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1. La fisica di LHCb
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Interazioni oggi: meccanica quantistica e relativistica

4

Le particelle di materia si scambiano particelle di forza virtuali (”mediatori” o “campi”)
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Cos’è una forza?

5

L'interazione gravitazionale è una proprietà innata dei corpi? 
Se in un universo vuoto compaiono 2 masse, queste si attraggono immediatamente?

F = G
m1m2

r2
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Interazioni ieri: meccanica classica
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Il Modello Standard

7

Il Modello Standard è la teoria che descrive le interazioni* tra particelle elementari. 
La Lagrangiana dell’universo rappresenta l’energia di tutte le particelle mediatrici 
delle forze (bosoni) e di tutte le particelle di materia (fermioni: quark e leptoni)

Una particella elementare (cioè non ha struttura interna) si comporta come puntiforme 
durante una collisione: questa descrizione cambia ad energie maggiori!

*tranne quella gravitazionale!
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Queste particelle sono davvero elementari?

8

Vediamo gli oggetti macroscopici 
attraverso la luce (fotoni) che li 

colpisce e viene catturata dall’occhio

Per le particelle è la stessa cosa!  
Più è alta l’energia, più è corta la 

lunghezza d’onda ovvero maggiore 
è la risoluzione (De Broglie)

p =
h
λ
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Ma soprattutto: dove sono tutte queste particelle??

9

La “materia ordinaria" la conosciamo: protoni e neutroni + elettroni 
1968: attraverso collisioni ad alta energia si scopre che il protone non è puntiforme!

Dove sono tutte le altre particelle?  
La situazione era molto diversa agli inizi dell’universo, ovvero ad alta energia
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ma c'è di più!
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1928: Paul Dirac formula l’equazione 
che descrive le interazioni degli elettroni:

e … l'equazione ha 2 soluzioni!        
C'è un' energia negativa, speculare a 

quella positiva? 

piuttosto: 
Esiste la materia (particelle) e 
l’antimateria (antiparticelle), 
entrambe con energia positiva
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4 anni dopo: antimateria!
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1932: Carl Anderson osserva un antielettrone (positrone) in una camera a nebbia

e+
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Dove trovare l’antimateria: film
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Angeli e demoni: in un barattolo, gelosamente custodito al CERN
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Dove trovare l’antimateria: videogiochi
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bombe …

… o piante in Death Stranding?


xFKlip_[�9S[S �¾���
-���1

6FRSUL�GL�SL�
)OHHW	%XVLQHVV

6FRSUL�6LVWHPD�,WDOLD
$G$'

¿ ¿ ¿ ¿

S_½�"S\SoKGR�vK>ia_m¾�
xFKlip_[�������K>ux�vK>ia_m

"S\SoKGR��"Ó�
Æ�_oSÓ">ooKl�0SP\KÆ

"S\SoKGR��"Ó��Æ�_oSÓ

">ooKl�0S�KÆ�Sm�>���^^

lS�K�oR>o�pmKm�laG[KoÓ

FaamoKI¾�IKi\KoKIÓ

pl>_Sp^���^^�mRK\\m�oa

m^>mR�Ga^F>o�ÇFalQm¾

iavKlKI�>l^al¾�>_I�\SQRo

uKRSG\KmÃ�2RapQR

KkpSiiKI�vSoR�>�RxIlaÓ

i_Kp^>oSG�lKGaS\�mxmoK^¾

>Iu>_GKI�^p{{\K�Fl>[K¾

>_I�mRaG[Ó>FmalFS_Q

moaG[�>_I�FSiaI¾�So�moS\\

lKkpSlKm�>���ç��%��la\\�oa

>uaSI��Ó�iom�aP�FlpSmK

I>^>QK�oa�oRK��lS_Q�>l^Ã

9>l_S_Q½��a�_ao��lK�oRSm

vK>ia_�vRS\K�mo>_IS_Q

p_\Kmm�xap�R>uK�>�\S_K>l

Pl>^K�aP��Ko>�al�QlK>oKl¾

al�xap�vS\\�FK�[_aG[KI

Iav_�>_I�oRK�FlpSmK

I>^>QK�IapF\KIÃ

2RK��"Ó��Ga^Km�vSoR�>�GxFKlaioSG�m^>loQp_�S_oKl\aG[�>_I�>��Ó��w

u>lS>F\K�mGaiK�vÉ\avÓ\SQRo�>_I�oRKl^>\ÓS^>QS_Q�aioSa_mÃ���^^��-3

lap_Im�>lK����KF�K>GRÃ

#aoK½��KG>pmK�aP�oRK�laG[Ko�Faamo�oRKlK�Sm�>�Æm>PK�{a_KÆ�aP����^�Pla^

oRK�^p{{\K�vRKlK�oRK��GK�Sm���>_I�I>^>QK�Sm��É�È�FKovKK_����Ó���^¾

�GK�Sm�ç��>_I�I>^>QK�Sm����È�Pla^����^ç¾��GK�Sm�%�>_I�I>^>QK�Sm

Pp\\ÃÍ�ÎÍ�Î

8��9
1%30
�

"S\SoKGR��"Ó��Æ�_oSÓ">ooKl"S\SoKGR��"Ó��Æ�_oSÓ">ooKl"S\SoKGR��"Ó��Æ�_oSÓ">ooKl"S\SoKGR��"Ó��Æ�_oSÓ">ooKl"S\SoKGR��"Ó��Æ�_oSÓ">ooKl
0S�KÆ0S�KÆ0S�KÆ0S�KÆ0S�KÆ

�_Pal^>oSa_�_Pal^>oSa_�_Pal^>oSa_�_Pal^>oSa_�_Pal^>oSa_

">_pP>GoÃ "S\SoKGR

2xiK �K>ux


a_GÃ 
>__ao�FK��SIIK_

�u>S\Ã 0>lK


amo �����KF

1o>oSmoSGm1o>oSmoSGm1o>oSmoSGm1o>oSmoSGm1o>oSmoSGm

�GGÃ �Éç�

�^QÉ�^^Ã �I���Ï��^^Ð

Â1Raom �

0aPÃ �

0K\Ã 1o>_I>lI

0>_QK ����^^

�iiK>l>_GKm�iiK>l>_GKm�iiK>l>_GKm�iiK>l>_GKm�iiK>l>_GKm

&DQGOHOLJKW
$G$'

�`[[`u�`^���#Kul[KnnKk�`S^��>^� >F

��#�%"

��"�1

"%8��1

28

8���%

9���1

12�02��
9���


wFKkho^Z�9SZS �:- %0� 
;��0-3#��1�0��1 ��"�- �; 9%0 � 
%""3#�2;

armi in Cyberpunk 2077?



Marco SantimariaMasterclass LHCb

Dove trovare l’antimateria (per davvero)

15

Decadimenti di nuclei instabili, ad esempio 
all’interno della terra

oppure nella radioattività 
residua a Chernobyl...
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Dove trovare l’antimateria (per davvero)

16

Nei raggi cosmici e nei loro prodotti di 
interazione con l’atmosfera (  scoperta di 

Anderson)
→

nelle banane
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Come si comporta l’antimateria?

17

2023: L’esperimento ALPHA al CERN fa cadere atomi di anti-idrogeno 
come nell’esperimento (mentale) di Galileo! h
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https://home.cern/news/press-release/physics/alpha-experiment-cern-observes-influence-gravity-antimatter
https://home.cern/news/press-release/physics/alpha-experiment-cern-observes-influence-gravity-antimatter
https://home.cern/news/press-release/physics/alpha-experiment-cern-observes-influence-gravity-antimatter
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A che serve?

18

Oltre a conoscerla sappiamo anche usarla: Positron Emission Tomography (PET)
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The Big Bang Theory?
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Secondo il modello cosmologico standard, all'inizio nell'universo c’era tanta materia 
quanta antimateria, come possiamo osservare in una foto vecchia 14 miliardi di anni:

La Cosmic Microwave Background (CMB): proviene da circa 380000 anni dopo il big bang. 
Scoperta per caso (rumore) nel 1964, qui in alta risoluzione grazie al satellite Planck dell’ESA.
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Dov’è finita l’antimateria?

20

Osservata in raggi cosmici, decadimenti radioattivi e prodotta negli acceleratori di particelle 
ma… è pochissima!

per cercare la risposta dobbiamo analizzare il legame tra materia e antimateria…
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La simmetria CP
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Applicando l’operazione C+P si cambia una particella in un’antiparticella, e viceversa

C P

Materia e antimateria sono collegate da una simmetria, che agisce attraverso le operazioni:
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TENET

22

Particelle e antiparticelle legate da una simmetria speculare, se fossero persone (o automobili):
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La simmetria CP non è sempre rispettata

23

1964: Un decadimento su 500 dei Kaoni viola la simmetria CP

Alcune particelle si 
comportano quindi 

diversamente se 
guardate allo specchio!

(90 ps)

(50 ns)
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Quindi tornano tutti i conti?

24

Bene, però la violazione di CP è piccola! Un problema noto, ma non ancora risolto!

A LHCb investighiamo questo e altri fenomeni studiando i quark charm (c) e beauty 
(b), che esistevano in grande quantità subito dopo il big bang

Come si torna indietro nel tempo? 

1. Produrne tanti in collisioni ad 
altissima energia 

2. Osservarli con un rivelatore 
estremamente preciso





Marco SantimariaMasterclass LHCb

1. Produrli
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Dobbiamo ricreare l'universo 
primordiale in laboratorio, ovvero 
un gas caldissimo di particelle in 

agitazione...

...un plasma!
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2. Osservarli
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Dobbiamo costruire un rivelatore di 
particelle che unisca tutte le 
tecnologie più avanzate...

...oppure mettere l'universo in una 
scatola
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Fatto!

28

Abbiamo scelto la soluzione difficile, costruendo:

LHCb
Il rivelatore in grado di vedere più 

quark c e b di chiunque altro

LHC
Il più grande e potente acceleratore 

di particelle del mondo



2. LHC e il rivelatore LHCb
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Il CERN e LHC

30

LHC si trova in un tunnel lungo 27km, 100 m sotto terra al CERN, tra Francia e Svizzera
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Il Large Hadron Collider (LHC)

31

Potenti campi elettrici e magneti superconduttori (2° K) accelerano e curvano i protoni

facendoli collidere ad un’energia di 13 TeV (1 TeV = 1012 ElettronVolt).  
L’enorme energia si converte in tante particelle secondo  !E = mc2
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Un “settore” di LHC
2005: 1/1232 settori (circa 20 m ciascuno) viene calato nel tunnel
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http://lhc-machine-outreach.web.cern.ch/
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Una sezione dell’acceleratore

33

2 fasci di protoni, divisi in pacchetti di 1011 protoni ciascuno, circolano in direzioni opposte 
in due tubi a vuoto a 10-9 mbar : più vuoto dell’universo!
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Collisioni dei fasci di protoni

I due fasci vengono collimati e si incrociano in 4 siti sperimentali, 
producendo circa 600 milioni di collisioni al secondo

Elementi base: 
• Cavità RF: campo elettrico per l’accelerazione 
• Dipoli magnetici (8 Tesla): curvano il fascio 
• Quadrupoli magnetici: focalizzano il fascio 
• Consumo totale a pieno regime: 200 MW
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Un’opera titanica

35
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Una collisione a LHC

36
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Cosa succede a LHC?

37

Cercate “LHC vistars” su google: https://op-webtools.web.cern.ch/vistar/vistars.php

Ora: “Technical stop” invernale, ripartenza ad Aprile!

https://op-webtools.web.cern.ch/vistar/vistars.php
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Large Hadron Collider Beauty (LHCb)

38
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LHCb: Google Maps

39

e 100 metri sotto terra...

Basta cercare su google maps "LHCb experiment" (oppure "McDonald's Ferney-Voltaire")
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Il rivelatore LHCb

40
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Schema del rivelatore

41

2 CHAPTER 1. OVERVIEW
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Figure 1.1: Reoptimized LHCb detector layout, showing the Vertex Locator (VELO), the dipole magnet,
the two RICH detectors, the four tracking stations TT and T1–T3, the Scintillating Pad Detector (SPD),
Preshower (PS), Electromagnetic (ECAL) and Hadronic (HCAL) calorimeters, and the five muon stations
M1–M5. It also shows the direction of the y and z coordinate axes; the x axis completes the right-handed
framework.

introduced compared to the TDR [4]. The ma-
terial budget has been reduced by optimizing the
thickness of the silicon sensors and the number of
stations. The thickness of the sensors has been re-
duced from 300 to 220µm, and the number of sta-
tions from 25 to 21 without significantly affecting
its performance, as shown in this document.

The dipole magnet has not been modified from
the TDR design [5] and its construction is advanc-
ing. Compared to the TP spectrometer layout, no
shielding plate is placed upstream of the magnet.
This change has been made in order to introduce
magnetic field between the VELO and the magnet,
i.e. in the region of RICH1, for the Level-1 trigger
improvement.

Compared to the TP, the number of tracking
stations is reduced to four in order to reduce the
material budget, without introducing performance
losses, as demonstrated in this document2. The
first station after the VELO, referred to as the
Trigger Tracker (TT), is in front of the magnet
and just behind RICH 1. It consists of four planes
of silicon strip detectors. They are split into two
pairs of planes separated by 30 cm. Together with

2In the track reconstruction the VELO is now used as an
integral part of the the tracking system.

the VELO, the TT is used in the Level-1 trigger.
Large impact parameter tracks found in the VELO
are extrapolated to the TT and the magnetic field
in the RICH1 region allows their momenta to be
measured. The three remaining stations are placed
behind the magnet with equal spacing. Each sta-
tion consists of an Inner Tracker (IT) close to the
beam pipe and an Outer Tracker (OT) surrounding
the IT. The OT is made of straw tubes and the IT
of silicon strip detectors. Their designs remain un-
changed from those described in the corresponding
TDR’s [6, 2].

The RICH1 material has been reduced, largely
by changing the mirror material and redesigning
the mirror support. The mirror will be made from
either carbon-composite or beryllium. The mirror
support has been moved outside of the acceptance.
Further reduction of the material has been achieved
by removing the entrance window, by connecting
the front face of RICH1 to the flange of the VELO
exit window. Iron shielding boxes for the photon
detectors have been introduced for two reasons.
Firstly, they protect the photon detectors from the
magnetic field. Secondly, they help to focus the
magnetic field in the region where it is needed for
the momentum measurement of the Level-1 trigger.
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Perché LHCb ha questa forma?

Figure 3: Development of the instantaneous luminosity for ATLAS, CMS and LHCb during
LHC fill 2651. After ramping to the desired value of 4⇥ 1032cm�2s�1 for LHCb, the luminosity
is kept stable in a range of 5% for about 15 hours by adjusting the transversal beam overlap.
The di↵erence in luminosity towards the end of the fill between ATLAS, CMS and LHCb is due
to the di↵erence in the final focusing at the collision points, commonly referred to as the beta
function, �⇤.

the end of stable beams. This deferred triggering method allowed LHCb to increase the
data sample available for physics analysis.

The integrated luminosity recorded by LHCb was 38 pb�1 in 2010, 1.11 fb�1 in 2011
and 2.08 fb�1 in 2012. The evolution of the integrated luminosity for the years 2010 to
2012 is shown in Figure 4.

Luminosity calibrations were carried out with the LHCb detector for the various centre-
of-mass energy

p
s at which data has been taken. Both the ”van der Meer scan” and

”beam-gas imaging” luminosity calibration methods were employed [27]. For proton-proton
interactions at

p
s = 8TeV a relative precision of the luminosity calibration of 1.47% was

obtained using van der Meer scans and 1.43% using beam-gas imaging, resulting in a
combined precision of 1.12%. Applying the calibration to the full data set determines
the luminosity with a precision of 1.16%. This represents the most precise luminosity
measurement achieved so far at a bunched-beam hadron collider.

The average operational e�ciency, defined as the ratio of recorded over delivered
luminosity, was 93% during LHC Run I, reaching 95% on average in 2012. The ine�ciency
contains two irreducible sources. The first one is the detector-safety procedure for the
VELO closing, amounting to 0.9%, which is in line with expectations. The second originates

9

Figure 2.2: Development of the instantaneous luminosity for ATLAS, CMS and
LHCb during a typical LHC fill in Run 1 [90]. On the lower side of the figure a
cartoon shows how the LHCb luminosity is levelled by adjusting the transverse
beam overlap for about 15 hours, after which the beams are colliding head-on.
After almost 20 h, the beam is eventually dumped.
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• La produzione dei quark pesanti (c e b), che ci interessano, avviene “in 
avanti”  rivelatori a piccolo angolo→

• Mentre ATLAS e CMS hanno forma cilindrica e circondano il fascio, LHCb ci va 
molto vicino! La luminosità in LHCb è regolata allineando i fasci (“levelling”)
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Il rivelatore di vertice (VELO)

2.3. IL SISTEMA DI TRACCIAMENTO 17

2.3.1 Il Vertex Locator

Il VErtex LOcator (VELO) [20] provvede, in prossimità della regione di inte-
razione, a una precisa misura delle coordinate della traccia, che vengono poi
utilizzate per identificare i vertici secondari, una caratteristica distintiva dei
decadimenti degli adroni b e c. Queste informazioni sono di vitale importan-
za per il trigger di secondo livello (L1). Il VELO è composto da una serie di
moduli circolari al silicio disposti perpendicolarmente lungo la direzione del
fascio. Ogni modulo è diviso in due metà, composte da un sensore di tipo R
e uno di tipo �. I sensori R sono segmentati in strisce di silicio concentriche,
grazie alle quali è possibile misurare la distanza dall’asse z, mentre i sensori
� sono segmentati radialmente, per una misura della coordinata azimutale.
Ogni sensore ha una copertura azimutale di circa 182 �, permettendo una
piccola sovrapposizione tra le due metà, necessaria per coprire l’intera ac-
cettanza e che viene inoltre sfruttata per l’allineamento relativo (figura 2.4).
Oltre a coprire l’intera accettanza angolare in avanti di LHCb, il VELO copre
anche parzialmente l’emisfero all’indietro, per migliorare la misura del vertice
primario, mentre due moduli R situati a monte costituiscono il sistema di
veto per il pile-up.

Figura 2.4: Sezione nel piano xz dei sensori al silicio del VELO. In basso è
visibile uno dei moduli da davanti (xy).

Rivelatore al silicio: 
• Le particelle cariche generano un segnale elettrico nel silicio, che 

viene localizzato con delle strisce (strip) di lettura da  
• 23 “stazioni” con strip di silicio: misura di  e 

∼ 50 μm
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(a)

Figure 1: (top left) The LHCb VELO vacuum tank. The cut-away view allows the VELO
sensors, hybrids and module support on the left-hand side to be seen. (top right) A photograph of
one side of the VELO during assembly showing the silicon sensors and readout hybrids. (bottom)
Cross-section in the xz plane at y = 0 of the sensors and a view of the sensors in the xy plane.
The detector is shown in its closed position. R (�) sensors are shown with solid blue (dashed
red) lines. The modules at positive (negative) x are known as the left or A-side (right or C-side).

The VELO contains a series of silicon modules arranged along the beam direction,
see Fig. 1. A right-handed co-ordinate system is defined with z along the beam-axis into
the detector, y vertical and x horizontal. Cylindrical polar co-ordinates (r, ✓,�) are also
used. The region of the detector at positive (negative) z values is known as the forward
(backward) or downstream (upstream) end.

The sensors are positioned only 7mm from the LHC beams. This is smaller than the
aperture required by the LHC beam during injection. Hence, the detector is produced in
two retractable halves. There is a small overlap between the two detector halves when
closed. This aids alignment and ensures that full angular coverage is maintained. The
position of the VELO halves are moveable in x and y and the VELO is closed at the
beginning of each fill such that it is centred on the interaction region.

Approximately semi-circular silicon sensors are used. Each module contains one r and
one � coordinate measuring sensor, known as R and � sensors and shown schematically in
Fig. 2. The inter-strip pitch varies from approximately 40 to 100µm across the sensor. The
strips are read out from around the circumference of the sensor through the use of routing
lines on the sensor. The sensors are read out using the Beetle [9] analogue front-end ASIC,
operated with a 40MHz input event sampling rate. The signals are digitised and processed

2

(b)

Figure 2.11: (a) Schematics of the R and � VELO sensors. (b) The VELO vacuum
vessel.
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Figure 30: IPx and IPy resolution as a function of momentum (left) and IPx as a function of
1/pT and compared with simulation (right). Determined with 2012 data.
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Figure 31: IPx resolution as a function of azimuthal angle �, measured on 2011 data and
compared to simulation.

of the azimuthal angle �, as is shown in Fig. 31. The increase in material is reflected in
the increase in IP resolution about � = ±⇡/2, i.e. in the overlap region.

Thus, it can be seen that the VELO provides accurate IP measurements on which the
LHCb physics programme relies for the rejection of prompt backgrounds to long-lived
heavy flavour hadron decays. The IP resolution behaves as expected, with a roughly
linear dependence on 1/pT , and a clear dependence on both the hit resolution and the
distribution of material.
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Figure 25: The primary vertex resolution (left), for events with one reconstructed primary vertex,
as a function of track multiplicity. The x (red) and y (blue) resolutions are separately shown and
the superimposed histogram shows the distribution of number of tracks per reconstructed primary
vertex for all events that pass the high level trigger. The impact parameter in x resolution as a
function of 1/pT (right). Both plots are made using data collected in 2012.

2.4.1 Primary vertex reconstruction

The primary vertex (PV) resolution is measured by comparing two independent measure-
ments of the vertex position in the same event. This is achieved by randomly splitting the
set of tracks in an event into two and reconstructing the PVs in both sets. The width of
the distribution of the di↵erence of the vertex positions is corrected for a factor

p
2 to

extract the vertex resolution. The number of tracks making a vertex ranges from 5 (the
minimum required by the PV reconstruction) to around 150, and this technique allows
the resolution to be measured using up to around 65 tracks. The PV resolution is strongly
correlated to the number of tracks in the vertex (the track multiplicity). To determine
the vertex resolution as a function of the track multiplicity, only vertex pairs with exactly
the same number of tracks are compared. The result for the resolution in the x and y

direction is shown in Figure 25. A PV with 25 tracks has a resolution of 13µm in the x

and y coordinates and 71µm in z.

2.4.2 Impact parameter resolution

The impact parameter (IP) of a track is defined as its distance from the primary vertex
at its point of closest approach to the primary vertex. Particles resulting from the decay
of long lived B or D mesons tend to have larger IP than those of particles produced at
the primary vertex. Selections on IP and IP �

2 are extensively used in LHCb analyses
to reduce the contamination from prompt backgrounds. Consequently, an optimal IP
resolution and a good understanding of the e↵ects contributing to the IP resolution are of
prime importance to LHCb performance.
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(b)

Figure 2.12: (a) Resolution of the x and y components of the IP as a function
of momentum [115]. (b) PV resolution as a function of track multiplicity. The
superimposed histogram shows the distribution of the number of tracks per recon-
structed PV [90]. Both plots are made using data collected in 2012.

tion of long-lived neutral particles that decay outside of the VELO, but also for
charged low-momentum tracks that are bent out of the acceptance by the magnetic
field.
The TT is a 150 cm wide and 130 cm high planar detector placed at the entrance

45
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Il rivelatore di vertice (VELO)

44

Durante le collisioni il VELO dista solo 8 mm dal fascio di protoni!
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Il magnete

45

Fa curvare le particelle cariche per poterne misurare l'impulso (massa x velocità). 
peso = 1400 t, potenza = 4200 kW, 150000 l/h di acqua di raffreddamento
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A che serve nella vita la forza di Lorentz?

Misura dell’impulso 

54 - Barbara Sciascia (INFN/LNF) - Incontri di Fisica - 6 ottobre 2016 - 

D0 

K+/π+ 

K-/π- 

B field 

x 

z 

Fascio di protoni 

Fascio  di protoni 

 

F
!"
= qv
"
× B
!"

F = qvB

F = ma  ⇒   a = v2

R

qvB = m v2

R
 ⇒ R = p

qB

[se v e B perpendicolari] 

Forza di Lorentz 

Equazione di Newton 
per moto circolare
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I tracciatori

47

Rivelatori al silicio o a gas registrano i punti di passaggio delle particelle ("hits") per 
ricostruirne la traiettoria
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Ricostruzione delle tracce

48

Event display 

21 - Barbara Sciascia (INFN/LNF) - MasterClass (LNF) - 16 marzo 2017 - 

magnete

“hits”
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Tracce di particelle in UA1 (scoperta Nobel 1984!)

49

magnete

Sistema tracciante 

Fenomenologia del Modello Standard delle Particelle Elementari 
Lezione 13- A. Andreazza - a.a. 2014/15 6 
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Luce Cherenkov

50

Ricostruita la traiettoria, possiamo identificare le particelle cariche in base alla loro 
emissione di luce Cherenkov quando attraversano un mezzo con indice di rifrazione n

cos θ =
1

nβ
, β = v/c

Noto l’impulso  dal tracciamento, 
misurando  si ricava  ovvero il tipo di 

particella

p = mv
v m

Cherenkov effect - 1

Cherenkov light is emitted when the velocity of a charged particle crossing a medium, is
larger than the speed of the light in that medium:

v >
c

n
� >

1
q

1 � 1
n2

n index of refraction of the medium

The theory was developed by Frank and Tamm in 1937.

A charged particle travelling, with velocity v < c/n, polarizes the medium. While it moves
further, the medium depolarizes and ther’is an adiabatic exchange of energy between the
medium (the molecules) and the particle (its electric field).

When the particle is faster than the electromagnetic wave, the adiabatic exchange is not
possible. After the passage of the particle, the molecules depolarize but the energy cannot be
transferred to the particle and so the energy is emitted as photons.

lenta'con'velocità''v'<c/n'

F.Lacava Cherenkov Detectors A.A. 2019-20 3 / 30

v < c/n v > c/n
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Ring Imaging Cherenkov Detector (RICH)

51

La luce Cherenkov emessa in un gas si 
riflette sugli specchi e viene convertita in 

segnale elettrico da fotomoltiplicatori (PMT)
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Performance del RICH
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Figure 6.1: Cherenkov angle versus particle momentum for the RICH radiators.
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Figure 6.2: (a) Side view schematic layout of the RICH 1 detector. (b) Cut-away 3D model of the
RICH 1 detector, shown attached by its gas-tight seal to the VELO tank. (c) Photo of the RICH1
gas enclosure containing the flat and spherical mirrors. Note that in (a) and (b) the interaction point
is on the left, while in (c) is on the right.

• minimizing the material budget within the particle acceptance of RICH 1 calls for lightweight
spherical mirrors with all other components of the optical system located outside the accep-
tance. The total radiation length of RICH 1, including the radiators, is ⇠8% X0.

• the low angle acceptance of RICH 1 is limited by the 25 mrad section of the LHCb beryllium
beampipe (see figure 3.1) which passes through the detector. The installation of the beampipe
and the provision of access for its bakeout have motivated several features of the RICH 1
design.

• the HPDs of the RICH detectors, described in section 6.1.5, need to be shielded from the
fringe field of the LHCb dipole. Local shields of high-permeability alloy are not by them-
selves sufficient so large iron shield boxes are also used.

– 73 –

(a)

Momentum (GeV/c)

2

Figure 14: Reconstructed Cherenkov angle as a function of track momentum in the C4F10

radiator

ring does not overlap with any other ring from the same radiator.
Figure 14 shows the Cherenkov angle as a function of particle momentum using information

from the C4F10 radiator for isolated tracks selected in data (⇠ 2% of all tracks). As expected, the
events are distributed into distinct bands according to their mass. Whilst the RICH detectors
are primarily used for hadron identification, it is worth noting that a distinct muon band can
also be observed.

5.3 PID calibration samples

In order to determine the PID performance on data, high statistics samples of genuine K±
, ⇡

±,
p and p̄ tracks are needed. The selection of such control samples must be independent of PID
information, which would otherwise bias the result. The strategy employed is to reconstruct,
through purely kinematic selections independent of RICH information, exclusive decays of
particles copiously produced and reconstructed at LHCb.

The following decays, and their charge conjugates, are identified: K0

S
! ⇡

+
⇡
�, ⇤ !p⇡�,

D⇤+ ! D0(K�
⇡
+)⇡+. This ensemble of final states provides a complete set of charged particle

types needed to comprehensively assess the RICH detectors hadron PID performance. As
demonstrated in Fig. 15, the K0

S
, ⇤, and D⇤ selections have extremely high purity.

While high purity samples of the control modes can be gathered through purely kinematic
requirements alone, the residual backgrounds present within each must still be accounted for.
To distinguish background from signal, a likelihood technique, called sPlot [23], is used, where
the invariant mass of the composite particle K0

S
,⇤, D0 is used as the discriminating variable.

The power of the RICH PID can be appreciated by considering the �logL distributions for
each track type from the control samples. Figures 16(a-c) show the corresponding distributions
in the 2D plane of �logL(K � ⇡) versus �logL(p � ⇡). Each particle type is seen within a
quadrant of the two dimensional �logL space, and demonstrates the powerful discrimination
of the RICH.

19

µµ ⇡ K p

(b)

Figure 2.15: (a) Side view of the RICH1 detector. (b) Reconstructed Cherenkov
angle as a function of track momentum in RICH1 [119].

Detectors (HPDs) in the wavelenght range 200-600 nm, as shown in Fig. 2.15a. An
iron shield provides a strong reduction of the residual magnetic field to ensure the
correct operation of the HPDs, without a↵ecting the field integral in the region
between the VELO and the TT.
Fig. 2.15b shows how particles populate distinct bands in the ✓c � p plane accord-
ing to their masses. Even though RICH detectors are primarly used for hadron
identification, a muon band can also be distinguished. The kaon identification
e�ciency and pion to kaon misidentification e�ciency are shown in Fig. 2.16 as a
function of the particle momentum.

2.4.2 The Calorimeters

The calorimeters [121] complement the RICH PID by identifying and measuring
the position of photons, electrons and hadrons thanks to their di↵erent energy
deposits and shower shapes. In addition, the CALO selection based on energy
deposit is used in the Level-0 trigger and is performed within 4 µs from the inter-
action. Starting from the interaction point, the calorimeter system is composed of
a Scintillator Pad Detector (SPD), a lead converter, a Preshower (PS), an electro-
magnetic calorimeter (ECAL) and a hadronic calorimeter (HCAL), all positioned
after the RICH2 and the first muon station (M1), as shown in Fig. 2.8. All the sub-
detectors share the same principle of operation: the scintillation light produced

49

 diverse popolano regioni ben distinteπ, K, p

2°

impulso dal tracker
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Luce Cherenkov a occhio nudo
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https://en.wikipedia.org/wiki/Advanced_Test_Reactor
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I calorimetri: misura dell'energia
• Interagendo con la materia, le particelle di alta energia generano uno sciame di 

particelle secondarie 
• Queste eccitano il materiale attivo del calorimetro, emettendo luce di scintillazione/

Cherenkov che viene rivelata tramite fotomoltiplicatori 
• Questo processo è sfruttato per l’identificazione di ,  e particelle neutree− γ

Materiale attivo + passivo: calorimetro 
a campionamento
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I calorimetri di LHCb
Riconosce le particelle in base alle interazioni 

elettromagnetiche (ECAL) e forti (HCAL)
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Il rivelatore di muoni

56

I muoni attraversano tutto LHCb e vengono identificati, con camere a fili, in base al loro 
potere di attraversare dei muri in ferro
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Spare MWPC production

Mario
Anelli

Luigi 
Pasquali

Andrea 
Zossi

Emiliano 
Paoletti

After wiring, the 4 gaps are glued together

5 chambers have been built, production is 
planned to terminate next year

Frascati technicians optimizing 
muon identification!

panels planarity < 50 microns!

Many months of hard work to prepare all of 
the needed tools and resume all the 
different/delicate steps (after 10 years from 
the last time)

30 MWPCs to be built

4

1500 camere MWPC (435 m2), 
molte costruite a Frascati!
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Fig. 6.4. Avalanche formation. Since the electrons are more mobile than the positive ions, the avalanche 
takes on the form of a liquid drop with the electrons at the head 

Fig. 6.S. First Townsend avalanche coefficients for several gases (from Brown [6.9)) 

where no is the original number of electrons. The mUltiplication factor is then 

M = nino = exp(ax) . (6.23) 

More generally in the case of nonuniform electric fields such as (6.1), a is a function of 
x, in which case 

(6.24) 

While (6.24) can increase without limit, physically, the multiplication factor is limited 
to about M < 108 or ax < 20 after which breakdown occurs. This is known as the 
Raether limit. 

The multiplication factor or gas gain is of fundamental importance for the develop-
ment of proportional counters. For this reason, various theoretical models have been 
developed for calculating a for different gases. A very early model by Rose and Korff 
[6.10], for example, gives 

a (-BP) p=Aexp -e 
where A and B are constants depending on the gas. A short review of this and other 
models is given by Kowalski [6.11]. 

2 piani racchiudono fili conduttori che 
rivelano la ionizzazione prodotta dai 

muoni in un gas

Le camere a fili
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Allineamento e calibrazione

58

Per ottenere la precisione estrema che ci serve per studiare CP effettuiamo un preciso 
allineamento e la calibrazione di tutti i rivelatori. 

I sensori del VELO ad esempio devono essere allineati entro pochi micron (10-6 m)!
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Ecco il risultato: event display
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http://clangenb.web.cern.ch/clangenb/
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Acquisizione dati a LHCb: il trigger

60

40 Tb di dati al secondo!

Selezione eventi interessanti: Trigger

80 Gb al secondo

Gestito da una server farm, dal 2022 con GPU:

... but can it run Crysis?
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La sala di controllo

61

Il miglior rivelatore di particelle è l’occhio umano! Anche mentre si dorme...



3. Qualche risultato recente
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Violazione CP nei mesoni D0

c

u

D0

Il  è un mesone costituito da un 
quark charm e un quark anti-up
D0

Direct and indirect CP violation

• Direct CP violation when !"
# ≠ !̅ ̅"

#

• For oscillating neutral mesons &|(),# = , ⟩|(. ± 0 ⟩| 1(.

oCP violation in mixing when , ≠ |0|
oCP violation in interference

between decay and mixing when

arg 0
,
!̅"
!"

≠ −arg 0
,
!̅"̅
!"̅

4Moriond EW 2019 - 21/03/2019F. Betti - INFN Bologna, University of Bologna

6 = 7) −7#
Γ 9 = Γ) − Γ#

2Γ

≠
2 2;. < 1;. ̅<

≠
2 2;. < 1;. ̅<1;. ;.

Γ = Γ) + Γ#
2

Parameter Avg value (HFLAV 2018) [%]
6 0.36!".$%&".'$

9 0.67!".$(&"."%

2019: La probabilità di decadimento 
di  e  è diversa: CP è violata!D0 D0

as of the tagging pions or muons; the �2 of the D⇤+ and B vertex fits; the track quality
of the tagging pion and the charged-particle multiplicity in the event. Furthermore, the
total sample is split into subsamples taken with opposite magnetic-field polarities and
in di↵erent run periods. No evidence for unexpected dependences of �ACP is found
in any of these tests. A check using more stringent PID requirements is performed,
and all variations of �ACP are found to be compatible within statistical uncertainties.
An additional check concerns the measurement of �Abkg, that is the di↵erence of the
background raw asymmetries in K�K+ and ⇡�⇡+ final states. As the prompt background
is mainly composed of genuine D0 candidates paired with unrelated pions originating from
the PV, �Abkg is expected to be compatible with zero. A value of �Abkg = (�2±4)⇥10�4

is obtained.
The di↵erence of time-integrated CP asymmetries of D0

! K�K+ and D0
!⇡�⇡+

decays is measured using 13TeV pp collision data collected with the LHCb detector and
corresponding to an integrated luminosity of 6 fb�1. The results are

�A⇡-tagged
CP = [�18.2± 3.2 (stat.)± 0.9 (syst.)]⇥ 10�4,

�Aµ-tagged
CP = [�9± 8 (stat.)± 5 (syst.)]⇥ 10�4.

Both measurements are in good agreement with world averages [50] and previous LHCb
results [31, 32].

By combining previous LHCb measurements [31, 32] with these results, the following
value of �ACP is obtained

�ACP = (�15.4± 2.9)⇥ 10�4,

where the uncertainty includes statistical and systematic contributions. The significance of
the deviation from zero corresponds to 5.3 standard deviations. This is the first observation
of CP violation in the decay of charm hadrons.

The interpretation of �ACP in terms of direct and indirect CP violation requires
knowledge of the reconstructed mean decay times for D0

! K�K+ and D0
! ⇡�⇡+

decays, as shown in Eq. (3). The relevant values corresponding to the present mea-
surements are �hti⇡-tagged /⌧(D0) = 0.135± 0.002, �htiµ-tagged /⌧(D0) = �0.003± 0.001,
hti⇡-tagged/⌧(D0) = 1.74 ± 0.10 and htiµ-tagged/⌧(D0) = 1.21 ± 0.01, whereas those cor-
responding to the combination with previous LHCb measurements are � hti /⌧(D0) =
0.115 ± 0.002 and hti/⌧(D0) = 1.71 ± 0.10. The uncertainties include statistical and
systematic contributions, and the world average of the D0 lifetime is used [51].

By using in addition the LHCb averages yCP = (5.7 ± 1.5) ⇥ 10�3 [52, 53]
and A� = (�2.8± 2.8)⇥ 10�4

' �aindCP [54, 55], from Eq. (3) it is possible to derive
�adirCP = (�15.6± 2.9)⇥ 10�4, which shows that, as expected, �ACP is primarily sen-
sitive to direct CP violation. The overall improvement in precision brought by the present
analysis to the knowledge of �adirCP is apparent when comparing with the value obtained
from previous measurements, �adirCP = (�13.4± 7.0)⇥ 10�4 [50].

In summary, this Letter reports the first observation of a nonzero CP asymmetry
in charm decays, using large samples of D0

! K�K+ and D0
! ⇡�⇡+ decays collected

with the LHCb detector. The result is consistent with, although at the upper end of,
SM expectations, which lie in the range 10�4–10�3 [8–13]. Beyond the SM, the rate of
CP violation could be enhanced. Unfortunately, present theoretical understanding does
not allow very precise predictions to be made, due to the presence of strong-interaction

7
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Durante la sua breve vita (0.4 ps) 
oscilla tra materia e antimateria
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Violazione CP nei mesoni D0

LHC$CERN$Seminar,$21$March$2019$$$$$$$$$$$$$$$$$$$$$ 7Angelo$Carbone

CP#violation#key#dates

1956
Parity violation
T. D. Lee,
C. N. Yang and
C. S. Wu et al.

1964
Strange particles:
CP violation in !
meson decays
J. W. Cronin,
V. L. Fitch et al.

2001
Beauty particles:
CP violation in "#
meson decays
BaBar and Belle 
collaborations

1963
Cabibbo Mixing
N. Cabibbo

1973
The CKM matrix
M. Kobayashi and 
T. Maskawa

2019
Charm particles:
CP violation in $#
meson decays
LHCb collaboration

TODAY

Una scoperta fondamentale di LHCb per risolvere l'enigma dell'antimateria!
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Il modello a quark
I quark si uniscono a coppie (mesoni, es: pione, kaone) oppure in 

triplette (barioni, es: protone e neutrone) 
Ma nell’articolo di Gell-Mann che teorizza i quark come costituenti della 

materia, non si escludono combinazioni con più di 3 quark
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Pentaquark e tetraquark

Introduction and summary

The prospect of hadrons with more than the minimal quark content (qq or qqq) was
proposed by Gell-Mann in 1964 [1] and Zweig [2], followed by a quantitative model for two
quarks plus two antiquarks developed by Ja↵e in 1976 [3]. The idea was expanded upon [4]
to include baryons composed of four quarks plus one antiquark; the name pentaquark was
coined by Lipkin [5]. Past claimed observations of pentaquark states have been shown to
be spurious [6], although there is at least one viable tetraquark candidate, the Z(4430)+

observed in B0
!  0K�⇡+ decays [7–9], implying that the existence of pentaquark baryon

states would not be surprising. States that decay into charmonium may have particularly
distinctive signatures [10].

Large yields of ⇤0
b ! J/ K�p decays are available at LHCb and have been used for

the precise measurement of the ⇤0
b lifetime [11]. (In this Letter mention of a particular

mode implies use of its charge conjugate as well.) This decay can proceed by the diagram
shown in Fig. 1(a), and is expected to be dominated by ⇤⇤

! K�p resonances, as are
evident in our data shown in Fig. 2(a). It could also have exotic contributions, as indicated
by the diagram in Fig. 1(b), that could result in resonant structures in the J/ p mass
spectrum shown in Fig. 2(b).

Figure 1: Feynman diagrams for (a) ⇤0
b ! J/ ⇤⇤ and (b) ⇤0

b ! P+
c K� decay.
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Figure 2: Invariant mass of (a) K�p and (b) J/ p combinations from ⇤0
b ! J/ K�p decays.

The solid (red) curve is the expectation from phase space. The background has been subtracted.
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pentaquark!
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Figure 6: Fit to the cos ✓Pc-weighted mJ/ p distribution with three BW amplitudes and a
sixth-order polynomial background. This fit is used to determine the central values of the masses
and widths of the P+

c states. The mass thresholds for the ⌃+
c D

0 and ⌃+
c D

⇤0 final states are
superimposed.

approximately 5MeV and 2MeV below the ⌃+
c D

0 and ⌃+
c D

⇤0 thresholds, respectively, as
illustrated in Fig. 6, making them excellent candidates for bound states of these systems.
The Pc(4440)+ could be the second ⌃cD⇤ state, with about 20MeV of binding energy, since
two states with JP = 1/2� and 3/2� are possible. In fact, several papers on hidden-charm
states created dynamically by charmed meson-baryon interactions [31–33] were published
well before the first observation of the P+

c structures [1] and some of these predictions
for ⌃+

c D
0 and ⌃+

c D
⇤0 states [28–30] are consistent with the observed narrow P+

c states.
Such an interpretation of the Pc(4312)+ state (implies JP = 1/2�) would point to the
importance of ⇢-meson exchange, since a pion cannot be exchanged in this system [10].

In summary, the nine-fold increase in the number of ⇤0
b ! J/ pK� decays recon-

8

2019: un altro 
pentaquark nascosto!

2021: scoperta dello 
stato   ( )T+

cc ccud

…scoperta di molti stati 
“esotici” mai osservati!

https://www.koppenburg.ch/particles.html

https://www.koppenburg.ch/particles.html
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Come si legano i quark?

Queste nuove scoperte sono cruciali per capire la natura 
dell’interazione forte che tiene insieme i quark

5 quark fortemente legati? Una “molecola” mesone + barione?

Altre ricerche e una quantità maggiore di dati sono fondamentali per 
comprendere queste interazioni.  

Nota: >99% della nostra massa è data proprio dall’interazione forte!
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Decadimenti rari
Il processo raro  avviene circa 3 volte su 1 miliardo di decadimenti!B0

s → μ+μ−

branching ratio. Similar e↵ects are not significant for B0
! µ+µ� decays due to the39

negligible decay width di↵erence of the B0 mass eigenstates.40

The B0

s ! µ+µ�� decay is similarly rare in the SM. Compared to the B0

s ! µ+µ�
41

amplitude, the additional suppression arising from the photon is compensated by the lift42

of the helicity suppression, bringing the total branching fraction to O(10�8) [12–14]. Two43

groups of amplitudes contribute to this decay: those where the photon is emitted from44

the initial state (initial state radiation or ISR), shown for example in Fig. 1(c), and those45

in which it is emitted from the final state (final state radiation, FSR), Fig. 1(d). Their46

interference is evaluated to be negligible due to the helicity and the kinematic suppression47

combined [12, 13, 15]. The FSR part of the B0

s ! µ+µ�� process is experimentally48

included in the B0

s ! µ+µ� decay through the description of its radiative mass tail due to49

bremsstrahlung and detector interactions. The ISR contribution is sensitive to a wider50

range of interactions, in particular to vector and electromagnetic ones, and is treated as51

a separate contribution. Similar to other multibody b ! s`` decays, the sensitivity to52

di↵erent interactions depends on the dimuon mass squared, q2, of the decay. At low q2,53

the decay is mostly sensitive to magnetic and vector interactions, while at high q2 the54

vector and axial-vector prevail. This makes the ISR B0

s ! µ+µ�� decay at high q2 an55

ideal place where to probe the same interactions that drive the anomalies that have been56

seen in some b ! s`` decays [16–19]. In the rest of this article B0

s ! µ+µ�� will indicate57

the ISR process.58

Measurements of B0

(s)! µ+µ�(�) processes have attracted considerable experimental59

interest since the first search for these decays at the CLEO experiment [20], almost forty60

years ago. The first evidence for the B0

s ! µ+µ� decay was obtained at LHCb [21] with61

data corresponding to 2 fb�1 of pp collisions, and this decay was definitively observed with62

the combined analysis of the LHCb and CMS experiments data [22]. Further measurements63
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Figure 1: Possible SM diagrams mediating (top) the B0
s ! µ+µ� and (bottom) the B0

s ! µ+µ��
processes. Subpanels show (a) the so-called “penguin” diagram and (b) the “box” diagram for
B0

s ! µ+µ�, and (c) an ISR contribution and (d) an FSR contribution to B0
s ! µ+µ��.
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 decays in the SMB0
(s) → μ+μ−

4

[JHEP 10 (2019) 232]

ℬ(B0
s → μ+μ−)SM = (3.66 ± 0.14) × 10−9

ℬ(B0 → μ+μ−)SM = (1.03 ± 0.05) × 10−10

Single Wilson coefficient
Single hadronic constant
known at !≃ 0.5 %

1.2.4 The Standard Model branching fraction400

From the e↵ective Hamiltonian (1.22), the time-integrated, untagged and helicity-
summed branching fraction (1.23) can be worked out by evaluating the ampli-
tude (1.20). Within the SM, the only non-negligible contribution to B

0

d,s
! µ

+
µ
�

decays comes from the operator O10, whose magnitude in the e↵ective Hamiltonian
is represented by the real Wilson coe�cient CSM

10
. Scalar (OS) and pseudo-scalar

(OP ) contributions are in fact absent in the SM, with the only exception of the
Higgs penguin process, which is however negligible due to the smallness of the
muon mass. The left-handedness of the charged current also implies that the Wil-
son coe�cients C 0

i
corresponding to the O0

i
operators are suppressed by O(mq/mb),

where q = d, s. The SM branching fraction can therefore be expressed as [44]:

B(B0

q
! µ

+
µ
�)SM

exp
=

⌧Bq
G

4

F
M

4

W
sin4

✓W

8⇡5
|CSM

10
VtbV

⇤
tq
|2

⇥ f
2

Bq
mBq

m
2

µ

s

1�
4m2

µ

m
2

Bq

1 + yq

1� y2
q

, (1.34)

where, as stated in Sec. 1.2.2, the mixing e↵ect correction (1 + yq)/(1 � y
2

q
) is401

sizeable only in the B
0

s
! µ

+
µ
� case (q = s).402

C
SM

10
comprises the contributions from Z penguin and W box diagrams of Fig. 1.4,403

and has a value of ⇠ �4.1 [44]. Since Higgs boson couplings are proportional404

to the fermion masses (Eq. (1.8)), its only substantial contributions are those in405

which H
0 is coupled at both end of its propagator to the top quark. The main406

processes for such contributions appear at two-loop level in EW interactions and407

can be safely neglected [42].408

The Hadronic Matrix Element409

As the final state of B0

q
! µ

+
µ
� is purely leptonic, the hadronic sector of the410

decay can be expressed in terms of a single non-perturbative decay constant fBq
,411

defined by the matrix element [50]412

⌦
0|q̄�µ�5b|B̄q(p)

↵
= ipµfBq

, (1.35)

which contracted with p
µ on both sides gives413

⌦
0|q̄�5b|B̄q(p)

↵
= �ifBq

M
2

Bq

mb +ms

. (1.36)

The decay constant used to be the largest source of uncertainty in the amplitude
calculation, but recent advances in lattice QCD calculations brought this error
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• In the SM, B decays to two muons are FCNC and helicity suppressed :

299

Unlike charged currents, weak neutral currents are not a↵ected by the base change300

(1.10), so that no flavour mixing terms are present. Therefore, Flavour Changing301

Neutral Current (FCNC) processes are only possible at higher orders, meaning that302

direct transitions between down or up type quarks are highly suppressed within303

the SM, as shown in Sec. 1.2.304

1.2 B
0
d,s

! µ
+
µ
� in the Standard Model305

B
0

d
(b̄d) and B

0

s
(b̄s) decays into a pair of oppositely charged muons, B0

d,s
! µ

+
µ
�,306

are especially interesting and extremely rare in the SM.307

Given the quark compositions of the B0

d
and B

0

s
mesons, their dimuon decay implies308

a weak transition between two down-type quarks, b ! d or b ! s, which is309

forbidden at the tree level in the SM (Fig. 1.4a), as deduced in 1.1.2.

charged current is the decay of the ⇡
+ meson, which consists of an up (u) quark of

electrical charge +2/3 of the charge of the proton and a down (d) antiquark of charge
+1/3. A pictorial representation of this process, known as a Feynman diagram, is shown
in Fig. 1a. The u and d quarks are ‘first generation’ or lowest mass quarks. Whenever a
decay mode is specified in this Letter, the charge conjugate mode is implied.

The B+ meson is similar to the ⇡+, except that the light d antiquark is replaced by the
heavy ‘third generation’ (highest mass quarks) beauty (b) antiquark, which has a charge
of +1/3 and a mass of ⇠5GeV/c2 (about five times the mass of a proton). The decay
B

+ ! µ
+
⌫, represented in Fig. 1b, is allowed but highly suppressed because of angular

momentum considerations (helicity suppression) and because it involves transitions be-
tween quarks of di↵erent generations (CKM suppression), specifically the third and first
generations of quarks. All b hadrons, including the B+, B0

s
and B

0 mesons, decay predom-
inantly via the transition of the b antiquark to a ‘second generation’ (intermediate mass
quarks) charm (c) antiquark, which is less CKM suppressed, in final states with charmed
hadrons. Many allowed decay modes, which typically involve charmed hadrons and other
particles, have angular momentum configurations that are not helicity suppressed.

The neutral B0

s
meson is similar to the B

+ except that the u quark is replaced by
a second generation strange (s) quark of charge �1/3. The decay of the B

0

s
meson to

two muons, shown in Fig. 1c, is forbidden at the elementary level because the Z
0 cannot

couple directly to quarks of di↵erent flavours, that is, there are no direct ‘flavour changing
neutral currents’. However, it is possible to respect this rule and still have this decay occur
through the ‘higher order’ transitions such as those shown in Fig. 1d and e. These are
highly suppressed because each additional interaction vertex reduces their probability of
occurring significantly. They are also helicity and CKM suppressed. Consequently, the
branching fraction for the B

0

s
! µ

+
µ
� decay is expected to be very small compared to

the dominant b antiquark to c antiquark transitions. The corresponding decay of the B
0
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Figure 1 | Feynman diagrams related to the B0
s ! µ+µ� decay: a, ⇡+ meson decay

through charged-current process; b, B+ meson decay through the charged-current process; c, a
B0

s decay through the direct flavour changing neutral current process, which is forbidden in the
SM, as indicated by the large red “X; d and e, higher-order flavour changing neutral current
processes for the B0

s ! µ+µ� decay allowed in the SM; and f and g, examples of processes for
the same decay in theories extending the SM, where new particles, denoted as X0 and X+, can
alter the decay rate.
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(a) Tree

charged current is the decay of the ⇡
+ meson, which consists of an up (u) quark of

electrical charge +2/3 of the charge of the proton and a down (d) antiquark of charge
+1/3. A pictorial representation of this process, known as a Feynman diagram, is shown
in Fig. 1a. The u and d quarks are ‘first generation’ or lowest mass quarks. Whenever a
decay mode is specified in this Letter, the charge conjugate mode is implied.

The B+ meson is similar to the ⇡+, except that the light d antiquark is replaced by the
heavy ‘third generation’ (highest mass quarks) beauty (b) antiquark, which has a charge
of +1/3 and a mass of ⇠5GeV/c2 (about five times the mass of a proton). The decay
B

+ ! µ
+
⌫, represented in Fig. 1b, is allowed but highly suppressed because of angular

momentum considerations (helicity suppression) and because it involves transitions be-
tween quarks of di↵erent generations (CKM suppression), specifically the third and first
generations of quarks. All b hadrons, including the B+, B0

s
and B

0 mesons, decay predom-
inantly via the transition of the b antiquark to a ‘second generation’ (intermediate mass
quarks) charm (c) antiquark, which is less CKM suppressed, in final states with charmed
hadrons. Many allowed decay modes, which typically involve charmed hadrons and other
particles, have angular momentum configurations that are not helicity suppressed.

The neutral B0
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meson is similar to the B

+ except that the u quark is replaced by
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two muons, shown in Fig. 1c, is forbidden at the elementary level because the Z
0 cannot

couple directly to quarks of di↵erent flavours, that is, there are no direct ‘flavour changing
neutral currents’. However, it is possible to respect this rule and still have this decay occur
through the ‘higher order’ transitions such as those shown in Fig. 1d and e. These are
highly suppressed because each additional interaction vertex reduces their probability of
occurring significantly. They are also helicity and CKM suppressed. Consequently, the
branching fraction for the B
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(b) Z penguin

charged current is the decay of the ⇡
+ meson, which consists of an up (u) quark of

electrical charge +2/3 of the charge of the proton and a down (d) antiquark of charge
+1/3. A pictorial representation of this process, known as a Feynman diagram, is shown
in Fig. 1a. The u and d quarks are ‘first generation’ or lowest mass quarks. Whenever a
decay mode is specified in this Letter, the charge conjugate mode is implied.

The B+ meson is similar to the ⇡+, except that the light d antiquark is replaced by the
heavy ‘third generation’ (highest mass quarks) beauty (b) antiquark, which has a charge
of +1/3 and a mass of ⇠5GeV/c2 (about five times the mass of a proton). The decay
B

+ ! µ
+
⌫, represented in Fig. 1b, is allowed but highly suppressed because of angular

momentum considerations (helicity suppression) and because it involves transitions be-
tween quarks of di↵erent generations (CKM suppression), specifically the third and first
generations of quarks. All b hadrons, including the B+, B0

s
and B

0 mesons, decay predom-
inantly via the transition of the b antiquark to a ‘second generation’ (intermediate mass
quarks) charm (c) antiquark, which is less CKM suppressed, in final states with charmed
hadrons. Many allowed decay modes, which typically involve charmed hadrons and other
particles, have angular momentum configurations that are not helicity suppressed.

The neutral B0

s
meson is similar to the B

+ except that the u quark is replaced by
a second generation strange (s) quark of charge �1/3. The decay of the B
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meson to

two muons, shown in Fig. 1c, is forbidden at the elementary level because the Z
0 cannot

couple directly to quarks of di↵erent flavours, that is, there are no direct ‘flavour changing
neutral currents’. However, it is possible to respect this rule and still have this decay occur
through the ‘higher order’ transitions such as those shown in Fig. 1d and e. These are
highly suppressed because each additional interaction vertex reduces their probability of
occurring significantly. They are also helicity and CKM suppressed. Consequently, the
branching fraction for the B
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� decay is expected to be very small compared to

the dominant b antiquark to c antiquark transitions. The corresponding decay of the B
0

e B
0
s
! µ

+
µ
�

B
0
s

W
+

⌫

W
�

t

b

s µ
�

µ
+

Figure 1 | Feynman diagrams related to the B0
s ! µ+µ� decay: a, ⇡+ meson decay

through charged-current process; b, B+ meson decay through the charged-current process; c, a
B0

s decay through the direct flavour changing neutral current process, which is forbidden in the
SM, as indicated by the large red “X; d and e, higher-order flavour changing neutral current
processes for the B0

s ! µ+µ� decay allowed in the SM; and f and g, examples of processes for
the same decay in theories extending the SM, where new particles, denoted as X0 and X+, can
alter the decay rate.
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(c) W box

Figure 1.4: Dominant Feynman diagrams for B0

d,s
! µ

+
µ
� decays

310

Nevertheless, B0

d,s
! µ

+
µ
� can occur in the SM in higher order processes, the311

dominant ones being Z penguin with top loop (75%) and W box (24%) [40], as312

depicted in Fig. 1.4. In addition to being loop and CKM suppressed, B
0

d,s
!313

µ
+
µ
� decays su↵er significant helicity suppression. The neutral B mesons are314

pseudoscalars (JP = 0�), so that the two muons in the final state are forced to315

have the same helicity. The helicity state of one of the two muons is therefore316

always disfavoured by a factor (mµ/MB)2 ⇠ 4⇥ 10�4 with respect to the other.317

1.2.1 An E↵ective Field Theory for B decays318

The main obstacle in evaluating amplitudes for hadronic weak decays such as319

B
0

d,s
! µ

+
µ
� is strong interaction. Conversely to QED, where higher order pro-320

cesses are suppressed by powers of ↵EM ' 1/137, the strong coupling of QCD321

largely depends on the transferred momentum scale of the process. At su�ciently322
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• Clean prediction in the SM:

[PRD 98 (2018) 074512]

Introduction to Lepton Flavour Universality 3 / 19

Lepton Flavour Universality in heavy flavour decays
⌅ Lepton universality tests in tree-level decays

⌅ Abundant b ! c`⌫ transition

⌅ Possible NP coupling
mainly to 3rd family

⌅ RD⇤ = B(B!D⇤⌧⌫)
B(B!D⇤µ⌫) from LHCb

covered by [M. Tilley]

b c

⌫̄`

`�

b c

⌫̄`

`�

LQ

⌅ Lepton universality tests in rare loop-level decays
⌅ b ! s`` FCNC

⌅ Forbidden at tree-level in SM

⌅ Sensitive to NP
contributions in loops

b s

`�

`+

t

W

b `�

`+

s

LQ

⌅ Determine ratios RK(⇤) =
R d�(B!K(⇤)µ+µ�)

dq2
dq2

R
d�(B!K(⇤)e+e�)

dq2
dq2

SM
= 1±O(10�3)

⌅ Experimentally clean: cancellation of many systematic uncertainties
⌅ Theoretically clean: cancellation of hadronic uncertainties

QED e↵ects O(10�2) [Bordone et al., EPJC 76 (2018) 8:440]
C. Langenbruch (RWTH), Beauty 2019 LFU in b ! s`` decays

Rientra nella classe di decadimenti  :b → sl+l−

Il decadimento è 
alterato se ci sono 
Nuove particelle

 ricerca indiretta di 
“Nuova Fisica”

→
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 : event displayB0
s → μ+μ−

Cercato per 30 anni, osservato per la prima volta a LHCb + CMS nel 2014
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 : risultatoB0
s → μ+μ−

2021: Usando tutti i dati a disposizione, 
LHCb misura la probabilità di decadimento 

con precisione: il risultato è in accordo con il 
Modello Standard

with boundaries 0.0, 0.25, 0.4, 0.5, 0.6, 0.7, and 1.0;
candidates having BDT < 0.25 are not included in the fit to
the dimuon mass distribution. The mass distribution of the
B0
ðsÞ → μþμ− candidates with BDT > 0.5 is shown

in Fig. 1.
The BDT distributions of B0

ðsÞ → μþμ− decays are
calibrated using simulated samples which have been
reweighted to improve the agreement with the data. The
pT , η, and χ2IP quantities of simulated B0 and B0

s samples are
corrected [41] using data samples of Bþ → J=ψKþ and
B0
s → J=ψϕ decays, respectively. The event occupancy is

also corrected, separately for each BDT region, by compar-
ing the fraction of Bþ → J=ψKþ candidates in four
intervals of the number of tracks in simulated events and
in data. To align the reconstruction with that of the B0

s →
μþμ− signal, the BDT response for the Bþ → J=ψKþ

candidates is evaluated using the information from the
final state muons and the Bþ candidate, with two excep-
tions: the B vertex-fit χ2 is replaced with that of the J=ψ ,
and the muon isolation variables are computed without
considering the final-state kaon. The effect of the trigger
selection on the BDT distribution is estimated using control
channels in data. The resulting B0 → μþμ− and B0

s → μþμ−

BDT variable distributions are found to be compatible with
that of B0 → Kþπ− decays selected in data when corrected
for the different trigger and particle identification selection
and, in the case of B0

s → μþμ−, the different lifetime.

The mass distributions of the B0
s → μþμ− and B0 →

μþμ− signals are described by two-sided Crystal Ball
functions [42] with core Gaussian parameters calibrated
from the mass distributions of B0

s → KþK− and B0 →
Kþπ− data samples, respectively. A mass resolution of
about 22 MeV=c2 is determined by interpolating the
measured resolutions of charmonium and bottomonium
resonances decaying into two muons. The radiative tails are
obtained from simulation [43]. Small differences in the
resolution and tail parameters of the mass shape for the
different BDT regions are taken into account. The mass
distribution of the B0

s → μþμ−γ decays is described with a
threshold function modeled on simulated events that were
generated using the theoretical predictions of Refs. [14,15],
convoluted with the experimental resolution.
The signal branching fractions are determined using the

relation

BðB0
ðsÞ → μþμ−Þ ¼ Bnormϵnormfnorm

NnormϵsigfdðsÞ
NB0

ðsÞ→μþμ−

≡ αnormB0
ðsÞ→μþμ−NB0

ðsÞ→μþμ− ;

where NB0
ðsÞ→μþμ− is the signal yield determined in the mass

fit, Nnorm is the number of selected normalization decays
(Bþ → J=ψKþ or B0 → Kþπ−), Bnorm the corresponding
branching fraction [44], and ϵsig (ϵnorm) is the total
efficiency for the signal (normalization) channel. For each
signal mode, the two single event sensitivities, αnormB0

ðsÞ→μþμ− ,

are then averaged in a combined αB0
ðsÞ→μþμ− taking the

correlations into account. The fraction fdðsÞ indicates
the probability for a b quark to fragment into a B0

ðsÞ meson.
The value of fs=fd has been measured by LHCb to be
0.254% 0.008 in pp collision data at

ffiffiffi
s

p
¼ 13 TeV, while

the average value in Run 1 is lower by a factor of 1.064%
0.007 [45]. The fragmentation probabilities for the B0 and
Bþ are assumed to be equal, hence fnorm ¼ fd for both
normalization modes.
The acceptance, reconstruction, and selection efficiencies

are computed with samples of simulated events generated
with the decay-time distribution predicted by the SM. The
tracking and particle identification efficiencies are deter-
mined using control channels in data [46,47]. The trigger
efficiencies are evaluated with control channels in data [48].
The yields of selected Bþ → J=ψKþ and B0 → Kþπ−

decays are ð4733% 3Þ × 103 and ð94% 1Þ × 103, res-
pectively. The normalization factors measured with the
two channels are consistent and their weighted averages,
taking correlations into account, are αB0

s→μþμ− ¼ ð3.51%
0.13Þ × 10−11, αB0→μþμ− ¼ ð9.20% 0.17Þ × 10−12, and
αB0

s→μþμ−γ ¼ ð4.57% 0.17Þ × 10−11. Assuming SM predic-
tions for the branching fractions, the analyzed data sample
is expected to contain an average of 104% 6 B0

s → μþμ−,

5000 5500 6000
]2c [MeV/−µ+µm

0

10

20

30

40)2 c
Ca

nd
ida

tes
 / (

 27
.5 

M
eV

/

Data
Total

−µ+µ→s
0B

−µ+µ→0B

γ−µ+µ→s
0B

−'h+h→B

µνµh→bX
−µ+µ)+0(π→0(+)

B

Combinatorial

LHCb
1−9 fb

 0.5≥BDT

FIG. 1. Mass distribution of the selected B0
ðsÞ → μþμ− candi-

dates (black dots) with BDT > 0.5. The result of the fit is overlaid
and the different components are detailed: B0

s → μþμ− (red solid
line), B0 → μþμ− (green solid line), B0

s → μþμ−γ (violet solid
line), combinatorial background (blue dashed line), B0

ðsÞ → hþh0−

(magenta dashed line), B0 → π−μþνμ, B0
s → K−μþνμ, Bþ

c →
J=ψμþνμ, and Λ0

b → pμ−ν̄μ (orange dashed line), and B0ðþÞ →
π0ðþÞμþμ− (cyan dashed line). The solid bands around the signal
shapes represent the variation of the branching fractions by their
total uncertainty.
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Ogni piccola deviazione nei decadimenti rari può indicare la presenza di Nuova Fisica

Ad esempio? Nuovi bosoni di Higgs, particelle supersimmetriche, materia oscura...
... altre dimensioni!

Finora niente, ma continuiamo a cercare!




