV phase in SM Y
po | rr S Ve Vi

)
q _ Vs _ - -
Bs > = = r—rz = o ) . = Negligible CPV phase, BUT large oscillation frequency

Universita di Rorr P ‘( 4 th V:;) .
| Ampg| ~A7 | Ampg |

e21Ps
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B, > upyk*

» Similarly to Bs=> pu this channel is “clean”
in terms of theoretical calculations and
sensitive to any NP contribution through

loop effects
» SM prediction for BR = (1.06 £0.10)x10® w w H

» Additional interest on differential
distributions = Access to several variables
related to CP asymmetry of the process

» Most interesting region for NP is far from
the J/W¥ and W(2s) resonance peak in m?(up)
spectrum = Try to access experimentally to
the low m?(up) region

| =W

AT
k=1
I Agl
|
Al

CP

- — s ut —
K N ¢ B ¢ B K+
' )‘;‘\l‘l éo v'//é / B |ﬁ,“{ 7
K 0y * /

nt
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B, 2 yuK* measurement

» Full chain: B, 2 ppK* =2 puK*mr
> 4 variables describes the kinematics: three
angles and g% = m2(up)

» Experimental limitations/problems:
» Trigger > Cuts on PT(u) > 4 or 6 GeV \‘N Bd\Wh
reduce the statistics al low g2 values
» Find the two tracks associated to K/mt \\ \
» Exclude muons from J/¥ and ¥(2s) i

» 2 steps fit (before in m(pp) then in the
angular distributions) to extract Az and F|

:, Cryrr I TTTT I TTTT I TT T T I TT T I TTTT I T T 7T I TTT T} E 1_|' T T I' ™ I' ™ I' T I T I T T T I L I'J_ Ll:J 1 ™rT T I T " =TT " T I T I T I T I T I T I
g 220 ATLAS Preliminary 1s=7TeV 3 < o8 ATLAS Preliminary E 09k ATLAS Preliminary Ef:’; E
o 200F 0.04GeV’ < ¢ < 19.00 GeV? JLdt: 49M" : ] ] R
i 180F E 0.6 - 0.8t . Bele =
o c - Data E - . - .
c 160k Signal it E o4t o7k +55§b E
g e Tl - Background fit 3 0.2 —_ 0.6 =
120F — Total fit 3 0:* _: E
1005_ _ .o_zf Theory _: E
80 E i —— ATLAS ] ]
60F - 04 BaBar E E
40;_ — 0.6} {5=7 TeV - g;':f us 7TeV —_
206 ~ 0.8 ILdt:ti.Q b’ e ] : Ldt 48 ' E
4 Obl ‘5‘00&1{ I5'1U|0I I5I20bl I5I3U;:JI I5|40bl I5I50'0' I5‘60‘Q‘ I5I700 10_ ' '2' ' ;I; ' I@ ' EI; ' 1|0' ' 1|2' ' 1|4' ' 1|ﬁl ' 1Ig' ' IQT[] GO- - '2' ' ‘4 6 3 0' 2 -|4 e' Ig' ' '20
m{Knp) [MeV] ¢ [GeV] ? [GeV7]
Agg from angle between p+ and F_is the K* Iongitudinal
B momenta in the pp rest frame polarisation fraction
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http://cdsweb.cern.ch/record/1537961

Challenges for Run II

» Run Il means high energy and high luminosity > More data but more
pileup!
» Main work now is on the trigger: low-P;+ muon LI triggers used in
Run | will not be usable anymore
» Two ways:
» Increase the thresholds > No benefit from high statistics
» Be smart = LI topological trigger (L1 Topo)!
» LI Topo uses the whole information of the muon Rol (PT,n, @) to
compute at L| the kinematic quantities for all di-muon pairs in the event
» This means:
» Reduction of background from random di-muon pairs > Lower
bandwidth usage = Can keep P; thresholds low
> Signal efficiency almost preserved
» Studies ongoing to define the best possible thresholds in di-muon
mass and angular distance to be used in different conditions of
instantaneous luminosities.
» ATLAS Sussex group is leading the effort
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First measurements for RunII (64)

ATLAS Bs = J/pg

="

E 02: T T 1 T 1 T I T = 8- 0.1657
= 01 B;— —e— ATLAS 2012, <y>= 20 —; § aaaE ﬂ :-’gfl;l:_::i":iza;:pﬁ'
2 0.16F IBL Layout, <u>= 60 = E o121 HI = T
= - u = [ | =
=] 0.14 —=— ITK Layout, =u>=200 " E o.08F- I; RUNI1
= = E
orzf BSTING it ot |
- 3 0,04:—
01 ATL-PHYS-P E oozt By
0.08F 4 of =+ e L, -
- RUN2 = % o L e ATLAS 2012 <= 20 o 0.05 o1 0.15
0.05: 4 E ﬁ o= N = IBLLayoul 66 == 60 - B, — J/y | per-event decay time error [ps]
0.04f /F“ATLASsimulation = 2 .t T Btawiiniac - 6
0_025_ Preliminary _E E 0.08:— -r:n.. Layout 19,17 <=
Ottt et 3 2 b TRUN2
- +
0  0.01 0.02 0.03 0.04 0.05 0.06 0.07 0.08 0.089 L L. ATLAS simulation 1
1/p (BY) [1/GeV] ooal ™ 1. Preliminary E
o ATLAS time resolution for Bs — J/ 0.02-
Y¢ improves at RUN2 by factor of 00 :

~30% comparing to RUN1 (for the
same pT values)

a,(8)) [ps]

o LHCb vertex upgrade - but not at RUN2: ATLAS have unique
opportunity to measure with resolution similar to LHCb.

g In 2012 ATLAS Bs — J/Y¢ statistics 2 x bigger than LHCb

o At RUN2 B-triggers (especially pT thresholds) - important for
ATLAS to be able to lead a CPV precision in Bs.

If we can retain low trigger thresholds, ATLAS can produce
the worlds best measurement of ¢, using Run 2.

» Rare decays will strongly depend on topological trigger!
» Low q? region in puK* will be almost completely inaccessible without it.
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Conclusions

» Main B-physics results from ATLAS experiment using 7
TeV data collected during the Run| data-taking campaign
have been presented

» ATLAS can be competitive in several measurements
with LHCb and CMS

» No significant deviations from the Standard Model
predictions have been seen only some tension (e.g.
differential cross-sections for quarkonia)

» Rare decays measurements (Bs/d=>pu and Bd—> puK¥)
with full Run | statistics are being finished

» This is the natural place to look for New-Physics
phenomena through indirect effects on some measured
quantity (asymmetries, branching ratios, angular
distributions) in Run Il. The best has yet to come!!!
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