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The flavour sector

Higgs couplings (Yukawa)
13 free parameters

@ What is the origin of the SM
7 4 (Standard Model) peculiar

pattern of flavors?

“The Flavour Puzzle”

Fermion masses Quark mixing
4.7TM 96 M 4.18 G . . h
22 M 1.28 G 173.1 G 1 -1/3 -1/3 r
ER (5 d: LS ‘;’J [b JJ @ The solution to t.hIS a?d othe
“,, S - fown srange )\ bottom SM problems might lie far
m,<<m.<<m, PR beyond the energy of the LHC
e o (L
4.7 -hld/s 96 ?;/3 4.13;;/3 up s o u b —u m ___J
d sl b — § ® Tiny quantum effects could be
+2/3 o« o . IO
172 o . visible at lower energies &
md << mS << mb e dec Q beoc g'_
173.1 G ;'
0.51 M 105.66 M 1.78 G +2/3 o o . ]
e tt.,.,‘” . . @ Precision studies of the SM's
clection e = | dot  se "flavor structure' have the
m, <m, K< m, potential to reveal these effects
@ Hierarchy in flavour transitions
(CKM matrix)

Peculiar pattern of

fermion masses ® Only known source of asymmetry

between matter and antimatter
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Flavour beyond the SM

See for example UTFit and JHEP 0803:049,2008
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Flavour physics at the LHC

 Proton collisions at 13 TeV at 40
MHz

* The b quark weighs only 5 GeV
— 5 million per second

* Very difficult to identity and
measure precisely

* One of the 4 major LHC detectors
has a dedicated design: LHCb
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The LHCDb experiment
LHCD

Designed for flavour physics

Forward acceptance

Cherenkov detectors
for hadron identification

Identification of displaced
decay vertices

—> World-largest dataset of beauty and charm hadrons

Martino Borsato - Milano-Bicocca U.



Flavour Physics
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Flavour physics analysis

@ Decays of heavy-flavour quarks and leptons

* Measurement of fundamental SM parameters

ML classification

Online and Offline

True Positive Rate
e = = —
EEN (@) oo o

o
b

|

ROC curve (area = 0.87) ]

| |
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Contatti: marta.calvi@unimib.it, maurizio.martinelli@unimib.it, martino.borsato@unimib.it

050 0.75 1.00
False Positive Rate

Counts / (32.00 MeV/c?)

7
Tests of SM fundamental symmetries @ —
Stress-test of consistency of the theory

Anomalies — Physics beyond Standard Model?

Analysis of sample composition
Subtraction of the background with a fit

T T T
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<4 Data i
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Combinatorial
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I Partially Reconstructed |
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Example of a decay

b W= S
A u
Virtual particles >

Extraction of relevant parameters and

comparison with theoretical predictions
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Some analyses of Bicocca@LHCb
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1. Matter-antimatter asymmetry
(CP violation) in charm quarks

2. Measurement of the fundamental
CKM parameter V

3. Study of the structure of the B meson (biz)
4. Search for lepton-flavour violation

5. Study of rare decays of b and ¢ quarks

LHCb ]
Run 2 (2 fb'!)

10
q? [GeV?]

8 10

B(r~—pptu) [x 10°]

(Many interesting analyses\

you can contribute to

* World-experts in Bicocca +
international collaboration

*  Come talk to us and we can
define a suitable master

!hesis project together J

Contatti: marta.calvi@unimib.it, maurizio.martinelli@unimib.it, martino.borsato@unimib.it
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Hardware and
software development

31 C0CCA

Contatti: marta.calvi@unimib.it, maurizio.martinelli@unimib.it, martino.borsato@unimib.it, marco.pizzichemi@unimib.it

T
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LHCb upgrade 2

Total recorded luminosity — pp — 37.0 fb™!

@ Goal: collect data faster and improve
statistical sensitivity of analyses

@ First upgrade was a success!

@ Second upgrade planned for ~2033
- 5 X higher luminosity

- Higher granularity, ps timing, radiation
resistance, high-performance computing,
advanced analysis techniques

Recorded integrated luminosity [fb ]

Beam 1

Martino Borsato - Milano-Bicocca U.
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Run 3 - 27.90/fb

ch
2026 (13.6 TeV): 5.34/fb

2025 (13.6 TeV): 11.81/fb
2024 (13.6 TeV): 9.56/fb
2023 (13.6 TeV): 0.37/fb
2022 (13.6 TeV): 0.82/fb

Run 2 -590/fb

2018 (13 TeV): 2.19/fb
2017 (13 TeV): 1.71/fb
2016 (13 TeV): 1.67 /b
2015 (13 TeV): 0.33/fb

Run1-3.23/fb
2012 (8 TeV): 2.08/fb

2011 (7 TeV): 1.11/fb
2010 (7 TeV): 0.04/fb

-
/ LS2 -

N & A o

& q’@"' & O w&‘) Y
Beam 2
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Hardware upgrade: Calorimeter

@ New technology required:

* Radiation resistance, granularity,
timing at ps level

= Spaghetti Calorimeter (SPACAL)
* Beam tests of prototypes
* Design optimisation using simulation

* Study of particle identification
performance

Contatti: marta.calvi@unimib.it, marco.pizzichemi@unimib.it

SPACAL

Shashlik

Shashlik mmlead  scint mmWLS

Y. Guz, IHEP

= PMT [ | PMT

12 12x12.12 e
‘chemi@cern.ch SPACAL module

Prototype of the SPACAL module
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Software upgrade: Machine Learning

Exp]oring various modern ML solutions GNN for full event interpretation

Convolutional Neural Networks ) Do T
Graph Neural Networks
Tecniche di ML in real time (EdgeML)
LCAI
Advanced ML projects by Bicocca@LHCb: o °
Global event reconstruction (DFEI) o
Identification of charged particles using Nt
Cherenkov light rings (YOLO) B
L o o v
o
®e
PVs d PV,
’ - Kaon7 P10h7
Background? o
S TensorFlow A NVIDIA.

Contatti: marta.calvi@unimib.it, maurizio.martinelli@unimib.it, martino.borsato@unimib.it 15
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@ Collider physics, flavour physics

Standard Model symmetries and theories
beyond the Standard Model

Statistical analysis and machine learning

®

Programming in Python and/or C++

Development of state-of-the-art detectors

®©@ ® ® @

An international and growing team

marta.calvi@unimib.it

maurizio.martineli@unimib.it

Contacts:

martino.borsato@unimib.it

marco.pizzichemi@unimib.it
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Hadron decays

® Quarks hadronise into
bound states (hadrons):

- Unflavoured uii, dd, ud

+ Strange mesons: sii, sd

- Charm mesons: cii, cd, c§

- Beauty mesons: bi, bd, bs, bc
- Baryons g,qigy. ..

* Tetraquarks, Pentaquarks

 Ahuge zoo m B )

Martino Borsato - Milano-Bicocca U.

K mesons: sit, sd

K+(592) K*(1410)  K(1460)

K*(700)  Ki(1400) " g 1430
Ki(1270)  K5U430) g 1580)

stroxxiar% e.m. decays

Ki KO

y/eafd cays

lighter mesons and leptons
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The beauty of the beauty quark

f Fermion masses \

® Good theoretical properties: we co 1o
: : : d bho
° Decays only via weak interaction oo @
eo IuO TO
- Can decay to 4 quarks and all leptons B P e—
. ep e
» Small SM decay width N U
- Flavour suppressed |V, |, |V, | < 1 /" Quark mixing matrix\
- Weak suppressed my,/my, < 1 ] @
* Sensitive to small new contributions ! -
- Large mass m;, > Agcp ©
= precise calculations — |
- Hadronises before decaying
Vcb

Martino Borsato - Milano-Bicocca U.
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The beauty of the beauty quark

® Good experimental properties:
° 75 =~ 1.5 ps — displaced decay vertex
* my, ~ 5 GeV — cheap to produce
* Huge phenomenology

* Hadronises in many ways

* Decays to hundreds of channels

.....

Martino Borsato - Milano-Bicocca U.




LHCb upgrades

® A detector challenge: cope with huge LHC cross sections

Precise real-time analysis (reduce throughput)
— ultra-fast detectors and triggers

Better data quality (segmentation, resolution)

Track collisions in 4D — timing at 10 ps

Radiation resistance

Run 3,4

LHCbh—e LHCb Upgrade | ———— LHCb Upgrade Il —
LS3
L= 10" LS2 £=2x10B8—  HLLHC- - 501" B4 £=1-2x 10%— LS5 =L~ 300fb"

ATLAS/CMS
Phase 2 upgrades

MIlmmm 202 | 2022 | 2023 | 2024 | 2025 | 2026 | 2027 | 2028 | 2029 | 2030 2033 MMMIIIM'

Now commissioning! See ICHEP talk by Federico

Injectorupgrades

Martino Borsato - Milano-Bicocca U.
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Il sapore nella storia del MS

Martino Borsato - LHCb

Alcune scoperte indirette nel sapore

4 1970
K° = pup
non osservato
\_ W,
4 1964
Violazione
simmetria CP
nei mesoni K
\_ W,
1987
Mescolamento dei

meson con b quark

—

Esiste un
quarto quark

1974

Scoperta del

quark charm

J

Esiste terza
famiglia di
quark

1977

Scoperta del
quark beauty

J

Il quark top e
molto pesante

1995 )

Scoperta del

quark top
J

22


https://sites.google.com/unimib.it/lhcbbicocca/group/martino-borsato
https://sites.google.com/unimib.it/lhcbbicocca

Collisioni
a 40 MHz

Rivelatore
luce Cherenkov

Magnete

| \_i‘

tempo reale

\\ | : lml

‘ A {un!
!"'r-"'“

t '|.:um

"l

.
I .!J?*{*

Tracking in |

Iy
il

ll='-| i
. ’

\ ! T
B

Ml. i -

e
1 "‘-Iﬂiﬂt

Il n

La sfida sperimentale

) * Isolare i decadimenti di interesse

g ———— e misurarli con alta precisione

" * Operare il detector a luminosita
ancora piu alta in futuro

fattore X 5 nel 2024 e X 50 nel 2033

Identificazione vertici secondari
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Transiziont b — u

47 M 96 M 4.18 G
-1/3 -1/3 -1/3
1/2 1/2 1/2
down strange bottom
(22M ) —
+2/3
u 1/2 . ¢
up S U b u
SETA
+2/3
/2 o .
= d o c b e c
(1731 G )
t +2/3
. 1/2 R PY
op
— det s &t

@ Transizione quark b — u
soppressa nel MS

® Precisione di misura dell’elemento
di matrice V,;, ancora limitata

® Tensioni tra determinazioni
“esclusive” e “inclusive”

® Cosa c'e dietro?

Martino Borsato - LHCb

b — u adronizzata in BY — KTy 0

131600 :_ +I Il)ata;

> 1400 F—— Total

> 1200 M B~ Ky,

F E— H H(= KX)uX')

:/1000 — B? — K¥utv,

8 800F Bt u KX

:-C‘z 600 :_— MISI]). . II

o - —— Combinatorial

g 400 f

O hooE g.
0™ 3000 4000 5000

m,, [MeV/c?]

Proposta di tesi: Misura V;, con il decadimento B, - Kuv.
Classificazione del segnale con ML, modellizzazione e
sottrazione statistica del fondo, determinazione
dell’elemento di matrice CKM V , con fit multidimensionale
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Universalita leptonica

b — cfv adronizzatain B - D¢ 1

c N c il < G/d

b (b B " p®

1

kﬁ
T

ult”

. PN ° [ 3 . 2 F 3 - 2]
® ”Unlvel‘sallta leptonlca” 30E x10° ¢?€[9.35, 12.6] GeV~/c* gl{;l;b 30E x10° ¢?°€[9.35, 12.6] GeV~/c* BI(;IMC_b | Data 3 7Y
I1 MS prevede che le interazioni di £20F ~20F = B—D'tv
. . . . < o L B—Dtv
gauge siano indipendenti dal sapore 3 10p = 10, D X
. . o T B B 3-D uv
dei leptom (,u ’ T) = P 0 < 10° 4°€19.35, 12.6] GeV?/c* LHCb Comb. + misID
% 3 o) D*+M_ ..§ 3;_ i-“ D*+H_ -B_>D0MV
@ Nuove interazioni potrebbero violare 2 E —pa
questa simmetria — sarebbe un segno S 1 if Bl 3D uv
chiarissimo di fisica oltre il MS =0 5 TR 1000 2000
m2, (GeVZ/ch) E% (MeV)
@ I dati indicano una possibile (~30) <(
. : , . s :
violazione dell'universalita 1ePt0mC3 Proposta di tesi: Test dell’'universalita leptonicain b — cZv.
— necessarie altre misure Prima analisi del grande dataset di Run2 e possibilita di

partecipare all’analisi dei nuovi dati 2024. Test con nuovi
osservabili. Studio della sensibilita di una analisi angolare ai
coefficienti della teoria effettiva di campo.

Martino Borsato - LHCb ) ’ 25
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Mixing ¢ violazione CP nel charm

@ Breve storia della violazione CP:
« 1964: CPV in s — d (Cronin & Fitch)
- 2001: CPV in b — d (BaBar & Belle)
- 2013: CPVin b — s (LHCD)
- 2019: CPV in ¢ — u (LHCDb)

Prossimo step:

Misura CPV nelle interferenze
quantistiche nel mixing D - DY

., .,

Martino Borsato - LHCb

Dataset di DY — Kgﬂ'-l_ﬂ'_

{'3— LB RN ST TR P FL VLSRN Ak A LR LA,
: | .
i :
:2.5_ 6 ]
= [ ~ 10° eventi
2f
1.5F
1
0.5/
bl l 1 l 1 l

0.5 I 1.5 2 2.5 3
m2 [GeV?/c]

2 Proposte di tesi:

1) Mixing e CPV in decadimenti multibody del D°

2) Mixing e CPV in decadimenti semileptonici del D°
Misure di precisione con dataset molto grandi. Fit complessi
di effetti quantistici di interferenza e CPV.

10

Signal per (4.5 MeV?/c*)
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Identificazione di ¢ — uy

c . Analisi LHCb con tecnica “standard”
® Transizioni ¢ — u molto rare nel MS

. : 2 ici 2ol T Unofficial
» Cancellazione delle ampiezze (GIM) Foon] o §9°°E LHCb data |
s t ~800}-
Ac—>d—-u)+A(c—>s—->u~0 il :

vents /

&70of

Events
N
o
(=]

* Sensibile a contributi di nuova fisica!

600

1000_ nal 500%
800]-
: 400
po 600} I
400: h
200; \ \ 100
L \ —— \\ r
C_||11|| LLMMJIIIIHNHJLLD_I-HT‘F chl*lﬁmhﬂﬁlﬁlmhﬂﬁﬂﬁlﬂm
1700 1750 1800 1850 1900 1950 2000 2050 -05-04-03-02-0.1 0 0.1 0.2 0.3 0.4 05
M., (MeV) cos(6y)
0 0,y — -5 . .
BR(D" = p7y) = (1.77+£0.30) X 10 = Sviluppo nuova tecnica basata
su conversioniy — ete”
@ Sfida sperimentale <
_ Proposta di tesi
Miliardi di charm pI'OdOttl Sviluppo di un classificatore basato su ML per ridurre il
0 fondo. Fit delle distribuzioni cinematiche per la
6 Gr ande fOHdO da T =YY quantificazione del fondo residuo. Calcolo delle efficienze e

ottimizzazione della selezione. Stima della sensibilita della
misura e confronto con metodo standard.

Martino Borsato - LHCb
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Altre analisi

@ Studio della struttura del meson B con il
decadimento BT — uvy

@ Studio delle transizione rare b — sZ1¢~
con analisi angolare di BO — K¥*eTe™ Analisi angolari multidimensionali

® Ricerca di transizioni 7 — uuu che

: : : Ricerca di fotoni oscuri
violano il sapore leptonico 104,

T T T T
Planned LHCb search

® Ricerca di fotoni oscuri molto leggeri con
nuove tecniche di analisi in real time

rarer process)

107}

108
109}
10710}

Venite d marta.calvi@unimib.it O athng searchios

parlarne maurizio.martinelli@unimib.it T S ——
con noi' martino.borsato@unimib.it Dark photon mass [MeV]

Dark photon coupling squared (smaller
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