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Standard Model

is unable to answer key-questions:
o dark matter candidate ?

. o source of baryon asymmetry generation ?
accurately describes o origin of flavour (and what underlies the

a very large number

family replication) ?
of measurements

o source of the hierarchy in the W couplings
to the different quarks ?

We are not anymore « theory-guided »
=> precise measurements are the clue towards understanding



How to find cracks in the SM fortress ?

Direct evidence for new particles Indirect evidence through precision
measurements sensitive to the
presence of virtual states present in
the decay of SM particles
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Indirect searches

B decay of the neutron

Phenomena taking place at ~ 1 GeV reveals physics at the 100 GeV scale

M~ 1 GeV M~ 1 GeV
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History is telling us that Flavour physics is a key-tool

Probes scales >> 1 TeV
(depending on cyp)

CP violation and FCNC : sensitive

probes of short distance physics

Many tests limited by
statistics not by
systematics nor theory

PLB 192 (1987)
OBSERVATION OF B’-B° MIXING

2 Al%lP) NP scale and Coupling ARGUS Collaboration

In summary, the combined evidence of the inves-
tigation of B® meson pairs, lepton pairs and B®
meson-lepton events on the Y’ (4S) leads to the con-
clusion that B°~B® mixing has been observed and is

substantial.
1987 Bg mixing y/s=10 GeV (ARGUS)
Parameters Comments
A O 00002 mt 2 _1 0 5 _1 r>(()).(z(90%CL) this experiment
. 1 H ~VU. x S ~ V. S B, xf, < th::n::op:ﬁ:ﬂ'l:m ecay constant
1964 K —nr : CP violation Ma GeV/c2 p p Dy || S e
o 1<1.4x10 "% Bn:esonjife:ims o
3 fam I | Ies :> mt >50 Gev :,::1,':(()):618 g‘(’jvl:;,c;mction faao::mx
my> 50 GeV/c? t quark mass
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Where to look ?

Two driving ingredients :
1. Precise SM predictions (if beyond-SM predictions are precise it is even better)

2. Excellent experimental precision

What to do ?

Challenging the

Better understanding
SM

of the SM

Strong interaction Weak & electromagnetic interactions
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The LHCb detector ===~

40% of the heavy quark production cross-section in 4% of the solid angle LHCb MC
All type of b-hadrons produced

Vs =14 TeV

reconstruct vertices
dec ay time resolution: 45

IP resolution: 20 pm

Acceptance

Dipole Magnet

normal conducting
bending power: 4 Tm
regular polarity switches

RICH detectors =

K/mt/p separation
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Pakistan 2012-2013
Turkey 2012-2015
Colombia 2014
Algeria 2018-2020
Slovenia 2018
Australia 2019
Hungary 2020
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LHCb is a multipurpose detector in the forward region

Better understanding Challenging the

of the SM SM
QCD QED & weak int.
Heavy flavour production Decays of b- and ¢- hadrons  Direct searches for
Pentaquark and tetraquark CPV in b- and c- hadrons beyond-SM
states particles

Cold nuclear effects in
heavy ion collisions

Fixed target collisions
HEP2021 conference, June 16-19, 2021, online 12



LHCb schedule

~5 visible ~50 visible
interaction interaction

~1 visible
infaraction

LHCh—e LHCb Upgrade — LHCb Upgrade Il —
T T T T T )
- LS3
L = 33 HL-LHC - e 21 e M i -1
P L= 2 x 10 atLasioMs L 50707 LS4 L=1-2x10 LSS =>Lin~ 30010
Phase 2 upgrades
e e e e e e e e e e e e e
LHCb Upgrade | LHCb Upgrade I: incremental
Installation starts improvements/prototype detectors
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A set of (highly-selected) recent results

from Run1 & Run2 data samples

o Rare decays

o CKM matrix : V,, and B, mixing
o CP violation in charm

o Exotic states

Democritus (460 -370 B.C)

Life with no festivity is a long road without an inn
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Integrated Recorded Luminosity (1/fb)

A large sample of pp collisions

LHCb Cumulative Integrated Recorded Luminosity in pp, 2010-2018

D e Run 1 (2011 -2012 at 7 and 8 TeV): ~ 3 fb™

oF

= 2016 (6.5 TeV): 1.67 /fb .~ -1
] e Run 2 (2015 — 2018 at 13 TeV): ~ 6 b

= - 2012 (4.0 TeV): 2.08 /fb
cA=2 2011 (3.5 TeV): 1.1 /fb

- 2010 (3.5 TeV): 0.04 /fb
6 ; ......................
5 i_ .......................
= ...................... '

- LS1 |
3 = T ] T O T T .\ ...................... ,,, ......................
> i_ ..................................................................................................... ......................
1 i .............................................................................................. ......................
OF —amama o | | | i | i i

2010 2011 2012 2013 2014 2015 2016 2017 2018
Year

Sy = 8.2 TeV -50 TeV

-~ — &8 0~ ~Q
Collider mode

but also : p Pb

JSwy =110 GeV - 69 GeV

— 8 Q —
Fixed target mode P Gas
(He,Ne, Ar...) Gas (Ne, Ar)

HEP2021 conference, June 16-19, 2021, online



Rare decays : Flavour-changing 6 — s neutral current

b L
W DDwr | |
P+ Forbidden at tree-level in SM — BR of 10¢ - 1019
- New physics contribution can be same order as SM
Relative importance of the different
diagrams varies with g?= M?(£*¢") Effective-Hamiltonian approach
4G ¢&?
H o= — FIZZ WVEY CO, +h.c.
Full theory Effective description \/_ d / \
NP enters here Operator encoding

w b S
b s C,=C oM & P Lorentz structure
Ci
t t
Z° -
p+ P+ Decay
p- 0- B — Xsy

X
B — K*y X
. o B — X4t~ X X X
~ Fermi’s description of the neutron decay B K®ptr— X X X
Bs — utu~ X X
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Bys—HH

5 GFM;, sin® Oy, 4m2 1

(%BO—I‘ B = 4 CSM 2 1 —
(q KB )sm 875 | _}13 m% -y, q

0

single Wilson coefficient & single hadronic constant (known at ~0.5%!)
[PRD 98 (2019) 074512]

BB - ptu )y = (3.66 £0.14) x 10~°
BB’ - putp ) = (1.03£0.05) x 10710 [JHEP 10 (2019) 232]

* The rarest modes (helicity suppression)
* Due to the value of the CKM elements , the By mode is further suppressed

* Clean experimental signature
HEP2021 conference, June 16-19, 2021, online
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LHCB-PAPER-2021-007

AN

(\] = -

Q B A

; - LHCDb Preliminary —e— Data -

é) 40 [ 4 9 fb™! Total n %10~

o, F BDT =0.5 = Bg"ﬁ“ﬂ' - 5‘0'7 [P NG
H B —>u+u' __ contours .A l.m 0, 95% , 99%

& 30 By - %0.6[~ Preliminary

N’ s _ -

P ~ | G B—K'h" - tosk-

220 X,~huv, — ™ T

5 E~N ot - B*—s g9y 1 K04

'% 16 :_ J( I Combinatorial _: 031

O - y

LEE LTS i BT

® BMBY- utu)=3.09

LHCb
44 b7 -
—9fb!

L i : ; ; J |
5500 6000 O 1
m,., [MeV/ c?]

GG X100 1080

e B% > u*u~ and B? —» u*u~y compatible with background only at 1.76 and 1.5¢
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Rare decays : b — sff transitions
B—K® £¢, B, —»¢£2, A, —AD L8 ...

Rich phenomenology:

o Branching Ratios (but large theoretical uncertainties due to non-perturbative QCD)

o Angular observables

o Ratios of BF (test of Lepton Universality)

A recent example : BR (B, —dup)

< uE T LH | ([ FLHChI®T

N d © LHCb3fb!

% 12 SM (LCSR+Lattice)

9 1o " | SM(LCSR)

|O SM (Lattice)

T 8= -

o + ) Jhy y(2S) .

< 6K o

= .

L 4f T

S s, aret P l =

% 2F —— e arXiv:2105.14007
QTW 0 : N N L N | N L N ! 1 N N ! N | N ! N .

) 5 10 15

3 q* [GeV¥c™] une 16-19, 2021, online


http://arxiv.org/abs/2105.14007

b — sf? :the RHS (RK p RK* p R¢ p RpK ) ratios

B B(B — HS#+M_) SM Electrons and muons gre.experimentally very different :
RHS = BB o Hete) o but  Bremsstrahlung emission
s€ € « Lower efficiency for the electron Trigger (LO)
He =K, K*, ¢ .... in a MZZI (=q2) bin

+ Control the Monte Carlo description with unbiased control samples from data

unofficial plot . . .
' ' ' ' ' ]+ Check that the determination of the absolute electron/muon scale is under

control via the measurement of

__B(BoHJ Y i) LU/ —>eter)
VT B(B - Hy fp(ete)) LU/ = i)

= 1.0016+0.0031
PDG

1 Use a double ratio

46 48 50 52 54 56 R, — B(B — HS,LL+,11_) % B(B - Hs]/¢(3+e_)) _
m(Kntl) [GeV/c?] Hs B(B > HJ /p(ptp)) B(B > Heete™)
From Martino Borsato 7
N(B—Hsutu™) _ N(B-HsJ/p(e*e™)) XF(B—’HSJ/'P(M-I-M_)) ( e(B—Hsete™)
N(B—Hs] /Y(utu™)) N(B—HgeTe™) L e(B—>Hgutu™) E(B—’Hs]/ll)(eJ’e‘))

Systematic uncertainties cancel to a large extent .



b — sl :the RHS (RK , RK* , R(I) , RpK"'

Ry

2-0 1 T 1 1 ' T I T 1 | T 1 T I
% "3fb-1 LHCb, JHEP 08 (2017) 055

1.5 =
i l .

1} Zerromemr, . e SHERCANSRTRSI FEST— ]
: | |
- E‘ |

05 ® LiCh
L I BaBar -
i LHCb A Belle ]

0.0 L 1 | - L (I | - L1 | - 1
0 5 10 15 2

S

_ B(B - Heu" ™)

~ B(B —» Hgete™)
Hy = K, K*, ¢ ...

S

H, = K*

¢’ [GeV?/c!]

ina Mj; (=92 bin

) ratios

Hs, = pK

JHEP 05 (2020) 040
4.7fb"

1'0:_ ..............................................................................
0.8 : 1 :
0.6 F LHCb

0 2 4 6

¢’ [GeV?/cf]
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S =
arXiv:2103.11769
LHCb

i = BaBar
— A Belle
B e LHCb O fb’!

0.0_""' N B B

0 5 10 15 20

¢ [GeV?/c4]

3.1c from SM prediction
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http://arxiv.org/abs/2103.11769

2.0

— Bs— pp lo

arXiv:2103.13370 Ry & Rg- 10, 20

— b—sup lo, 20

bspup
Cho

—0.5 -

_1.0 1 1 1
—-2.0 —-1.5 —1.0 —-0.5 0.0 0.5 1.0

bspip
Cy

Angular observables and Lepton Universality measurements can be explained together
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The CKM matrix

v.v.V..) (m A
]
de - dsl HR 0.97401 £+ 0.00011 0.22650 = 0.00048  0.00361+0-00011
v..vV.V, |=| = | - 0.22636 £ 0.00048 0.97320 & 0.00011  0.040530-00083
ca. es b = 0.0085473:3%023  0.0397813:39%82  0.99917270 00002
. m
\th VtS th ) \_ Y,

Origin of this structure ?
The CKM matrix is unitary = 4 parameters and several unitary equations

0.7 T T T T T T T T T T T T T T T I T T T T T T T T

Vuqub—I—Vchcb—l-thth—O °'652 i —
0 ;_§ S ZB i s 2B < _;

0.4 f—§ ~C A\ —f

= - 8 N ]

03 — ~ L

02 [2 . —f

Important role played by V, (and V) y £

0.0 I I (nx | I L L L Y- | L L L L P | L L B. | E

-0.4 -0.2 0.0 0.2 0.4 0.6 0.8 1.0
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-
W =
Vay Ve
o

if a ground state easier
theoretical calculation

dl _G%’Vupri (.22
dq2— 247T3 ‘f (q )’

- measurement of V,, x Form Factor

Semileptonic decays

Challenging modes in the LHC environment (v)

but precise reconstruction of the vertices :
- background rejection
—> additional kinematical constraint

Mecorr = \/pJZ_ + Mi%,u + P

No access to absolute branching ratios

HEP2021 conference, June 16-19, 2021, online 24



2 fb'@ 8 TeV

PID is crucial to reduce the background - focus on decays with clear signatures : (2012 data)

Nature Physics 11 (2015) 743

B(Ab — P“_ﬁ.u)q2>15 GeV2/ct

Phys. Rev. Lett. 126 (2021) 081804

B(Ab ¥ AC/“/)q2>7 GeV2/c?

BB, — K utv

0 —
B(BS — K /L+V,u)q2<7 M)q2>7

BBy — D3 1 v, ) put 2 B(B) — D ut

VH ) Full q2

a?>15 GeV?/c4

T T T T I T I T T
[ Combinatorial LH
Mis-identified Cb
W Dpu v
fp ——

UV

)
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o
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o
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<
O

I4OOOJ 3 5000
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q?<7 GeV?/c* g>>7 GeV?/ct
f Dan Lo
—}— Total

[\S)
W
S
=)

IIIII

=+

m@
\!

>
=
t<

N
—— H, > H (> KX)uX'|p
—— B! s K¥ v, |
B— ct(— pp) K Xl
F —— MisID

—_
S
)
S

Candidates / (40 MeV/c?)
9,1
()
S

III|IIII|IIII|IIII|IIIIII

Candidates /

| €7 I|III|III|III|III|III|IIIII

ﬂ‘;

M, [MeV/c?] Moy, [MeV/c?]
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https://doi.org/10.1103/PhysRevLett.126.081804

B> Kuv | |Vip|/|Via|(high) = 0.0946 & 0.0030 (stat)" o ooae (Syst) & 0.0013 (D,) £ 0.0068 (FF)

LHCb

B! >Ku‘v, = LCSR (Khod.& Rus.2017)
q? <7 GeV¥/c*
V| B{ - K u'v, ~e— LQCD (MILC2019)
Ay puv | 21 = 0.083 + 0.004 = 0.004 @ > 7 GeV/
|Vva| Az(z — PHV, o~ LQCD (Detmold2015)

q? > 15 GeV?%/c*

Val_/IVal _(PDG)

excl excl

0 0.1 02
| Viol/| Vo

in the high-g2 region where LQCD can be used
o good agreement between both measurements
o in agreement with other exclusive measurements

(PDG)

HEP2021 conference, June 16-19, 2021, online
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CKM Matrix Elements

Perturbative QCD

G; *
=—E-m, m;, ‘ (for g =d,s)

Amq = 6.2 e

Loop integral (top _/ \ Non-perturbative QCD :

loop dominates) dominant theoretical
uncertainty

Am, mg

S

Amd_de fB2dBd 5 —\2 —2
128, - ((1_p) o )

S

Am¢measurement is challenging due to the very fast oscillation
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ALEPH - 1993

First limit Am,>1.8 ps at

95%CL!

A log Likelihood

Am, (ps™)

Phys.Lett.B 322 (1994) 441-458

CDF - 2006

Amg=17.77 £0.10+0.07 ps

Amplitude
o

—

f_combined

A
S

[ -10

[ -12

[ -14

1\
LV

- 17 17.5 18 185

aw-
-

[}
g _
E \'\ / l
Q. '-\_—0—' //
| £ 0 /
— combined g \\ ._]_.
- semileptonic o | X :
— hadronic E -1 /

----

oL

PR I SR S SR NS SN S S Y

\}_[ .
| ——data ==

—— cosine with A=1.28

| | I TR

o 5 10 15 20

Phys.Rev.Lett. 97 (2006) 242003

7 1073 precision

3570 0
Amg [psq]
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IlIAIAlIIIlIIl]l ll IlIIIII
0.05 0.1 0.15 0.2 0.25 0.3 0.35

Decay Time Modulo 2r/Am [ps]
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LHCb Am_,Run1 & Run2 legacy measurement

B,~>D, © with Run2 data

arXiv:2104.04421

> T T T T T T T T T T T ]
% 0.3 - + Data :
K K = 02f _ :
= 0.1F ;
= 00§ % §
- —0.1F \ 3
—0.2F R LHCb
I —0.3 ;- 1 st 1 6f.bl -;
0.0 0.1 0.2 0.3

t modulo 27w/ Am, [ps]

Decay mode Data sample Amg ps™!

B’ — Dy w* 2011 17.768 £ 0.023 £ 0.006

B — Dy m—mtm* 2011-2018 17.757 4 0.007 =+ 0.008

tagglng power ~ 6% B! — Dy w* 2015-2018  17.7683 = 0.0051 = 0.0032

(factor 2 improvement wrt first
publication (New J. Phys. 15 (2013) 053021))

Average

17.7666 £ 0.0057

3 10 precision

HEP2021 conference, June 16-19, 2021, online
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Mixing and CP violation in charm

Three types of CP violation (K, D or B)

* Direct CP violation 2 12
o % 7
e For neutral mesons: o 12 o
e CP violation in the mixing D04-‘o-.<f # ‘ D'O—b’h(f

« CP violation in the interference between mixing and decay

cat 2 i | 0 2
@ @@ @ r- 0@

CP violation in up-type sector. SM expectations : 103 10-4.

2

o The only place to study CPV in the up-type quark sector
o Need huge data samples
o At 13 TeV ~ 130 kHz of reconstructible c-hadrons ! 30



First observation of CP violation in

Knowledge of the DO flavour at production -

Experimentally: N(DO 5 f) — N(DO 1)
Aaw = =
N(D® — f)+ N(D° — f)

DO -KK or ntr

charge symmetric

HEP2021 conference, June 16-19, 2021, online

charm in 2019

Semileptonic-tag

i

"Secondary"

\\ /
large IP"'\/_/

= Acp + Ap(nt/u) + Ap(D**/DQ.,.. )

AAcp = Araw(KK) — Araw(’/Tﬂ') = ACP(KK) — A(_‘p(ﬂ"n‘)

in the limit of U-spin symmetry
Acp(nm) = -Acp(KK)

31



~ 1 R e 7 1 —~ 2200 T
> : i > 1800
< 5000F44 M o 12 60E14 M  Daa
= sl W0 - kK] — 1400 [ - T o
= [comb.bkg] Z 1200 [Jcomb.bkg. AACP=(_O°1 5410.029) A)
= 3000 4 5 1000 2015-2018
I3 F ] 8 800
= 2000F 1 8 600
g f 1 2 400
5 1000} 1 §
U E pun?™ :  carar, vrses P o o , - U 200 ,,,,,vj v\wnw/ay AL TSI LT THATL TG,

%00 2010 2015 2020 %05 2010 2015 2020

m(D°z*) [MeV/c?] m(D°z*) [MeV/c?]

PRL 122 (2019) 211803

Observed value is at the upper end of the SM predictions
- intense theoretical activity
- measurements of further decay channels to help unveiling the underlying dynamics

HEP2021 conference, June 16-19, 2021, online
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First observation of the mass difference between the two mass eigenstates

o Start with a large sample (30.6 109) of tagged
DO — K nrt events
Bin the data according to Dalitz coordinates
and decay time (t/7)
Form the ratios of yields in opposite Dalitz
bins as function of t/t

©)

m? [GeV/ )

2
T T

inputs from CLEOc and BESIII

[

Preliminary

N PR i L
1.5 2 25 3

m? [GeV/el]

=

—
-

Signal candidates per (4.5 MeV?/c)’

—
-
=

m2 [GeV?/c4]

- +b

1
0.5 1 1.5 2 25 3
m?2 [GeV?/c4]

— N W A NN

Absolute bin index b

0.099
0.0962 |
~ 3

0.0933F

0.61F

10.225
0.22
)
; R
10.215
:0.21
0.2
10.195 o°
10.19
0.66
064 2
H0.62
10.265
1026 e~
' <
10.255
arXiv:2106.03744
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http://arxiv.org/abs/2106.03744

Exotic states

A lot of new hadrons discovered at the LHC, mainly by LHCb

11000
Xb(3P) | | Xb2(3P)
msool o 59 new hadrons at the LHC o p) L
-~ * -~
70007 B.(2S)* B/ (25)* Teece T
R ®5,(25)
Q,(6350)
_ Ab(6152)° x
=622y As(614610 BN 6227y
6000 - 12 Ap(5920)° 5 @B/(5970)7° =] ol B=,(6100)"
./\b(5912)0 = .‘B/(5840)+'° Zp(6097)*  An(6070)° B4(6114)°
3,(6097) - B(6063)°
2 5000 -
% & i X(4700) X(4685)
Z Py P.(4450)*  ®X(4500) P(4457)* ©x(4630)
a ® b =] X(4274) Pc(4440)" Z.4(4220)
. ® ctlgd o #140)  pazgoyr @ IPC(4312)* ®°(4000)*
40001 o céct N o X3842) o
o cq cc
® cdad Q.(3119)°
8 b D;(3000)*° . N 0253090)0 Z.(2939)°
3000 D;(3000)° @ D,(2860) Ac(2860)* | 1Q:(3066)° X1(2900)
cqq D,(2760)* o , @ W Od30500 = 20230 9%0(2900)
¢ D)(2740)° g D5 (2760) c Zc ® 2
B ccqqq D)(2580)° 3 Ds0(2590)

T T T T T T T T | T T
2011 2012 2013 2014 2015 2016 2017 2018 2019 2020 2021
Date

- internal structure and dynamics of hadrons
- probe to non-perturbative behaviour of QCD

baryons mesons

...and more

Hybrid Glueball Tetraquark Pentaquark

a D e W

Hadronic molecule '\‘\groton
@“Neutron

Deuteron: p-n molecule

Exotic states:

o more than 3 valence quarks

o mass/width and/or production and/or
decay properties inconsistent with

HEP2021 conference, June 16-19, 2021, online  predictions for conventional states 24



Observation of new resonances decaying to JiwK+ and Jiyg

Xiv:2103.01803
NB* = JlypKt) = 24220 + 170 oy
5\ 5000 K T T T T4 1 T LI | T T T T T ]
§ R LHCb E E :{ Data E Previously observed
o, 4000 [~ oo P Total fit ~ Phys. Rev. Lett. 118, 022003 (2017) Distinct band in J/wK*
E : ) 1o : : ] & {,- [\ ' 16 &
2 3000 : oo Background S45k % ﬁ" % LHCb 4 2 18F
= : : S e \ oo o
S n 0 - :-":-:r"h e | 12 17
g N i i “'Sb‘g R --':_';_?E_' B 2 <4 10 B
= ' — T TR 3 Tl6p
O 2000 - : - 3s[ e e I T W L
: : ] B A S R
- i . 3F R el i .
1000 |- : - o T R TS
- : : 25F L 2 13E L
_ n C 1 1 P 0 E 1 1 1
------------------ 18 20 22 18 20 22
5250 5300 5350 m3,,, [GeV?] m3,,, [GeV?]
[M V] Yo Yo
m e
Jhy K™

Amplitude analysis with :
K** (2> ¢KH)J/P

X(=> JAp K+

Zest (=2 JAPKT) ¢

Spin and parity of each exotic state is probed by testing alternative J” hypotheses and comparing the fit
likelihood values.

HEP2021 conference, June 16-19, 2021, online

22
20
18
16
14
12
10

oo

[=J S )

35



9 flo- Observation of 2 ccus and 2 ccss tetraquarks

K*+(=> ¢K*)

Lt (=2 J/YKH)

9 F T T T T T ¥ F T 1 T — T T Contribution Significance [X o] M, [MeV] Ty [MeV] FF (%]
o 100 = Xx(4630) =+ + ALK(LT) B4t 0
F X(4500) LHCb F E 2P, K(17) 4.5 (4.5) 1861+ 10750 149+ 41125}
S 600F -+ -+ 2Py K'(1%) 4.5 (4.5) 1911 +£37012% 276 £50 +310 ‘
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nine K, seven X, two Z+ and one J/1 ¢ NR component are taken as the default model, all have a statistical
significance of over 5.

Previously reported Jrassignments for the four X states are confirmed with high significance. A 1* assignment is
favoured for the new X(4685) state. Narrow Zcs(4000)* state is determined to be 171, broader Zcs(4220) could
be 1t or 1-.
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What's next ?

o LHCb-Upgrade |
o LHCb-Upgrade |l

Heraclitus (540 — 480 BC)

Hero02 conference,  hN@IE2iS NOthINg permanent except change



LHCb schedule

~5 visible
interaction

LHCb Upgrade — LHCb Upgrade Il —

- Il HEZN )y

LS3

~50 visible
interaction

~1 visible
interaction

LHCh—

e -1 LS2 = 3 HL-LHC - " -1 s U o =
Lix=9 b Flectoi U Sedos L= 2 X 10 e ATLAS/OMS — L~ 50 o' | LS4 1-2x 10 LS5 =L~ 300fb
Phase 2 upgrades

[ e | | e .

T LHCb Upgrade TLHCb Upgrade I: incremental

s 0| S

Installation sta improvements/prototype detectors
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LHCb-Upgrade | : £ = 2. 10 cm2 s and removal of the LO

- all detector read-out at 40 MHz (30 MHz collisions to be handled
by the event filter farm)

B
luminosity x5 wrt Run2 S5
5.5 visible interactions/crossing -
Higher track multiplicity from ~<70> to ~<180>) & 2
©
SR:g‘/:‘;aL::v Removal of M1, ..“_;1 S
New RICH electronics new electronics ke 9
detectors 8»
e HCAL ‘gb
SPDIPS M4 M3 —

M3

o O

Magnet

RICH2 WAz

M1

A7)
/| /IRICH1

ot o d b 1, 58
<\{e’i't</:x' \
Locato: =

¥ |
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/ i /

New tracker |/
detectors ¥/
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LO bottleneck
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Luminosity (x10%)

TDR

CERN-LHCC-2008-007
CERN-LHCC-2011-001
CERN-LHCC-2012-007
CERN-LHCC-2013-021
CERN-LHCC-2013-022
CERN-LHCC-2014-001
CERN-LHCC-2014-016
CERN-LHCC-2018-007
CERN-LHCC-2018-014
CERN-LHCC-2019-005
CERN-LHCC-2020-006

Muonic

Hadronic
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Detector Channels

~2% of the events will contain a reconstructible b-hadron

Upgraded LHCb Detector

R/O Electronics

Event Builder

Particle type Run I (kHz) Upgrade (kHz)

b-hadrons 17.3 270 includes expected trigger and
c-hadrons 66.9 800 reconstruction efficiencies.
Light long-lived hadrons 22.8 264

Comput. Phys. Commun. 208 (2016) 35-42

System will mostly categorize signal !

HEP2021 conference, June 16-19, 2021, online
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REAL-TIME
ALIGNMENT &
CALIBRATION

5TB/s
30 MHz non-empty pp

'

CALIB
EVENTS

OFFLINE

4
0.5-1.5 PROCESSING
FULL T: | [PARTIAL DETECTOR] ") ) a > FULL DETECTOR < o
S
RECONSTRUCTION
DETECTOR RECONSTRUCTION CONSTRUCTIO 26%
CEADOUT P | 2 seLecTions > P | & seLecTiONS ; 0' FULL P
(GPU HLT1) 70-200 (CPU HLT2) EVENTS
GB/s GB/s

All numbers related to the dataflow are
taken from the LHCb

U le Tri | Online TDR
Upgrade Computing Model TDR

Data center

Before alignment

LHCb Preliminary
o(Y) = 92 MeV/c?
Run 2 data

p *, > e . *
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58% ANALYSIS
TUREO el PRODUCTIONS &
e 2.5 USER ANALYSIS

GB/s

M. Alexander, LHCC March 2021

After alignment

LHCb Preliminary
o(Y) = 49 MeV/c?
Run 2 data

8600 RBOD 9000 9200 9400 9600 9800 10000 10200 10400 10600 10800

m(uw) [MeV/c?]
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Upgrade | is on-going

Installation work on the LHCb SciFi Tracker at LHCb

Calorimete

P

Huge work to keep on schedule despite the impact of the pandemic
HEP2021 conference, June 16-19, 2021, online 42



~1 visible ~5 visible ~50 visible
interaction interaction interaction

LHCh— LHCb Upgrade — o LHCb Upgrade Il —

) S B A T N »

LS3

s -1 LS2 = 3B HL-LHC - . -1 = U o 1
Lix=101b Neclorlpgrades L£=2x10 e e Lin~ 00 o' | LS4Y| L =1-2Xx 10 LS5 =Ly~ 300fb

Phase 2 upgrades

20 208 0 1 o e s ] o o 2 20 o 20 e s e o0

T LHCb Upgrade | TLHCb Upgrade I: incremental

Installation starts improvements/prototype detectors

5th Workshop on LHCb Upgrade ||

Plan: 50 tb-'/ year Bl (o 150,m)

g 1 L FEE 5 p]rrr i
- 300 fb! by the end of Runé § I e e Wﬂlﬂm&
0.8 # gyl
= M oas i f’ﬂé
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- Use of timing b el o]
b Upgrade T1(50 ps/hit)
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5th%20Workshop%20on%20LHCb%20Upgrade%20II

LHCb Upgrade II: R&D Progress

» Future major upgrade of the experiment, mainly for LS4 (~2030)
* with some preparatory work in LS3 (~2025)

* Innovative Technology: precision timing, novel sensors, heterogeneous computing

0.45 rad

pLC ,

Muon system

‘
1015 em
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LHCb Upgrade Il : Opportunities

» Strong Support
» LHCC - Expression of interest (2017), Physics Case (2018)
* Strong support in European Strategy (2020)
* Framework Technical Design Report in preparation

» Applications from new groups actively encouraged

* Major project after construction timescale of e
ATLAS/CMS/DUNE/Hyper-K Physics Case

* Technical Associate membership: physics on other experiments I
while pursuing R&D on LHCb

* Synergy with future projects (EIC, FCC, CEPC...)

45
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o With 9 fb' LHCb has demonstrated that it is a multipurpose detector in the forward region :
« Tensions seen in b — s ££ transitions (Lepton Universality (e/n) questioning)
CKM matrix tests
Exploration of CP violation in the charm sector, first measurement of Am in the charm sector
Discovery of new Tetraquarks

o Many more results in the pipeline with the full Run 1 and Run 2 data sample

o Upgrade | (for Run3 data-taking) :
* Major upgrade of the detector is on-going
 flexible fully-software trigger

* expected data sample of ~50 fb' EXCiting times ahead I

o Foreseen Upgrade Il for Run5 to fully exploit HL-LHC
* innovative technologies (timing)
* aiming at a data sample of ~ 300 fb-"

HEP2021 conference, June 16-19, 2021, online 46
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O

Key-features of the LHCb detector

All b-hadrons species produced
VELO PID Tracking Calorimeters

Low-p+ triggers with calo and muon-chambers

Magnet

RICH2 M|«

M

1011

v

M4 M5

Good momentum resolution (separate partially
reconstructed b-hadron decays) and excellent
identification of displaced b-hadron vertex

| £ I HCAL

ECAL
/| /IRICHI

SPD/PS
1T

Ap/p=0.5-1.0%
AIP = (15 +29/p.[GeV] ) um

Excel |ent Pl D Electron ID ~90% for ~5% e—h
mis-id probability

Muon ID ~ 97% for 1-3% Tt—p
mis-id probability

Warm dipole. Polarity can be reversed.

JINST 3 (2008) SO08005
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https://cds.cern.ch/record/1129809

Fixed Target mode samples:

10

Beam Energy

"~ 2500 GeV

B 4000 GeV
I B 6500 Gev

pNe pHe pAr pAr PbAr pHe pHe pNe pNe PbNe

2015 | 2016 | 2017 | 2018
Collider mode samples:
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B s -s02Tev Detector saturation :
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recorded luminosity [nb]

pPb
2013 | 2015 | 2016 | 2018
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Vub from Lb : g2 cut

2.5 T

(ps™! GeV~?)

dr/dg?
IVub|2

0.0

Il L 0.0 .

0 5 10 15 20 o 2
¢ (GeV?)

Plots from W. Detmold, C. Lehner, S. Meinel, arXiv:1503.01421

HEP2021 conference, June 16-19, 2021, online

10

50



y angle measurement yzarg(vudv;;j
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A precise knowledge of the D strong
phases is mandatory (BES llI, t-charm)
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DO — K.K.

arXiv:2105.01565

CP asymmetry can be large (~ 1%)

A large fraction of K mesons decays outside
of the vertex tracker.

magnet T stations

VELO

long track

{3 L”

downstream track- i

“D”

Use of DO=> KK calibration channel to

CLEO_' IR remove nuisance parameters
LHCb (Run 1) |- _....._ \
ACP DO KOKO — 4 o
Belle |- - ( — g S)—( 3:141.230: :|:02) 0
LHCb (Run 2) - LHCb preliminary _,_ compatible with 0 at 2.4 &
Average ] (— 1’9 i 1.0) % E-.-E _

-04 -0.2

0
ACP(K(S) K(S))
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[PRL125(2020)011802]

Decay described by 3 angles and g?
Clean (and large) samples

Candidates / 5.3 MeV/c?

PRL 125(2020)01 1802
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