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Plan of the talk %

* Introduction

* LHCb: detector, data taking, scientific output

* CP violation

* First observation of CP violation in D° meson decays

* Precision measurement of D°— D mixing

* Measurement of phases ¢, and ¢§§5

* Rare decays. Exotics. Lepton universality. Summary of B, > up
* Hadron spectroscopy: new states, pentaquarks, lifetimes

e Upgrade |l &Il

* Conclusions

Dedicated LHCb talks on this conference:

Pavel Krokovny: Lepton flavour universality tests at LHCb

Evgenii Kurbatov: LHCb results on rare leptonic decays of B-mesons

Dmitrii Pereima: Search for new decays of the AbO-baryon at the LHCb

Slava Matiunin: Recent LHCb results on charm and charmonium spectroscopy

See http://lhcbh-public.web.cern.ch/lhch-public/ for more information
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Undisputable triumph of the Standard Model: Higgs %
boson, EW and QCD physics, decays and mixings...

and still nothing beyond

At the same time we are sure that there is physics beyond the SM:

 Neutrino masses and oscillations
e Dark matter
* Baryon asymmetry of the Universe

Besides that, there are many «why» and «how» in the SM:

* How is EW scale so smaller than UV scale?
Why 3 generations (the enigma of flavour)?
Why are lefts doublets and rights singlets?
Why is this CKM matrix structure & CP?
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Large Hadron Collider beauty (LHCb) experiment %
addresses many of these deep questions via:

* precision studies of b- and c-hadron decays
* CP violation in decays and mixing
* hadron spectroscopy
: Complementary to
* rare and forbidden decays . .
o . direct searches in
* indirect searches of New physics ATLAS & CMS

Main requirements to the detector:

High yield - efficient trigger and selection, large production cross sections
(b-production: 110 ub @ 13 TeV in LHCb acceptance, arXiv:1612.05140)
Low background - mass resolution, particle identification

Vertexing & Tracking - excellent resolutions

Particle identification: m/ K/ p (RICH), e / y (E/HCAL), p (MUON)

Trigger: LO (high p;candidate particles), HLT1 & HLT2 (software)
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LHCb: detector, data taking, scientific output:

A

Operating at inst. luminosity

£ ~ 4x%10*%cm—2s~1

Runl: [£=3fb"! @7 and8 TeV

Magnet

RICHI

........

Run2: [ £ ~6fb~! @13 TeV

Excellent resolution:
momentum: 0.4 — 0.6 % at 5-100 GeV
muon ID efficiency: 97 %

- Sm |

electron ID efficiency: 90%
kaon ID efficiency: 95%

Sm

LHCb Cumulative Integrated Recorded Luminosity in pp, 2010-2018
2018 (5.5 Tav): 2 19.Mh
2017 (654251 TeV): 1.71 Ab =« 010 I ]

2016 (8.5 TeV): 1 E7 Ab

2015 (8.5 TeV): 0.3 4b
2012 (4.0 TaV): 208 fb
2011 (35 TaV): 141 4b
2010 (3.5 Tev): 0.04 .fb

=)

490+ papers

Papers
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CP violation %
1964 2001

1956 Strange particles: Beauty particles:
Parity violation CP violation in K CP violation in B?
T.D. Lee, meson decays meson decays

C. N. Yang and J. W. Cronin, BaBar and Belle
C. 5. Wu et al. @ V. L. Fitch et al. s collaborations

1963 ik

Charm particles:
CP violation in D°
meson decays
LHCb collaboration

Cabibbo Mixing The CKM matrix
N. Cabibbo M. Kobayashi and
T. Maskawa

CP violation is described in the SM through one parameter in
the CKM matrix — complex phase and it was established
experimentally in K and B meson decays since many years.

New physics beyond the SM could contribute to CP violation.
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The conventional way to parameterize CKM matrix is the

4,
O

Unitarity Triangle. To over-constrain it is a way to search

for New physics.

http://ckmfitter.in2p3.fr

15 [ T |%| Tl T
exduded area has CL> 095 . =
] Y %a
L a
10~ Amy & Amg ]
Amy S
-1.0 |- Y & ]
r % sol. wicos2fi <0
Summer 18 . el at CL> 0.95)
.1-5 L | | | L1 11 i | - | L1 | | I | 1l
=1.0 0.5 0.0 0.5 1.0 15 20

0.5

http://www.utfit.org

—
I

-_su*ena

Z

All of the available measurements agree in a highly nontrivial way to the current level
of precision — tremendous success of the CKM paradigm!

Mixing and CP violation in the quark flavour sector is generally well described

by the CKM mechanism — we must look for small discrepancies.
QFTHEP 2019
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First observation of CP violation in

D% meson decays phys. Rev. Lett. 122 (2019) 211803

The asymmetry

D(D(t) = f) —T(D"(t) = f)

Acp(f: 1)

D(D(t) — f) + T(D°(t) = f)

is sensitive to both direct and indirect CP violation.
Time integrated measurement: huge statistics from

B— D% i, X D*t — D(f)m+

Acr() ~ att ) - S0 I PN

DY — f

Strong suppression of the systematic
uncertainties by measuring the difference

AAcp = Acp(K~KT) — Aep(n ™)
The result (including LHCb Run 1):

5.3 standard deviations. The first observation of CP

violation in the decay of charm hadrons.
QFTHEP 2019
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Precision measurement of D°— D% mixing b
AR I Phys. Rev. Lett. 122 (2019) 231802 )

[ W u
p’ bsd vb,s,d p°

w

7 AAANIANN, C

D-mesons oscillate like their K- and B- counterparts. It is worth reminding however,
that despite the corresponding Feynman diagrams look similar, the physical picture of
mixing is very different.

For K and B mesons the dominant contribution comes from the heaviest up-type
quark propagating in the loop, corresponding to the external down quarks, so the
oscillation frequency provides information about “the nearest” heavy degree of

freedom.

But for D® mesons there is no such thing as “the nearest heaviest” down-type quark,
since b-quark belongs to another generation.

In other words D is “inverse analog” of K oscillations: c-quark dominating K oscillations
is heavy d.o.f. for K while s-quark dominating D oscillations is light d.o.f. for D.

J

D oscillations are dominated by long-distance physics.
QFTHEP 2019 V.Shevchenko 10/35



Physical mass eigenstates are a mixture of flavor eigenstates: %
|D19) = p|D) £ q|D")

Old world average:

3.6774) x 1073
L R
copE Az = —(q/p)™ (y+ix) y—(67+ ) X 1077

v = (my —me)c? /T y= (T —Ty)/(2I)

rep = — Im(zep) ycp = — Re(zep) HFAG, Eur. Phys. ). C77 (2017) 895

Ar=—Im(Az) Ay = —Re(Axz) \[A;r — Ay =0 ]
d

if CP is conserve

Use self-conjugate multibody decays A

The result (CP-averaged) DP = Kgmramn? 2 M amsvontwersee ppcy, |

is the most precise single measurement: =, 091 Lo s messurement
0.8— —
Parameter  Value [10 ] ol )
Tep 27 416 +04 06l 1
Yeop 74 £36 1.1 051 i
Ar  —0.53+0.70 +0.22 oal _
Ay 0.6 1.6 +0.3 02 0 02 04 06 08 1
x [107]
New global average: 2 = (3.97113) x 1073 Phys. Rev. Lett. 122 (2019) 231802
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Measurement of ¢ Phys. Rev. Lett. 122 (2019) 211803 %
Neutral B mesons can oscillate to its antiparticle via box diagram
Mixing induced time dependent CP violation:

L(BY(t) = f) =T (BI(t) — f) S A A

A(f.t) = =
I(BYt) — f)+T (Bg(f) — f) 5 Vs TV, b
A(f,t) ~ nysin o, sin(Amyt) g
: Ny L e
(e L T Zew
@S — —arg { —— Bgf e 2 S000F I I H I 3
P A 1__‘_\} o : |'-|} 3
¥ gbzooog— R —
Results use 1.9/fb Run 2 data combined 200 lﬁ e S
with previous LHCb Run 1 measurements Y EE) Meviel]
% C | I‘:HIC]J 'l —-—Drxa:ldﬁtl I:If;'éﬁo; E
. { E 103§ fi(ﬁoﬂj
0s = —0.041 £ 0.025rad , B0 o S P
I\l = 0.993 + 0.010, \ /4¢ Tef
T, = 0.6562 4 0.0021 ps~" . M N g9 . ot
AT, = 0.0816 4 0.0048 ps~" . |
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&5 p-D+ 3! Spring 2019
- ]
< - f 4 il

0.12. J/yr"n 4.9 fb

0.10:

0081 7wK+K- 4.9

0.06-

.04 02 -0.0 0.2 0.4
¢4[rad]

(M.Romero, at KAON 2019)
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Measurement of ¢==° ﬁiﬁiﬂb
)
The decay B — ¢¢ can proceed only via gluonic penguin diagram

A(f,t) ~npsin g™ sin(Amgt)
The SM prediction: |(jﬁ§§s| < 20 mrad Phys. Rev. D80 (2009) 114026
Measuring a larger value would be a clear indication of NP

Time-dependent tagged and angular analysis
similar to that for BY — J/W K™K~ arXiv: 1907.10003
Different CP eigenstates contributing Y U
Background contribution suppressed thanks
to excellent PID and mass resolution
Excellent decay-time resolution o, ~ 43 fs
Efficiency to tag the initial flavour 5.7%

LHCb 2011-2016

T IIIIIII| T IIIIIT?;_‘

Candidates / 9 (MeV/c?)

'_Iélwmll 1 IIIIIII| 1 IIIILIII__

wulsa

Results: N R S SR I A W
5200 5300 5400 _3500 5600
M(EK KK ) [MeVic?]
= —0.073 £0.115 (stat) £0.027 (syst) rad, Consistent with SM
0.99 & 0.05 (stat) =0.01 (syst). expectations
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Rare decays. Summary of B > pu

Events / 40 MeV

ATLAS

EXPERIMENT
JHEP 04 (2019) 098

25+36fb1 of Run 1 + 2

— Most stringent limit on
By ptw
1| S e T T LA N B B B B Bs
H ATLAS s 20152018 data
60 5=137eV, 263"  — roun E
14 0.4163<BDT <=1 ——mw—;
12 --_—::;;.xw_;

P SRR e

Ly 1]

|k ML
5200 5400 5600 5800
Dimuon invariant mass [MeV]

B, Significance: 4.6c

Run 1 + Run 2 combined:

BR(B, = u'u)=(2.87°)x107

BR(B® — u' i) <2.1x10° @95%CL

(J.Albrecht, at EPS HEP 2019)

cms;g
f
.

PRL 111 (2013) 101804

25fb-1 of Run 1 data

— Sensitivity on comparable

S/(S+B) Weighted Events / { 0.04 GeV)

dataset very similar to LHCb

CMS - L=51" {E=7 TeV. L=201" s=8 TaV

—4= data

— full PDF
By

B el

<ar combinatorial bkg

+aee semileptonic bikg
-.-.- peaking bkg

B, Significance: 4 3o

BR(B, = u*u)=(3.079)x107

BR(B® — w'u)=(3.573)x10™
BR(B° — u*u")<11x10° @95%CL

QFTHEP 2019

Candidates / { 50 MeVi/c?)

e

PRL 118 (2017) 191801

2012: LHCDb found the first
evidence for

Update: 3+1.4fb"

First single experiment
observation

T
35k
30k
25F

—I Total
LHCbh
BDT = 0.5

—=B '

----B' = p'u

====== Combinatorial —:

e B R E

——— H::. —= (K v,
<o BY o ™

----- Al = pu vy

B! = My,

5600 5800 6000

m,,.. [MeV/c?]

B, Significance: 7.8c

| BR(B, = u'u)=(3.0£0.7)x 10"

BR(B® — u' 1) <3.4x10™"° @95%CL

Effective B lifetime also
measured
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B, & up : combination of ATLAS, CMS & LHCb %

x10~10
f S OMS ATLAS: JHEP 04 (2019) 098
— ATLAS CMS: PRL111(2013)101804
57 — LHCbH LHCb: PRL118(2017)191801
—— combination
E 4 * SM prediction
_|_
3
T 34
2
reo24
m
1 -
0 1 1 1 1
0 1 2 3 4 g
BR(Bs — pp™) A7 s Buras, Isidori et al
Combining all three LHC experiments EPJC72(2012) 2172

BR(B,— ww)=3.5+0.3 x 10

BR(B, = u'u")=(2.71£0.4)x10™

D. Straub, Moriond EW 2019 & 1903.10434

- agrees within 2¢

(J.Albrecht, at EPS HEP 2019)
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o tawiaceiis Search for K 0 p, [ LHCD

LHCb-CONF-2019-002 {LHCb preliminary, presented at KAON yesterday™) I Run 2, 5.6 fb!
* See https://indico.cern.ch/event/769729/contributions/3510936/ for more details.

——— I
» Strongly suppressed Flavour-changing "L,fr-“‘rr ! SM: BR ~ 5x10°12
Neutral Current (FCNC) transition. o .::ff A Eﬂig gi ggéi} g;g}
= Dominated by long distance k‘:}v\m‘ [NPB 366 (1991) 189]
contributions through KSO =2 Vy. -
T I[' ~ . ; . "ot - .
I ‘ w1k I}vn‘fj\fv\-{_\i:j K IE::‘{};A&LM(\::\/
vvvvvv F_'__.JJ W \J[ J,._-v”' o ‘\“
10
Combined
Preliminary result obtained from the posterior
probability of the branching fraction in the 81 LHCb preliminary
fit [LHCB-CONF-2019-002]. Qg
o 6 Run 2
Using Run-Il data only: E .
N4

B (K‘; . p+pﬂ_) < 2.2(2.6)x 10~ '° at 90(95)% CL

2_
. _ 0 N 040.76 ~10
Minimum: B (Kg — p" ™) = 10377 5 % 10 \// Run 1

. - O . . . . .
Combine with Run 1 [JHEP 01 (2013) 090 50 05 10 15 20 25 30 35 40

B(K2 > u*u~) [x10710]

(M.Tobin, at 139th LHCC Meeting) QFTHEP 2019 V.Shevchenko 17/35



Search for By = pppy,, < < ﬁiﬁiﬂ[e
Eur. Phys. J. C 79 (2019) 675 S ) A.
. . b "‘\/’l/ . \ >\

pw

(see talk by E.Kurbatov) ?:

N

Important background
for BT — pu*y,

. + +., A o : _
Easier to reconstruct thanB™ — oV B*:'m< Meore = \/Mim + |pol? + |pol
\/ W+

Theory estimates (A.Danilina, N.Nikitin, '18)
B(B"— pp=ptuy,) ~ 1.3 x 1077

160 T
Total Fit
140 LHCb —4+— Data
120 2011-16 Combinatorial
Results use 4.7/fb Run 1+2 data Misidentified
100 \ ‘{' Partially reconstructed
------- Prediction from

80
60 .
40 o
20 :

PAN (2018) 81:347

Candidates / (50 MeV/c?)

O 1 1 1 1 | 1 f h
4000 5000 6000 7000
M o [MeV/c?]
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Search for lepton-universality violation in B* - K* I* I iiﬁille
Phys. Rev. Lett. 122 (2019) 191801 (dedicated talk by P.Krokovny)

The electroweak couplings of all three charged leptons are identical in the SM
and, consequently, the decay properties (and the hadronic effects) are
expected to be the same up to corrections related to the lepton mass,
regardless of the lepton flavour — lepton universality.

Gmax AT[B— Hptp] A
. dg? ' : : L
Suppression of 1c> Ry = 2min ! is unity within 0(1%)

_ o Gwax AL[B— HeTe™]
systematic uncertainties 2 12
. _

dqg?

min

% R, — B(B""—) ]{"‘Hﬂ‘“_) B(B‘F_) ]{—i—e—l—e—)
BT BB = (= ) KT) ) B(BY = Jf (= eTen )R

Results use 5.0/fb Run 1+2 data
1.1 < ¢? < 6.0GeV?/?

The SM prediction within
2.5 standard deviations.
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Search for exotic low mass particles %

LHCb is capable to exploit low masses and low lifetimes:
 Search for a di-muon resonance in decays L —putpu”
* Search for candidates produced in B-hadron decays
* Search for candidates produced in pp-collision, including:
v Dark photons decaying into pairs of muons
v Dark bosons in the mass region close to Upsilon resonances
v Axion-like particles (ALPs) decaying into pairs of photons
v Dark pions in SM Higgs decaying into jets

Phys. Rev. Lett. 120
(2018) 221803

PV

Example of the results: Phys. Rev. Lett. 120 (2018) 061801 g

90% CL exclusion regions on [m(A’), %]

& ’

E via
10 e I
10 '
10710 [ rHCb 1 \

. . ! \

-11 - Previous Experiments

10 P Drell-Yan u

]0712 - | I Lol
107 107 1 10

m(A') [GeV ]

1.6/fb @ 13 TeV
QFTHEP 2019 V.Shevchenko 20/35




Candidates/(0.5 MeV/c?)

Candidates, (0.5 MeVie?)

Hadron spectroscopy: new states
(dedicated talks by V.Matyunin and D.Pereima)

1200 : . ; . . . =
1000F- 0°D" e —— LHCb 3

= [y, (2672) -
suo:— 'W’W h —
600 WHNW% e ﬁWm&MQhﬁ##MMWW
a00F- | ; =
200 L —

SR . =
s00F- 7' D" 3
500 3
s00 | '*W"‘Mﬁhﬂmw v
o w‘% Mg
200F- =
100 A =

E PR T N SR T S ol TN WA T A AN TS MY I i i s s |_../Hl| |\\_ PR I |E

372 374 376 378 38 38 384 386
Mph [Gev/e

New narrow state X(3842) seenin D"D" and D™D~

Mass and width consistent
with charmonium state

11X (3842)

['x(3842)

Candidates/ (1 MeV/e?)

Candidates/ {1 MaV/c?)

2000

JHEP 07 (2019) 035

E

1500 —

1000

500

1000
800
600
400
200

[

3842.71 £ 0.16 = 0.12 l\IeV/c:2 :
2.794 0.51 4 0.35 MeV ,
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T T T T
C :m[zsu) ----- blg n
. Do oo ea(2930) total LHCH ]
_'"—ﬂ‘?—‘—‘ """ f= — } ]
E D E
3 f y E
P M E
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- A 3
[ I ]
C i\ -
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M7 GeV/et
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First J=3 state

P3(1°D3)

observation!

=37

V.Shevchenko 21/35



Hadron spectroscopy: pentaquarks [2

The inventors of the quark model considered multiquark states
as equally legitimate with (qgqg) and (gq) back in 1964.

Volume 8, number 3 PHYSICS LETTERS 1 February 1964

If we assume that the strong interactions of bary-
ons and mesons are correctly described in terms of
the broken "eightfold way'' ™/, we are tempted to
look for some fundamental explanation of the situa-
tion. A highly promised approach is the purely dy-
namical "boetstrap” maodel for all the strongly in-
teracting particles within which one may try to de-
rive isotopic spin and strangeness conservation and
broken eightfold symmetry from seli-consistency
alone 4). Of course, with only strong interactions,
the orientation of the asymmetry in the unitary
space cannot be specified; one hopes that in some
way the selection of specific components of the F-
spin by electromagnetism and the weak interactions
determines the choice of isotopic spin and hyper-
charge directions.

Even if we consider the scattering amplitudes of
strongly interacting particles on the mass shell only
and treat the matrix elements of the weak, electro-
magnetic, and gravitational interactions by means

A SCHEMATIC MODEL OF BARYONS AND MESONS

*

M. GELL-MANN
Californic Institute of Technology, Pasadena, California

Receivad 4 January 1964

ber ny - nf would be zero for all known baryons and
mesons. The most interesting example of such a
model is one in which the triplet has spin % and

z = -1, so that the four particles d-, s~, u® and b®
exhibit a parallel with the leptons.

A simpler and more elegant scheme can be
constructed if we allow non-integral values for the
charges. We can dispense entirely with the basic
baryon b if we assign to the triptet t the following
properties: spin %, z = -§, and baryon number 3.
We then refer to the members uj, d-%, and s-1 of
the triplet as "quarks" 6) g and the members of the
anti-triplet as anti-quarks §. Baryons can now hbe
constructed from quarks by using the combinations
(aqq), (agoad), ete., while mesons are made out
of (qd), (gq3g), etc. It is assuming that the lowest
baryon configuration (qgqq) gives just the represen-
tations 1, 8, and 10 that have been observed, while
the lowest meson configuration (g q) similarly gives
just 1 and 8.

AN BU TION SYMKETRY AFND ITE BREAKING

E

MODEL POR STRONG INIERAC

CREE —~

1B WA

S8/ L 407
17 Jamuary 1964

In general, we would expect that _‘g;aryona are bailk net only from fhe produch
of three aceas, AAA, ‘tmt slso from :;.A.&J_AI ;;.&AAAA, atc,, where n
denotes an anti-sce. Similarly, mesons could be formed from :ﬁ.. E
ete, For the low mess mesons and baryons we will sssume the simplest

posaibilities, W oand AMK,  that is, "deuces and treya",

However only in 2015 LHCb announced the discovery of two pentaquark states:
P_(4450)* (narrow) and P_(4380)* (broad).
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PRL 115 (2015) 072001

)

250

1000~ -m=data My @l

15 MeV

. =e=total fit

- == background
[ o p,(4450)

[ = P(4380)
L - A(1405)

Candidates/(

(2]
o
(=]

S
(=]
(=)

200

0

[ -©3 A(1520) ** *
L .o A(1600) @ 1# A \
__ and other .r Fe (4450)

[ Avs #ﬁ un 1

5
My [

GeV]

Candidates/(20 MeV/]
1 'l 'l Il

Phys. Rev. Lett. 115 (2015) 072001

(a) C
b——@a i
u_'\ks

d—-—\\s}ﬁ:

Full angular analysis of Run1 data on decays A, — J/VpK~
Two states with a clear resonant structure decaying to .J/¢)p

The results attracted lots of theoretical interest. Models with tightly

bound object vs loosely bound (molecular-like) states.

QFTHEP 2019
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New results from the analysis on

the full data sample (Run1+Run2)

A — JhhpK—

Larger data set is consistent with the old one,
but more accurate — allows finer binning

Results:

P_(4450)* narrow state is resolved in two states:

P.(4440)* and P_(4457)* with widths ~
Evidence for a 3™ narrow state

mass resolution

1D mass fit is inconclusive about the presence of
broad state P_(4380)* — need full angular analysis

State

f T 1)

M [MeV |

P.(4312)*
P,(4440)+
P.(4457)+

4311.9 £ 0.7+68
4440.3 £ 1.3741
4457.3 £ 0,641

9842731 (<2
206+49757 (<4
(<2

6.4 +£2.0° 37

v

QFTHEP 2019

b= -\-cP (4380
56000 )

Phys. Rev. Lett. 122 (2019) 222001 %

D000 -mdata My, all

== total fit
_— backg round

- A(1405)
3 A(1520)
4000 A(1600) '#
and other
A*s

_ -&.:s..
L "l ™ T :‘ ™
un1+2[m

il

C andidates/{20 Me\']

) —
D bl s b
2 L | ;
= 12001 i
S [ —data | LHCb
oz - — total fit : =0 fb_1
g 1000 background {I I
E C i
S gool i :
g et
=}
=) -
g E{]D_—
400 :
|lfﬂ P Pl4440) | Po4457)°
C P.4312) N
200 ! IR
C / A
C . H/._. bl ! [

490[] 425[] 4300 435[] 4400 4450 4500 4550 45[][]

My [Me
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Hadron spectroscopy: heavy baryons lifetimes %

Channels: c B g
=+ .y K~ -
= = pKTT

AT = pK 7™

— A —+pK ®~
Background

Candidates / (0.5 MeV/¢?
=
T
N Signal yieléf 0.02 ps
S 3
TTTTT /t'
i+
A g
m

U c—
— pK~ K7™ ",
| / ; | *
Larger statistics of signal than 2240 9260 2280 2300 2320 v S T TR
pK m* mass [MeV/c?] A; decay time [ps]

any previous measurement

Phys. Rev. D 100 (2019) 032001 Phys. Rev. Lett. 121 (2018) 092003
Results:

GO —
Tg+ = 2035 4+1.0+1.3+1.4fs. (PDG, 2018)

L4

== = (LHCb, 2019)

A? (PDG, 2018)

To+ =456.8 £3.5+£29 £+ 3.1 fs, A% (LHCb, 2019)

—

Tzo = 1545 £ 1.7+ 1.6 £ 1.0 fs,

:'G — 7]
Ze (PDG, 2018)== . s, yicp, 2019)

Q7 (PDG, 2018) m=e= @° (LHCb, 2018)

TE? is 3.3 o from PDG 1 . . . 1 . ; ; L L L L L
0 200 400 600
uncertainties are statistical, systematic, lifetime [fs]
and due to the uncertainty in the D* lifetime.
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Hadron spectroscopy: new resonances in A%nﬂt‘

B

Two close narrow states are found: YET T R
— U —
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29 +£1.3 +£0.3 MeV, ;_ i \ _E
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Motivation for upgrade

Experimental accuracy of many observables is still statistically limited.

et

Type Observable Current LHCb Upgrade Theory
precision 2018 (50fb~') |uncertainty
BY mixing 28, (BY = J 9) 0.10 [9] 0.025 0.008 ~ 0.003
28, (B® — J/ f,(980)) 0.17 [10] 0.045 0.014 ~ 0.01
Ag(B?) 64x10°%[18] 06x10"*| 02x10~* |0.03x 103
Gluonic 28 (BY — ¢¢) - 0.17 0.03 0.02
penguin 2B (B? - K*°K*0) ~ 0.13 0.02 <0.02
26°%(B° - ¢K3) 0.17 [18] 0.30 0.05 0.02
Right-handed 2BE(BY — ¢ry) - 0.09 0.02 <0.01
currents 78(B? — ¢y)/78o - 5% 1% 0.2%
Electroweak S3(B° = K*%u ;1 < ¢* < 6GeV?¥ch) 0.08 [14] 0.025 0.008 0.02
penguin so Ars(B° = K*%u*pu™) 25 % [14] 6% 2% 7%
Al(Kutp;1 < ¢* < 6GeVYc?) 0.25 [15] 0.08 0.025 ~ 0.02
B(B* - ntu*u~)/B(Bt - K*u*u~) 25 % [16] 8% 2.5% ~ 10%
Higgs B(B" = p ) 15x10°[2] 05x10°| 015x10° |03x10°
penguin B(B° - p*u~)/B(B? = putu) - ~ 100 % ~ 35 % ~ 5%
Unitarity v (B = DWK®) ~ 10-12° [19, 20] 4° 0.9° negligible
triangle v (B? = D,K) - 11° g negligible
angles B (B° = J/¥ K?) 0.8° [18] 0.6° 0.2° negligible
Charm Ar 23x10°° [18] 0.40x 103| 0.07x 102 -
CP violation AAcp 21x107%[5] 0.65x 1073| 0.12x 10 -
\. S

Table from Framework TDR, many current estimates are better

CERN-LHCC-2012-007

QFTHEP 2019
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==
UPGRADE

Upgrade | %

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
10. CERN-LHCC-2019-005

Tr n ra»\{u\m

©ONOUAWNR

Conditions:
e Luminosity: 2x1033 cm=s! (instantaneous), 50 fb!
» 5.2 visible interactions / crossing.
Challenge:
* Maintain current reconstruction performance
* Read out the complete detector at 40 MHz.
CERN-LHCC-2012-007 QFTHEP 2019 V.Shevchenko 28/35



Upgrade |

To be upgraded %
[ Upgraded LHCb detector ]
To be kept

( Detector channels ] ( Readout electronics )

HCAL  MuwoN 2-5

Data acquisition ]

ECAL

s

VELD

Event Filver

R/O Network
farm

SPD

M1

RICHZ
RICHL

mm

Event Bullder

¢ Less than 10% of the detector will be kept
¢ 100% of the readout electronics will be replaced ~ The new detector, in fact

+ NEW data acquisition system and data center

(V.Bellee, at KAON 2019)
QFTHEP 2019 V.Shevchenko 29/35
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Tracking System:
NEW DETECTORS!

LHCb Upgrade |

Scintillating fibres

read out with SiPMs Calorimetry Muon system

| Pixels |/ Si Strips ﬂlm pcar HCAL va M5 25
Magnet SciFi  RICH2
Tracker
— = Muon system:
= M1 removed.
NEW READ-OUT! | . |
| Tl

Vertex Y
Locator - \
..... B Il . R AL I RCRE

Calorimeters:

Ring Imaging Cherenkov detectors:
Optical system will be modified in RICH1.
NEW PHOTON DETECTORS AND READ-OUT!

(M.Tobin, at 139th LHCC Meeting)  qpTHEP 2019

SPD/PS removed — no LO trigger.
Operate PMTs at lower gain.
NEW READ-OUT!

V.Shevchenko 30/35




LO hardware trigger limits the rate to 1 MHz — removing this stage iiﬁiiié

implies data processing at ~ bunch crossing rate

LHCb 2015 Trigger Diagram

40 MHz bunch crossing rate

v b Ir

rL() Hardware Trigger : 1 MHz
readout, high Ex/Pr sighatures

~

. Software High Level Trigger

Partial event reconstruction, select
displaced tracks/vertices and dimuons

Buffer events to disk, perform online
detector calibration and alignment

Full offline-like event selection, mixture
of inclusive and exclusive triggers

I I+ 17

12.5 kHz (0.6 GB/s) to storage

QFTHEP 2019

=

LHCb Upgrade Trigger Diagram

30 MHz inelastic event rate
(full rate event building)

-Software High Level Trigger

xclusive kinematic/geometric selection

L

Buffer events to disk, perform online

[ Full event reconstruction, inclusive and ]
e s

detector calibration and alignment

S

- N
Add offline precision particle identification
and track quality information to selections

Output full event information for inclusive
triggers, trigger candidates and related

primary vertices for exclusive triggers
\,

>

> > L

2-5 GB/s to storage
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Upgrade | — work is ongoing and will be finished on time %

> HL-LHC ERA :
3fb-1 + 6 fb-1 50 fb-1 300 fb-1
2011-2012 2015-2018 2021-2023 2027-2029 2031-...
Run1 Run 2 9 Run3 Run 4 RunS..
Current LHCb ‘I“I;!' LHCb Upgrade 1) LHCb Upgrade 1(b) LHCb Upgrade 2

remove beampipe

dismantling muon station RICH test stand Event builder prototype

(K.Miller, EPS 2019) QFTHEP 2019 V.Shevchenko 32/35



Upgrade |l — active R&D across collaboration %

1. CERN-LHCC-2017-003
Ehysle= Cazs 2. CERN-LHCC-2018-027

for an

LHCDb Upgrade Il

E 2 %3 3E & 3 'S R

e e e

“
s -
s ——

SPACAL prototype

Conditions:

e Luminosity: 1.5%x103% cm=s (instantaneous), 300 fb!

* ~40 visible interactions / crossing.

Challenge:

 Maintain current reconstruction performance

* Develop detector with timing information for VELO & PID
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. ch
Conclusion \3

2018 run completed a successful first phase of LHCb
We were delivered 10/fb which was the goal in our TP in 1998

A wealth of excellent physics results

v" Superseded WA precision in several measurements of heavy flavour

v" Finally established CP violation in charm decays

v' Lots of interesting results in hadron spectroscopy

Upgrade | — all subsystems progressing, installation ongoing
Run 3: 5x the instantaneous luminosity and a completely new
readout/trigger, aim to collect 50/fb by end of Run 4

Upgrade Il - green light from LHCC to proceed to TDRs and

clear case at ESPP
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