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Outline

➢ LHC & the ATLAS Detector

➢ The ATLAS Trigger system

➢ (Some) ATLAS Highlights from LHC Run1 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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3CERN & LHC
➢ 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
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4CERN & LHC

100 m
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5The ATLAS Experiment
➢ ATLAS (A Toroidal LHC ApparatuS)

➢ “The Physics Giant”

➢ 44x25 m, 7000 t

➢ A multipurpose detector to find new particles and measure the 

properties of well-known particles
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6Integrated luminosities
➢ ATLAS collected data from 2010 to 2018 at a centre-of-mass energy   

√s = 7, 8 and 13 TeV

➢ Run 1 (2010-2013) → 4.9 fb-1 @ 7 TeV + 20.3 fb-1 @ 8 TeV

➢ Run 2 (2015-2018) → 139 fb-1 @ 13 TeV
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7The Standard Model



8Typical B-physics signatures

➢ B-physics signatures at hadron colliders are mainly made 

by:

➢ Low transverse momentum (PT) muons →Tracking 

system + muon system

➢Tracks in the Inner detector →Tracking system

➢ Rarely photons/electrons → Electromagnetic 

calorimeter

➢Trigger these events is complicated due to low thresholds 

in muon PT → 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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9Trigger system in ATLAS: Run 1

Hardware

Software

Software
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10Muon-trigger system in ATLAS

Detector too big to be readout completely at L1 →Region of Interest (RoI)

i.e. a region of the detector where something “interesting” happened



Triggering events in Run 1… 11

➢ Two approaches based on 

instantaneous luminosity:

➢ TrigDiMuon algorithm – low 

luminosity periods

➢ Seeded by a single muon RoI

➢ Look for Inner Detector track in 

the RoI and extrapolate to 

Muon Spectrometer

➢ Efficient for low-PT J/Ψ but high 

rate.

➢ Topological algorithms

➢ Seeded by two muon RoIs

➢ Lower rate but less efficient for 

low-PT

➢ Primary trigger in most of 

Run1 
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12…and in Run2

➢ Topological trigger!
➢ Use info on PT, η and ϕ of the muon ROIs to build topological di-

muon quantities (inv.mass or ∆R):

➢ 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)
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New Bc meson excited state 13

Phys. Rev. Lett. 113 (2014) 212004
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http://journals.aps.org/prl/abstract/10.1103/PhysRevLett.113.212004


New particle!!! 14

Phys. Rev. Lett. 108 (2012) 152001
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http://link.aps.org/doi/10.1103/PhysRevLett.108.152001


Event display 15
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16Exotic states: pentaquarks!
➢ Baryons and mesons are made of respectively by 3 quarks and a 

quark-antiquark pair 𝑞ഥ𝑞
➢ Can baryons made of 5 quarks and mesons made of two 𝑞ഥ𝑞 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 Λ𝑏
0
→J/ΨpK

decays in 2015 LHCb claimed the 

presence of new states in the J/Ψp 

sub-system invariant mass

➢ m(J/Ψp) not compatible with 

a 3-body decay

➢ The first firm evidence of a 

particle made of 5 quarks: the 

Pentaquark!

➢ Quark composition: 𝑑𝑢𝑢𝑐 ҧ𝑐
➢ Spin-parity JP: ½- for Pc(4312)

https://doi.org/10.1103/PhysRevLett.122.222001
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➢ In 2021 LHCb claimed the 

presence of new states in the 

𝐷0𝐷0π+sub-system invariant

mass

➢ m(𝐷0𝐷0π+) not compatible

with a 𝐷0𝐷0∗ decay

➢ The first evidence of a particle

made of 4 quarks: the Tetraquark!

➢ Quark composition: 𝑐𝑐ത𝑢 ҧ𝑑
➢ Spin-parity JP: 1+

http://arxiv.org/abs/2109.01038

Exotic states: tetraquark!
➢ Baryons and mesons are made of respectively by 3 quarks and a 

quark-antiquark pair 𝑞ഥ𝑞
➢ Can baryons made of 5 quarks and mesons made of two 𝑞ഥ𝑞 pairs 

exist? 

➢ In principle yes! They do not violate any symmetry….

➢ LHCb first found evidence of the production of those strange 

particles..
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18Exotic states: pentaquarks!
➢ ATLAS looked at the                 decay as well to confirm/reject the 

LHCb evidence

➢ Reconstruction of both Λ𝑏
0 and J/Ψp invariant masses more 

complicated due to the missing particle identification →

Combinatorial background difficult to treat!

➢ The fits prefers the hypothesis of 2 pentaquarks with masses 

compatible with LHCb ones

➢ No PQ hypothesis excluded with a p-value of 0.9%

Λ𝑏
0
→J/ΨpK

ATLAS-CONF-2019-048
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➢ Quarkonium is the generic definition of a bound state 

made of a quark-antiquark pair of the same flavour

➢ Notable examples: J/Ψ (charmonium) and Υ (bottomonium)

➢ Masses: 3.097 GeV and 9.46 GeV (ground-state)

➢The J/Ψ 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/ΨK±)
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Quarkonium physics

➢The Υ can be produced only

promptly (i.e. from the main

partonic collision)

➢ Present in several

excitation (due to angular

momentum)

Υ(1s)

Υ(2s)

Υ(3s)

Phys. Rev. D 87, 052004 (2013)

https://prd.aps.org/abstract/PRD/v87/i5/e052004
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➢ Both decays are reconstructed from the invariant mass of 

two muons

➢ Inclusive and differential cross-section (vs PT and y)

➢ Crucial to compare them with theory

➢ Both prompt and non-prompt (i.e. from B mesons decay mainly)

components measured for J/Ψ
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Quarkonium physics

ATLAS-CONF-2019-047

Phys. Rev. D 87, 052004 (2013)

https://prd.aps.org/abstract/PRD/v87/i5/e052004
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21W+J/Ψ associated production
➢ Interesting to study the QCD at the border between 

perturbative and non-perturbative regimes.

➢W+J/Ψ can be produced via two mechanisms:

➢ SPS (Single Parton Scattering)

➢ DPS (Double Parton Scattering)

➢The J/Ψ 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 

(uncorrelated) component

NLO CO model does not describe well data at high PT(J/Ψ)

JHEP 01 (2020) 095



22B+ production cross-section
JHEP 10 (2013) 042

➢ Look at B±→J/ΨK±→ µµK±

➢ B+ cross-section up to PT of 120 GeV

➢ Differential cross-section vs PT and η

➢ Comparison with theoretical predictions:

➢ POWHEG+Pythia agreement

➢ FONLL good agreement

➢ MC@NLO has:

➢ Lower cross-section

➢ Softer PT spectrum for low |y|

➢ Harder PT spectrum for |y| > 1

Genova, 02/12/2021

http://link.springer.com/article/10.1007/JHEP10(2013)042
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23Bc/B+ production cross-section

➢Bc meson is the heaviest known meson

➢Its dynamics are still under investigation

➢ No data from B-factories

➢This measurement compares its total and 

differential production cross-section w.r.t. 

the B±

➢Bc→ J/Ψπ± vs B±→ J/ΨK±

Hint of a 

dependence from 

PT of the Bc

cross-section

w.r.t. the B± one

Phys. Rev. D 104 (2021) 012010

https://link.aps.org/doi/10.1103/PhysRevD.104.012010


24B-mesons lifetime
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Hard fragmentation of b quarks xB ~ 70%

High mass mB ~ 5 GeV

Lifetime of B hadrons:

c ~ 470 m (mixture B+/B0/Bs) , ~ 390 m (b) 

for E(B) ~ 50 GeV, flight length ~ 5 mm, d0 ~ 500 m

➔ Spatial tagging:
• Signed impact parameter d0 
of tracks (or significance)
• Secondary vertex

B

a0<0

a0>0

x

y

Secondary Vertex

Primary vertex

Jet axis

Soft lepton 

Lxy
d0

Proper-time t :

𝑡 = 𝐿𝑋𝑌𝑚𝐵/𝑃𝑇,𝐵
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➢ Look at Λ0
b →J/ψ(μ+μ−)Λ0(pπ−)

➢ Lightest baryon with b-quark

➢ Not tested at B-factories (too heavy)

➢ 4 charged tracks pointing to a secondary vertex

➢ J/Ψ and Λ0 mass windows used

➢ Simultaneous fit of mass and lifetime

➢To reduce the systematics, measure of 

R=τ(Λb)/τ(Bd) where Bd →J/ψ(μ+μ−)Ks(π+π−)
➢ Value 0.960±0.025(stat)±0.016(syst) is:

➢ Between CDF and D0 measurements

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

Λ0
b lifetime measurement
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https://prd.aps.org/abstract/PRD/v87/i3/e032002



➢Interference between mixing and decay 

➢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 )

26
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CPV in Bs → J/ΨΦ

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

Muons, electrons and 

jets used as taggers
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Bs → J/ΨΦ amplitudes

Life easier for CP 

eigenstates (e.g. J/Ψf0)
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Bs → J/ΨΦ measurement

➢ Flavour tagging calibration done 

using B±→ J/ΨK±

➢ Information on B± flavour 

extracted from the kaon charge

➢ Flavour tagging probability affects 

significantly the precision on the 

extraction of the parameters

➢ Total tagging power: 1.75%  

➢ Angular analysis with 10 

amplitude functions is done 

(J/ΨΦ is not a CP eigenstate!!)

https://link.springer.com/article/10.1140/epjc/s10052-021-09011-0
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Bs → J/ΨΦ measurement

➢ Extract the 10 parameters from a global simultaneous fit to the various 

distributions (mass, angles, etc )

➢ Focus on three parameters:

➢ Γ𝑠 (decay width)

➢ ΔΓ𝑠 (difference of the widths)

➢ Φ𝑠 (the CPV weak-phase)

https://link.springer.com/article/10.1140/epjc/s10052-021-09011-0
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Rare decays

B(s) → μ+μ−
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Bs,d→μμ BR measurement

➢ Rare but clean decay suppressed by FCNC in the SM
➢BR(Bs→µµ) =  (3.66 ± 0.14) x10-9

➢BR(Bd→µµ) =  (1.03 ± 0.05) x10-10

➢ Three suppression factors:
➢ FCNC processes forbidden at tree-level

➢ CKM elements (Vts ,Vtd)

➢ 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!

31

JHEP 10 (2019) 232

https://link.springer.com/article/10.1007%2FJHEP10%282019%29232


➢ Measurements by CMS and LHCb:

BR(Bs→µµ) = (                                ) x10-9 (CMS)

BR(Bd→µµ) = (           ) x10-10  (CMS) 

BR(Bs→µµ) = (                    ) x10-9 (LHCb)

BR(Bd→µµ) = ( < 2.6 ) x10-10  (LHCb) 
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Bs,d→μμ BR measurement: state-of-the-art

2.9−0.6
+0.7 ± 0.2 (𝑓𝑟𝑎𝑔. )

Number of Bs/Bd events 

from an unbinned ML fit to 

m(μμ) distribution

Hadronisation probabilities

Reference channel: B±
→J/ψK±

Extracted from an unbinned

ML fit to m(μμK±) distribution

Acceptance and 

efficiencies from 

simulation

Trigger categories 

and luminosity 

prescales*

➢ Analysis strategy:

32

JHEP 04 (2020) 288
0.8−1.3

+1.4

3.09−0.43−0.11
+0.46+0.15

arXiv: [hep-ex] 2108.09283

https://link.springer.com/article/10.1007%2FJHEP04%282020%29188
http://arxiv.org/abs/2108.09283
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33

➢ Combinatorial background: 

real muons coming from the 

decay chain of b and തb initial 

quarks

➢ Partially reconstructed B 

decays: real muons coming 

from B → μμ+X decays

➢ “Peaking background”:   

Bs/Bd → hh (where h = π, K) 

decays when both hadrons 

are misidentified as muons

Backgrounds
➢ Main backgrounds for the measurement:

➢ “Fake muons”: π, K misidentified as muons fulfilling the muon and 

vertex selection criteria. 

➢ Present in partially reconstructed (e.g.   B→μhX) and in the 

“peaking background”.



Genova, 02/12/2021

34Combinatorial background
➢ Real muons from semileptonic heavy-

quark decays

➢ Dominated by bതb→ μμX decays

➢ Largest background component.

➢ BDT is applied (c-BDT) to reduce its 

contribution
➢ B-meson kinematic

➢ Secondary vertex displacement (Lxy , d0 )

➢ Properties of muons 

➢ Rest of the event (X2 w.r.t other 

vertices, B isolation…)

➢ Signal efficiency: 54%

➢ Background reduction: ~103
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Bs,d →μμ BR measurement
➢ BR extracted w.r.t to a well know high statistics reference 

channel (B±→ J/ψK±) → 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)

35
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36BR extraction

BR(Bs) = 𝟐. 𝟖−𝟎.𝟕
+𝟎.𝟖 x10-9 (stat. ± syst.)

BR(Bd) < 2.1x10-10 (95% CL) 

➢ Likelihood contours in the BR(Bs,d →μμ) plane
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37ATLAS+CMS+LHCb combination

➢ Effort to combine the three measurements

➢ First ATLAS+CMS+LHCb combination!

➢ Effective Bs →μμ lifetime CMS+LHCB combination

included

➢ Combination of the three likelihoods

➢ Measurements dominated by the statistical uncertainty

Note the 2.3σ “tension” w.r.t. the Standard Model prediction…
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38The “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 → sll transitions

➢ Test of the Leptonic Universality (i.e. electrons and muons have 

the same couplings? )



Wilson coefficients
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39The “flavour anomalies” puzzle

➢ First evidence: the angular analysis of several decays of B mesons 

into a strange meson and a muon-antimuon pair

➢ B0
→K*(Kπ)μ+μ−

➢ B+
→K+μ+μ−

➢ B0
s →Φ(𝐾𝐾)μ+μ−

➢ All these decays can happen through the J/Ψ 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 q2 of the μ+μ− pair.

➢ A fit in the four variables allows to 

extract helicity amplitudes that can be 

translated into Wilson coefficients 

and/or optimised variables 𝑃𝑖
′

➢ 𝑃𝑖
′ less sensitive to form factor 

uncertainties at leading order. 
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40The “flavour anomalies” puzzle
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41The “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?

➢ Idea: 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→Dlν



Genova, 02/12/2021

42The “flavour anomalies” puzzle

➢ If one puts together all measurements involving b → sll

transitions the significance of the deviation from the SM is 

between 3 to 4σ …

➢ … and similarly for the B→Dlν transitions…

➢ 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!
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43R(K*) in ATLAS ??



Genova, 02/12/2021

44Conclusions & outlooks

➢ Highlights in flavour physics by ATLAS from Run1 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/ΨΦ decay
➢ Measurement of the BR(Bs,d →μμ) rare decay

➢ New measurements using the full Run1+Run2 statistics are 

ongoing: stay tuned!
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47Flavour in the SM
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48Flavour in the SM
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49Flavour in the SM
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50Flavour in the SM
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51CKM Matrix
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52CKM Matrix properties
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53CKM Matrix properties
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54CKM Matrix properties
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55CKM Matrix properties
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56CKM Matrix properties
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57CKM Matrix properties

At the moment,  all measurements are compatible and consistent 

each other and confirm the success of the CKM picture

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?

Genova, 02/12/2021
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Neutral mesons mixing

➢ Neutral mesons (K, D ,B) can transform into their own 

antiparticle through 2nd 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)
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Neutral mesons mixing (2)

➢Writing M and Γ explicitly we have:

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

|q2|+|p2| = 1

Just found by LHCb!

Phys. Rev. Lett. 127 (2021) 111801



➢ 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!!

➢ B mesons is a good place to look at CPV but:

60
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CPV in neutral mesons mixing

Bd→ → Large CPV phase in SM

Bs→ → Negligible CPV phase, BUT large oscillation frequency
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61Bd → µµK*

➢ Similarly to Bs→µµ 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)x10-6

➢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/Ψ and Ψ(2s) resonance peak in m2(µµ) 

spectrum →Try to access experimentally to 

the low m2(µµ) region
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ATLAS-CONF-2013-038

Bd → µµK* measurement

➢ Full chain: Bd → µµK* → µµK+π-

➢ 4 variables describes the kinematics: three 

angles and q2 = m2(µµ)

➢ Experimental limitations/problems: 

➢Trigger → Cuts on PT(µ) > 4 or 6 GeV 

reduce the statistics al low q2 values

➢ Find the two tracks associated to K/π
➢ Exclude muons from J/Ψ and Ψ(2s)

➢ 2 steps fit (before in m(µµ) then in the 

angular distributions) to extract AFB and FL

AFB from angle between µ+ and 

B momenta in the µµ rest frame

FL is the K* longitudinal 

polarisation fraction

http://cdsweb.cern.ch/record/1537961
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63Challenges for Run II

➢ Run II means high energy and high luminosity → More data but more 

pileup!

➢ Main work now is on the trigger: low-PT muon L1 triggers used in 

Run I will not be usable anymore

➢Two ways: 

➢ Increase the thresholds → No benefit from high statistics 

➢ Be smart → L1 topological trigger (L1Topo)!

➢ L1Topo uses the whole information of the muon RoI (PT, η, Φ) to 

compute at L1 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 PT 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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64First measurements for RunII

➢ Rare decays will strongly depend on topological trigger! 

➢ Low q2 region in µµK* will be almost completely inaccessible without it.



Conclusions 65
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➢ Main B-physics results from ATLAS experiment using 7 

TeV data collected during the Run1 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→µµ and Bd→µµK*) 

with full Run I 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 II. The best has yet to come!!!


