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Introduction

b u,C,1 d(s)
< Why 3 generations of fermions? K g
"B NPV
< Are there other sources of CPV violation? d(3) P y b
%, ¢t

Precision measurements to test SM predictions

X/

% Hadronic machines: large bb (and cc) production cross section

> — LHCb experiment: forward spectrometer with excellent vertexing,

tracking and particle identification

LHCb MC
is=8TeV
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The LHCb experiment

ép/p = 0.5-1.0%
for p = 20-200 GeV/c

Vertex 5
detector(VELO)

Calorimeters: particle
identification

Cherenkov detector:

particle identification

ECAL
SPD/PS

Magnet
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JINST 3 S08005 (2008),
Int. J. Mod. Phys. A 30
(2015) 1530022

Muon

.| chambers

4 x\" 5

Tracking stations: trajectory of
charged particles — momentum
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Not only a flavour experiment

LHCb has collected ~3 fb' of data in Run1 and ~6 fb" of data in Run2

% Designed to study B mesons decays, but rich physics program!

Lepton
S universality Hadornic
CP violation tests spectroscopy

& CKM

Dark

Rare decays sector

Electroweak

Fixed target physics

Heavy ions
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Not only a flavour experiment

LHCb has collected ~3 fb' of data in Run1 and ~6 fb" of data in Run2

% Designed to study B mesons decays, but rich physics program!

< This talk: selected measurements on flavour physics. See also:

— Alice Biolchini, Lepton flavour universality tests in b—s22 decays at LHCb experiment

— Camille Normand, Bs—uuy decay in the high-¢g2 region

— Lisa Fantini, Lepton number and lepton flavour violation searches in B decays at LHCb
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https://agenda.infn.it/event/32931/timetable/#63-lepton-flavour-universality
https://agenda.infn.it/event/32931/timetable/#75-bs-decay-in-the-high-q2-reg
https://agenda.infn.it/event/32931/timetable/#b-29198-poster-session-and-dis

Lepton flavour
universality tests




LFU tests in LHCb

% EW couplings to leptons “universal” (the only difference is the mass) in the SM

% Can be tested in i
> boclv y LY
BB - DYty I
R(D®)) = -

KB — D(*)ﬂ+l/ﬂ)

Predicted with a ~1% precision in the SM

> b sl — Covered in Alice's talk !

Sensitive to NP coupling to EW penguin /" LQ s

LFU tests theoretically clean

qurxxd QdF(B%H/J' H )

2 qz dq? 2 2
R — min =m gg
H [qIIlln’ qIII&X] qln'lx d 2 dF(B—d)H6,+€ ) ? q ( )
qmln (]
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* LHCb-PAPER-2022-039
R(D( )) arXiv:2302.02886

X/

< First joint measurement of R(D) and R(D*) at a hadron collider
> Run 1(2011-2012) dataset

X/

< Experimental challenge: neutrinos — no narrow peak to fit

B — D*tr 7. B°— D**u v,

< Strategy: make 3D template fits to g%, missing mass and lepton energy
distributions
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https://arxiv.org/abs/2302.02886

LHCb-PAPER-2022-039

R(D(*)) arXiv:2302.02886

% Both precision measurement and inclusive analysis with high statistics

> Understanding of background fundamental

30Fx10° ¢2€[9.35, 12.6] GeVZ/c* LHCb
< Final result: : I T
20 Preliminary B B — D'uv
" % 10:_ I 3 —>D:0‘L“’
R(D ) =[:281 4+ §.018 + 0124 E 3 BB D uv
= L= Comb. + misID
p— = O =3 9 Kk
R(D)=0.441 + 0.060 = 0.066 2 Ex10° ¢°€19.35,12.6] GeV’c* LHCh| [l B —D " uv
p=—0.43 5 3F D"w|mmB—>D'DX
é of BB — Dtv
S F BlB—-Drv
1 _  Stat. Unc.
0
: 1000 2000
% Run 2 measurement ongoing E% (MeV)
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https://arxiv.org/abs/2302.02886

CKM metrology

Im
VudVip + VeaVep + ViaVip, = 0
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|Vcb| measurement

% Long-standings tension (~30)
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. 0 % PRD 101(2020) 072004
IV, Ivia B —D" pv

< 2011-2012 data, B>— D*pv used as normalization ; [IData LHCb
- - ><10 __JSS I)m

< Unreconstructed neutrino — 2D fit to L PV T T

Rt o -

) . 40F | | | | -

> p,, correlated with hadron recoil E 35; l | : | ]

] | [ ]

(preserves FF information) ~ 30F : : : : 3

S C 3

ot |1 L[

p. (D) i 6 20E : I : : 3

b JRCI SN

e 2 10F | [ | | |

B ey R <F | [y | | :

< Vi O S5E A | | 3
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2
> Mgy = \/ m?(D;pt) + p2(Dypt) + pu(D, p™) My - [MeV/c?]

< — simultaneous extraction of |V | and FF

Giulia Tuci, 16/02/2023 Highlights from LHCb 13



. 0 %
IV, Ivia B —D" pv

% Final result;

\Vew|oLn = (41.6 £ 0.6(stat) &= 0.9(syst)
+1.2(ext)) x 1073

|Vep|BaL = (42.3 = 0.8(stat) £ 0.9(syst)
+1.2(ext)) x 1073

PRD 101(2020) 072004

/' ALEPH [PLB 395, 373 (1997)] W
CLEO [PRL 82, 3746 (1999)]
Belle [PRD 93, 032006 (2016)]
BaBar [PRD 79, 012002 (2009)]
BaBar [PRL 104, 011802 (2010)]
“ALEPI 3395, 37
CLEO [PRL 89, 081803 (2002)]
OPAL [PLB 482, 15 (2000)] :
OPAL [PLB 482, 15 (2000)] & --'——~—‘
DELPHI [PLB 510, 55 (2001)]

DELPHI [EPJ C33, 213 (2004)] 4

BaBar [PRD 77, 032002 (2008)] |& e |
BaBar [PRL 100, 231803 (2008)] F*

BaBar [PRD 79, 012002 (2009)] |S

Belle [PRD 100, 052007 (2019)] o rob
h}aBar [PRL 123091801 (2019)]/ o red

LHCb [LHCb-PAPER-2019-041]

i

11 1 l 1 1 1 1 l 11 1 1

—Exclusive average (HFLAYV 2019) l
Inclusive average (HFLAV 2019) |

10

20 30 40
V.1 [107

< Limited by external inputs — will benefit from LHCb Run 3 measurement

on fs/fd and any update on K*K1t* resonance from Belle I
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Measurement of y angle

(v 1%
= —arg

%
ud " ub )
%
‘/('d ‘/('b

> Comparison between direct and indirect determination, obtained using

has CL > 0.95 1

sin 2B

excluded area

—
Am & Amg
Am, €

fi I
Spring 21

sol.w/cos 2B <0
(excl, at CL > 0.95)

% Accessible studying processes involving only tree-level diagrams

> Negligible theoretical uncertainty (<107) JHEP 1401 (2014) 051
unitarity relation — sensitive to NP

g T 1 = T J . 0.7

:_ZA E v fitter

=3 Spring 21 — 0.6
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https://hflav-eos.web.cern.ch/hflav-eos/triangle/pdg2021/index.shtml

Measurement of y angle

% Interference between b—cus and b— ucs transitions

< — occurs when D® and D° decay to the same final state

> (P eigenstates, e.g. D°— K*K", DO—m'mr

> CF or DCS decays, e.g. D°—Km

> self-conjugated 3-body final states,e.g. D°—K '

T ] T
LHCb -

Preliminary -

October 2022 —

1-CL,
5

0.8

50 60 70 80 90
7 [°] LHCb-CONE-2022-003



harm

CPVinc

THE MIRRIR DD NI S€€M O
BE OPERATING PROPERLY.
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The charm quark

Charm transitions are a unique portal for obtaining a novel access to
flavor dynamics
> complementarity with K® and B°

> expected CPV in charm <102 — difficult to
up-type

down-type P
/

> non-perturbative QCD regime (mass c-mesons O(2 GeV))

observe it experimentally

Theoretical predictions challenging:

> — large uncertainties

Giulia Tuci, 16/02/2023 Highlights from LHCb
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PRL 122 (2019) 211803

First observation of CPV in charm

< Difference in CP asymmetries between D' and D°—K*K-

> Need to distinguish between D° and D°

AT = Npo — Nﬁo
— — o N DO . N HO
F(D — f) + F(D — f) raw CP rod det
AT ~ A 4+ AP+ A
o xll(.)3. S /.\220())(1(.)3. TS —
> F 1 2 1800
L + Data L + Data
= 5000 d = 1600
— - Br->kk]  — 1400 | YT
5y 4000 . 1 ) :
8 i % Comb. bkg. 1 8 1200 Comb. bkg.
o 3000F 4 5 1000
% - % 800
<5 2000p D K'K 3 T 600 D’— e
o - y "]
S 1000F 44mM 1 £ ‘2‘38 14 M
U 0 | E e " crenrs v oy - U 0 p—— / ‘\wrrllmmr/w YU I VA T VI
2005 2010 2015 2020 2005 2010 2015 2020

m(D07r+ ) [MeV/c?] m(D07t+) [MeV/c?]
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First observation of CPV in charm P~ '2 @092

D°— K'K D%, T
g +'Dim g oFLHCb '+,D:ua' |
> — Fit > 1.5 ) — Fit
CP — -4 : | I -

AA=(-15.4£2.9)x10* £ | £ o5 }
& B {

530 f : *i B i I * { ‘
.3 o from zero 5 i ‘/

. i
% |
= -1.5 ‘
3 22
{ E i W W W | 1

LS Tl /7 T \ N |3 P LA LY TR (] 7 N \ W MMM P50 M M M (‘T VA YA |
2005 2010 2015 2020 2005 2010 2015 2020
m(D°7*) [MeV/c?] m(D°7) [MeV/c?]

<  SM or not?

K/

% Large samples needed

K/

< — LHCb: 10°cc pairs per second in acceptance (Run 2)
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CP /0 YA _ o
A” (D"—KK) S

/
X4

K/
L X4

New in Run 2: two independent ways to cancel nuisance asymmetries
> D°—Km', D" — Km'n', D" — Kot
> DO KT, DS+ — 117, DS+ — KOK*

~ 04 i
> ~40% improvement of o__,

Main systematic uncertainties

> Kinematic reweighting — reduces also effective

yield
> Knowledge of detector material — need
accurate model in simulation and/or new

data-driven approaches

Giulia Tuci, 16/02/2023 Highlights from LHCDb
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https://arxiv.org/abs/2209.03179

CP /n0 +I/- LHCb-PAPER-2022-024
A (D _)K K ) arXiv:2209.03179
AP(K'K) =[6.8 + 5.4 (stat) £ 1.6 (syst)] x 10 4

CPVin deca mixing-induced
Y 1 ACPKTK) + (D TAY) CPV

—ad, =(7.7+57)x10* a' =(232£6.1)x10* 3.80 from 0

& B G R R e T
\\‘ ke 0,006 = — LHCb combination, 8.7 tb'i LHCb _
~  z:zm: LHCb combination, 3.0 b i

0.004 :_ + No direct CPV _:
0.002 - S . =

of s b :

—0.002 [ Vo aont®” ]
~0004 1= ontours hold 68‘7( 95% CL E

u | e

) P SR S I T S L
—0.004 —0.002 0 0.002 0.004
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Looking at the
future



Timeline

we are here
/ Upgrade |
/
202 2026 2027 2028 2029

AM[][]|AIS

A
Long Shutdown 3 (LS3)

Upgrade II
2030 2031 2036 2037 2038
J|FMAMI3[3]Als|oNID[3[FIMIAM] 3] 3]A]S|ONID| AM[]|]|A[S] MAM S|ON|D{J|FIMAM{]|] |A|S

may change!

Last updated: January 2022

LHCb Cumulative Integrated Recorded Luminosity in pp, 2010-2018

- 2018 (6.5 TeV): 2.19 /fb
- 2017 (6.5+2.51 TeV): 1.71 /fb + 0.10 /fb
- 2016 (6.5 TeV): 1.67 /fo

2015 (6.5 TeV): 0.33 /fb

<  Run 1+2

¥
: /
- 2012 (4.0 TeV): 2.08 /fb I ;
-

Integrated luminosity 9 fb™

2011 (3.5 TeV): 1.11 /b .
2010 (3.5 TeV): 0.04 /fb l

Upgrade |
/ >

Upgrade |l

=N
ot
o

Integrated luminosity ~41 fb™

~
o

Vi
s > Integrated luminosity ~250 fb™

2010 2011 2012 2013 2014 2015 2016 2017 2018
Year

TTTTTTTTTTTTIT[TIT T TITITT]TTTT IIIIIIIIIlIIIIlIIIl

Integrated Recorded Luminosity (1/fb)
o —_ nN w B (9] [e2] ~ oo [{e]




LHCb experiment in Run 3

5x increase in instantaneous luminosity

> From ~1 PV per event, to ~ 5 PVs per event

RICH

new PMTs, readout
electronics, optics

40 MHz readout
software trigger

—
——

VELO SciFi Tracker
new pixel detector Upstream Tracker scintillating fibres
silicon strips

Giulia Tuci, 16/02/2023 Highlights from LHCb

Muon chambers
more shielding, upgraded
readout electronics

Calorimeters
reduced PMT gain, new
electronics

25



First mass peaks

LHCb-FIGURE-2022-019

— s T LorY ORI R X T
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II']"'§"']Y

s
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< u=149.45:0.18 MeV]

f0=12.1240.26 MeV

Currently working hard on
understanding new detector and

improving calibration and alignment

-
R
-
—
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LLHCb Preliminary
Run 3 Data

= ] e
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20 + 3 Comb. bkg gl D —Kx
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LHCb Upgrade Il

< Pile-up ~40, 200 Tbh/s data produced

< To keep same performance, timing needed in some sub-detectors

> R&D ongoing on new technologies

LHCb-TDR-023

0'7—:“' T T T T 07 £ T T ¢ SEREEY § LT T L T
= - - |0 0 ——
i Eom o EE : /M K
:,,‘E LHCb 2018 = g = 57\"231§i[| 26 y M & Ams LHCb 300/fb =
[ (8= B - |8 & -
°5 £ = 05 5 4 3
- |8 = sk 3
= — 04 % 3
— 3 - —2 -
1= — |3 - = = E -
03 — 03 — 3
- E = a -
0.2 7 — 02 [ =
> = [Viol/l 3
0.1 B - 0.1 =1
p ; - -

0.0 PR T T T 1 L I I PR DU VRN SV RO S I | ) R TR ~ 0.0 s B : A e e o TR TR N | T
-04 -0.2 0.0 02 0.4 0.6 0.8 1.0 “04 -0.2 0.0 0.2 0.4 0.6 0.8 1.0

p p
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Final remarks

X/
£ %4

LHCb is an ideal lab for measurements in flavour sector

> Presented a selection of world leading results

> Not covered today, but LHCb showed capabilities that go well beyond
its design (e.g. heavy ions, EW physics)

% Now focusing on Run 3 to acquire a larger dataset

< Started R&D towards an even more capable detector

Giulia Tuci, 16/02/2023 Highlights from LHCDb
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Backup slides

Highlights from LHCDb
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LHCb-PAPER-2022-039

R(D(*))

% To solve for full B momentum: approximation + knowledge of PV-SV

direction

z I 2 0.08 . _
s 1 = Z o6 —
¢ || MCTruth 2o od = |
g [ u g | £
< o4 “0.04f <

I T o.o:-_: ,

[ o Neer 7 2 e . _|J

2 0 5 10

m2,;5s(GeV/c?)? UndPrly'Lng

= Our 0.08f 2 off
Z0.15F 3 . [ 5 1
g Approximation | e |
g 0.1 (Bz)’)vis - (BZY)B‘004: g 0.4-

i L 0.2-

0.05: N f_“H,\K‘ 0.0.Z_ 7 -
r % 7% :
O. N PRXXRRIEC A 7 P i S SR
0 5 10 5 ; =
m2,iss(GeV/c?)? E; (MeV) o
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Time-integrated CPV: methodology

X/

< Difference of decay rate between two CP conjugate states

cp, . TD— f)—T(D - f)
A(”_ND%ﬂ+ND%ﬂ

0.

% Quantity measured

Arow = ND _Nﬁ
Np + N7,

Production asymmetry: initial state pp is not CP symmetric

ATOW oy ACP J Aprod _ +

Asymmetric detector
acceptance + material
interaction different for
particles/antiparticles

Giulia Tuci, 16/02/2023 Highlights from LHCb
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Mixing (and mixing-induced CPV) in D°—K 'n'n

% Can directly measure alle four mixing and

CPV parameters: x=Am/I', y=Al'/2I', g/p, ®

K/
0’0

Requires time and phase-space dependent

analysis

% Model-independent “bin-flip” method

> Strong phases constrained from CLEO
and BESII|

DCS

o S \@

Q )
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PRL 127(2021)111801

>0 [, ESELEE M R (PRI Ean Ry G IE wmm o pe) M S R | AR B e o

T 3 T T
T DCS +  LHCb
O, 54l . =
i B MIXINg
5F
1.5
i
0.5} N
0.5 I 1.5 2 2.5 3
m2 [GeV 4]
Gstat 1 'scsyst

Xp=(3.97+0.46 £ 0.29) x 103

Yep= (459 +£1.20 £ 0.85) x 107

10°

Signal per (4.5 MeV?/c*y

=
]

10
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Prospects

Current status
(average on all available
measurements)

B0
20 -
icHEP 2022 830 Future prospects (only D%— K rt*r)

Sample (lumi £) Tag o(lg/pl) o(o)
SL 0.036 L
Prompt  0.017  0.77°
SL 0.024 7
Prompt 0.011  0.48°
SL 0.009  0.69°
Prompt  0.004  0.18°

Arg(q/p) [degrees]

Run 1-3 (23 fb~1)

Run 1-4 (50 fb~1)

Run 1-5 (300 fb~1)

Physics case for an LHCb Upgrade |l
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https://cds.cern.ch/record/2636441/files/1808.08865.pdf

