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Why LHCb? >

* QOriginal motivation: precision measurements of CP violation and rare decays in beauty and charm

* Today: the ultimate flavour factory at the LHC, and a general-purpose forward detector
« Study not only pp collisions, but also heavy-ion (pPb, PbPb) and fixed-target (p-gas)
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good separation of hadrons 7/ K/p

e Highly complementary to ete™ “B-factory” experiments:
 Produce all types of b,c-mesons and baryons
* Huge cross-section and large boost
 But weaker capabilities with neutral particles and lack of beam-energy constraint



The menu for today

note: | had to cherry-pick results to fit in time.

First course: Second course:
heavy-flavour spectroscopy weak decays of heavy flavour
- classical - mixing and CPV
- exotic - rare semileptonic decays
See also: Wednesday & Friday plenary See also: Tuesday plenary
and numerous parallel talks and numerous parallel talks
Dessert:

dreams on the bright future of flavour physics



Fantastic beasts...

The LHC experiments steadily deliver new discoveries of conventional and exotic hadrons

LHCb-FIGURE-2021-001 and updates in https://www.nikhef.nl/~pkoppenb/particles.html
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Sonate No. 18, “The Hunt”
Fantastic beasts... and where to find them O e g e e D
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weakly-decaying



Sonate No. 18, “The Hunt”
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https://arxiv.org/abs/2206.15233

What are the biggest missing pieces in our conventional spectroscopy puzzle? 7

Mesons: o | Baryons:
All possible combinations of u, d, s, ¢, b quarks+antiquarks Most combinations with >1 heavy quark (c/b) not observed yet,
are known! except for 277 = (ccu).
All pseudoscalar ground L=0 states (g,7,) are known All possible combinations with (0, 1) heavy quarks are known.

C

_ 7 "+ — (c.b
One vector ground L=0 state (qTqT)’ namely, 5, " = (CT b T ), not Four ground states (L=0) with one heavy quark not yet discovered:

yet discovered 0 =0 o note:
Z{Z(()udb) ana —b gtSb) Spln.1/2, lighter states with these quark
Much work to do for excited states (L > 0). Zb (udb) and Qb (SSb) — spin 3/2. contents are known

Much work to do for excited states (L > 0).

Q1: What is the problem for the missing L=0 states?

A: Their decay modes are B.* — By or 22 — Agﬂ'o, with very low Q values.
0

Soft photons or 7 are challenging at a hadron collider.

Q2: What is the problem for baryons with >1 heavy quark?
A: Tiny production rate at the LHC and small BF for individual fully-reconstructed
decay modes. For many of them, short lifetime (= large background).

Ground-State Meson Man
(not your average superhero)

Need a lot more data, and clever ideas.




Doubly charming: first taste 8

» LHCb has discovered the Z' " baryon (ccu) in 2017.
e Since then: precise measurements of its mass, lifetime, production rate and several decay channels!
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Quest for Run 3: excited states and new decay modes.

Guidance by theory is always welcome.
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Science Bulletin 67 (2022) 479
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News at ICHEP’2022: Belle Il measures 7, = 243 *+ 49 {s, consistent with the LHCb findings.
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Three quarks in a boat

 Some recent discoveries / confirmations of charm and beauty baryons (L > O states)
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The pp puzzle? 12
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Is there something interesting happening in the B;) decays with a pp system?
We need theoretical predictions more robust than “naive expectations”.



Five quarks In a boat, to say nothing of the dog
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 The beasts we know since a while... Phys. Rev. Lett. 122 (2019) 222001
seen in Ag — J/wpK™ decays as peaks in m(J/yp)
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« Amplitude analysis of BS — J/wpp decays: evidence for a new Péjv (4337)"
e Does this really explain the large branching fraction of BS — Jypp? Phys. Rev. Lett. 128 (2022) 062001
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Who ordered that? Do we understand why is this state not seen in Ag — JIwypK™?



They can also be strange 14

* We also spot some strange beasts... and again in baryonic B-meson decays

Evidence for P];,\S(4459)O in 2, — J/wAK decays NEW: Observation of P$S(4338)0 in B~ — J/w/Ap decays
Science Bulletin 66 (2021) 1278 LHCb-PAPER-2021-031 Preliminary
S S180E LHCD o a4 @O T I
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Interpretation(s): tightly bound? meson+baryon “molecules”?

kinematic effects?

Proximity to meson+baryon thresholds might be the clue.




Ultimately charming

 In 2020, LHCb reported a structure in J/yJ/y spectrum:
X(6900) = (cccc); now T,,,(6900)

* Recently confirmed by ATLAS and CMS!

» Strengthened evidence for additional structures
3 peaks, or 2 peaks and feeddown from decays via higher

charmonium states?

 What is the binding mechanism? Are there beauty analogs?
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Ultimately charming 16

* Most exotic candidates have a (c¢c¢) in their quark content. Can we have a (cc) instead?

2017 2021
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* A manifestly exotic state observed in m(D"D"z™) at the threshold
. decays via off-shell D", properties consistent with J© = 11 and isospin 0 several talks on Tue & posters

in this conference!

* the longest-living exotic state known to date

1505.00613
1704.02383

a tetraquark flying some mm before decay? 1904.04197
and many more

This result supports predictions of a weakly-decaying bbiid state:



http://arxiv.org/abs/2109.01056
http://arxiv.org/abs/2109.01038

More tetraquarks | 17
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http://arxiv.org/abs/2204.12597

Weak decays of heavy hadrons
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CP violation in b sector
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Higher-order expansion needed to see small CPV effects in charm
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CP violation in ¢ sector
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Stalklng b-quarks decays Phys. Rev. Lett. 126 (2021) 081804 19

» Sizes of CKM matrix elements V,, and V;, measured with semileptonic B decays 7" | o V L
* Disagreement between the past experimental results: inclusive vs exclusive — o = E LHCDb -
= | 3 = :
Z St o k- _j
— i ° >
o LHCb: measure the ratio of BF BO — K u 1/ and BO D ,u+1/ LV | Inclusive ~ Vit -
-1V _ I Exclusive B, K i
BO—>K//t Yy g <7GeV2 B K//t I/ q2>7GeV2 i
- S F - —
b1600_ ¢ Data > - i
> 1400 :——l— Total # | LHC]? = % - -
2 1200 :_- Bg — K_M+VM |A‘ + 2 fb E 2 : —
O I — — - - - -
S e I R = . T

5 800 B— ct(— MM)KX 2|1 - O E 33 40 . -3
5 goof— MisID 3 Sio000f V| [107]

§ 4005_ Combinatorial Jl - é -

< - t - < B

O ok _ W Ok

-w_‘ e A— _-i N . ’
3000 4000 5000 3000 4000 5000
Moy [MCV/ Cz] Mot [MCV/ C 2]

~ |V PV, | X FFg/FFp,

Viw| /| Vs |(low) = 0.0607 £ 0.0015 (stat) £ 0.0013 (syst) + 0.0008 (D,) & 0.0030 (FF),  FF from LCSR (1501.05373)
V| /|Ves| (high) = 0.0946 = 0.0030 (stat) ™ o oone (syst) & 0.0013 (D,) £ 0.0068 (FF),  FF from LQCD (FerMILC, 1901.02561)

The discrepancy needs to be understood.


https://doi.org/10.1103/PhysRevLett.126.081804

Meson life is beautiful 20

: At 0 ™ .
 The textbook plot: oscillations of B, mesons 2 1600 E
— -
%: i } e Tagged mixed = 1400 _E
— A N . ~ 1200 —
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o[ — cosine with A=1.28 : — : L
nnnnnnnn I B A A P Can theoretical precision be improved? 2 4 6 8
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Decay Time Modulo 2/Am, [ps] Powerful constraint on BSM?




CP violation in beauty

* Immense progress in our knowledge of the
unitarity triangle since LHCDb started taking data

—
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[ excluded area has CL > 0.95

(0,0)
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B ICHEP 10 : (excl. at CL > 0.95) - | Spring 21
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LHCb combination (2021): y = (65.4133) EEEGIEICCIRE



CP violation in beauty

* |Legacy measurements with Run 1+2 dataset are still arriving

LHCb-PAPER-2022-017 Preliminary

full dataset

one region of

D-meson decay
phase space
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CP violation in charm 23

» 2019: LHCb measures A -p = A -p(K"K™) — A -p(n"77)

» difference of time-integrated CP asymmetries in two Cabibbo-suppressed D" decays

* Interference of penguin and tree — CPV?
* near-cancellation of systematic uncertainties due to production and detection asymmetries

¢« Ad p=(—154=%£29) X 10~*: first observation of CPV in charm

LHCb-PAPER-2022-024, Preliminary

[PRL 122 (2019) 211803]

« NEW: we also measure the individual asymmetry &/ ~p(K"K ™)

o -p(KTK™) = (6.8 = 5.4(stat) = 1.6(syst)) x 10~

»

+

LHCb preliminary

E791
FOCUS

Why is this interesting? & ~p ~ a;,,., + terms due to D mixing P e | O
*' . Belle
« Combination of LHCb results on &f ~p(K*"K™), A</ ~p and mixing : ——| | Babar
parameters leads to - —— CDF
+ - —4 t —— LHCb 3 fb~!
adirect(K K ) - ( JE 57) % 10 > 30 evidence for CPV b - LHCb 5.7 b

inDY = 77

a, [(ntr7)=(23.2+6.1)x107*

LHCb has power to probe CPV in charm. -0 0 5 10

Time for theory to catch up!

Do our measurements agree with SM?
It's for you to tell us.



Rare decays: b — s €~ 24

. Loop-level processes b — s ¢~ rather clean theoretically, rare ( ~ 107)
* Differential branching fraction measurements consistently lower compared to the SM expectations

BO —> ¢//t //t B+ — K+//t //l 2207.13371; LHCb: JHEP 06 (2014) 133
5 10—8 Phys Rev Lett 127 (2021) 151801 talk by W.Parrott (Mon parallel)

R R | —I— LHCb 9fb™"!
Nb 14 — LHCb ) 0.5- A CDF 11 0.5

| - ¥ LHCDb 3fb e B Belle '19

% 12 SM (LCSR+Lattice) '> 0.4- ® LHCb12B 0.4

& SM (LCSR) o Y- ® LHCh 14A :

~ 10 | O, ® LHChH '14C

‘:‘g - SM (Lattice)1501.00367 ~_ 0.3~ § e Luch21 0.3

< = — ks

= C . ~

S, 3+¢ T W(25) 1 T 0.2- I 0.2

+ 6 e %%

S 4LE - 1\2 0.1- | | -0.1

(N e ol ann e - d 2
%q% 2 : — 0.0- | | -(.0

E 0 [ | L ! . 10 15 20

S 0 5 10 q°

This does not look like statistical fluctuations.

in region of g* from 1.1 to 6 GeV2:

3.60 below SM (lattice+LCSR)
1.80 below SM (LCSR)

Is there still room for the SM prediction to
accommodate our measurements?




Rare decays: b — s €~ 25

. Loop-level processes b — s ¢~ rather clean theoretically, rare ( ~ 107)
* Differential branching fraction measurements consistently lower compared to the SM expectations

BO —> ¢//t //t B+ —> K+//t //l 2207.13371; LHCb: JHEP 06 (2014) 133
« 107 Phys. Rev Lett. 127 (2021) 15180 talk by W.Parrott (Mon parallel)
1415_ LHCb | —I— LHCb 9fb™" 0.5 R
- © LHCb 3fb""! — m Belle 19 Note that LHCb measures
12 SM (LCSR+Lattice) '> 0.4~ ® LHCb'12B 0.4 ratios like
SM (LCSR) o ® LHCHh14A | Y 0 >
10 ‘ O ® LHCh '14C BS — ¢//i M
SM (Lattice)1501.00367 ~ 0.3~ . e 1rHCh21 0.3 U
::}_‘ 3 i =i B? — ]/l//¢
1 g Jhp P(2S) T 029 L | 0.2

: Improved knowledge of the
) — sJ/y channels needed.
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%
bl
-
T
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107dB
-
K
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in region of g* from 1.1 to 6 GeV2:

This does not look like statistical fluctuations.

3.60 below SM (lattice+LCSR)
1.80 below SM (LCSR)

Is there still room for the SM prediction to
accommodate our measurements?

« LHCDb’s unique reach is in ability to perform similar measurements for b-baryon decays: Ag — Autu-,
=, = =utuT, Q) — Q~u"u~ etc. However, there is very few theoretical predictions (especially for
=,,£2;). We would encourage theoretical activity on baryonic channels.



Rare decays: b — s ¢~

* Intriguing discrepancies with the SM in angular observables persist; more data always welcome

0 *0,,+,,— + + 0+, 0 + .,
b~ > K p'p s BT K Tt B — ¢up
SE B N R : LHCb :
LHCb Run 1 + 2016 : b & Dota 9 -
0.5 Sho DSy B i | SM from DHMV ]
T e partial cancellation - 0.5 SM from ASZB .
- of form-factor uncertainties i ]
B 7 10 %/ . .
Of + - A" 0 T‘ : (untagged analysis)
i ' %) _ 0.5 | %% 1 | -~
05 —+— - A - --
B = N + AN, ]
i ~ - 5 —4— ] 1k + .
‘1;- P P T - ~ 15:. A T S SR ...:
0 5 10 15 0 5 10 15
Phys. Rev. Lett. 125 (2020) 011802 ¢ [GeV?* 4] Phys. Rev. Lett.126 (2021) 161802 ¢° [ GeV?%/¢] JHEP 11 (2021) 043
— Ir= | N B 7 I B = lgrm————7 7 7 3
n i I i 1 F LHCb s S -l E
- LHCb Run 1 + 2016 - S D 0! 09k LLHCDb —$— LHCb 8.4fb =
0.8 _}/f 7 b R ~ SM from ASZB 0.8 TE —+— LHCb 3fb™" E
L ] 0.7 = B SM (LCSR+Lattice)
0.6 - 0.6 “H‘ 3
L - B A -
I — 1 o5k - 8'2 | E
0.4 ,\ = ?L . 1 . 1
% 2 - %7 e = YUY 0.3 l :t *
@\ 7 “F - . —h— _:
: : 0.1F '¢ JIp Y (2S) E
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https://doi.org/10.1007/JHEP11(2021)043
https://doi.org/10.1103/PhysRevLett.126.161802
https://doi.org/10.1103/PhysRevLett.125.011802

All leptons are equal 27

¢« SM:theZinb — sZT¢~ can be electron or muon with

& 600 LHCb
equal probability (modulo tiny phase-space effects ~m,/m,,) é 500 Do
» We are testing this in a plethora of decay modes: mesons SO T B Compinue
Bt - KOr¢+t¢=, BY - KOY%¢*¢~ or baryons e
AY = pK=£+£" i o
 What we want to measure: “tests of Lepton Universality”

1, el
5300 5400 5500 5600

0 L
5200

o BB — Xu"u~) ., clean (K ut ) MeVier]
— : : : — + p—

X 955(3 N Xe+e—) in a given region of g m=(£7¢") theoretically o0 Nature Physics 18, (2022) 277-282
U LHCb
% —— Data 9 fb’!

* Main complexity: muons and electrons behave very differently > A

in the detector. < B B Jiy(ee)K?

% B Part. Reco.
§ Combinatorial

* What we really measure: S
3

R — 955(3 —> X//t+,u_) » 95’(3 —> XJ/I//(€+€_)) relies on well-tested
X" BB Xete) . BB — XllyGetp-)) U= (e eV

resolution due to bremsstrahlung emission & recovery

* Allows to cancel many systematic uncertainties.


https://doi.org/10.1038/s41567-021-01478-8

All leptons are equal, but some leptons are more equal than others? 28

‘@ Ry [Nat. Phys. 18, 277282 (2022)] & R,k [JHEP 05 (2020) 040]
@ Ry [PRL 128, No. 19 % Ry [JHEP 08 (2017) 055]
4 Ry [PRL 128, No. 19]
= b LHCD private compilation  credit: S, Schmitt - * Most results are from analysis of the partial LHCb
e E dataset
0.9 — T —
- I * | * |n particular, LHCb is currently focused on a combined
0.8 - i — .
: : measurement of R+ and R+ with the Run 142 legacy
e % = dataset
06F | i - * This leads to a deeper understanding of systematic
055_ | : effects which will be reflected in the final result.
| ¥(')- b -éF * Please be patient for the final results!
¢ [GeV?/ct
: : : BO Aty
Do we have a consistent picture » We also work on LU tests with b, — ¢ , baryons,
from different measurements? and other processes.

Needs confirmation with a larger dataset.

Inputs from independent

experiments are also crucial.



Rare decays: b — s ¢ P03 0022 109 20

e Four muons are better than two!

o Lift the helicity suppression of BS — U | u  decays by emitting a virtual photon going to dimuon
6 - o

T e ow
> N - : Ooi ST T =

é) 4 060 € BDT < 1.00 o Coomnis KK __ O »

7 3f BY — pppp & BBy — ppup) < 8.6 x 107 @ 95% CL
2 2:' E 5, SM expectation: ~ 10719

L

S 181+ 4 5y

= S0, L

S Y5000 5500 6000

m(utu-utu) [MeV/c?]

 Same final state can be used to probe W-exchange processes:
8

LIlICbI | | | ° IDatal
9 fb_l — Total

6 — = Bi— J/p(uruutus
0.60 =BDT <1.00 ...... Combinatorial

BB — Jy(upw)up) < 2.6 x 10 @ 95% CL

Candidates / (50 MeV/c?)

5000 5500 6000

Multilepton decays will become a hot topic in Run 3 of LHCDb.
m(utu-utu) [MeV/c?

However, reliable theoretical predictions are highly desired.


https://doi.org/10.1007/JHEP03(2022)109

Rare decays: ¢ = ut ¢t~ 30

« NEW: search for DV — utu~, SM short-distance rate ~ 10718 (helicity suppression) but ~ 10713
due to DV — vy — Iu"'/,t_

LHCb-PAPER-2022-029 Preliminary

l L l Ll l A L} L L} l L L ) L I

I ] ? - N
§ 20 1 HCH preliminary _ ;r)gtal - - § 250 LHCb preliminary - ;g‘a‘ . E
) 6 b} — LR - L - 6fb ! — LR F 7
= 200 - = - - Combinatorial — S 200 - = = - Combinatorial T
o 0666<BDT<10 D > m = 1 = - oe66<BDT<10 D> m m :
— 006 =BT =L D' K n - TR - D'>K -
o 150 _ 4 = 150F -
e i signal ] = - :
£ Rh I :
= r TTh Tyt 4 — = —
'8 50 BT © 2499 + - = 50
3 SR IET O S ST L SLSSNE—.T. = -
O o) e . P DR R 8 0 . . ) . 1
1800 1900 2000 2100 140 145 150
m(u-u*) [MeV/c?] Am [MeV/c?]

B(D°— putp~) < 2.94(3.25) x 1077 at 90 (95)% CL

[Phys. Rev. Lett. 128 221801]

 LHCDb also studied processes like D™ — z7z~u"u~, dominated by resonances in dimuon mass
* |nterferences between resonances and NR are sensitive to BSM, but compatible with the SM so far

LHCDb reach in rare charm is similar to that in rare beauty.

Maintaining reliable PID performance at low momentum is a key for success.
Reliable theoretical predictions are important to have.




All leptons are equal, but some leptons are more equal than others? 31

* Anomalies in tree-level b — c7v transitions: not rare (~1%) but experimentally challenging
- The ratios of tau/mu universality, Rp,, R+, Ry, are above the SM predictions

» [attice QCD crucial for form-factor inputs! talk by Alejandro Vaquero, Tue plenary

7 —
’
VT

* Baryonic decays offer complementary insight
e Search for Ag —> A;I_T_DT witht — 7[_7[+7[_(7[0)1/T Phys. Rev. Lett. 128 (2022) 191803

* Physics background suppressed by a combination of geometry and :
Kinematics v

fig. by G. Wormser

« Normalised to Ag — AT zrm (same final state) and use the
DELPHI value of (A} — Aluv)

% - LHCb ~ —} Data
N% 30 - 3 b E 2500 LHCD — Total model
O 300 = : -1 .
R(A]) = 0.242 = 0.026 (stat) = 0.040 (syst) = 0.059 (ext.BF) g " F ~+puw % 2000 5 1b W e,
Z 250 :— —— Total model ,_g A A*D(X
= - - S L A AD(X)
° . 8 - Ag%A:T_vr 0 +7-
vs SM prediction: 0.324+0.004  Phys. Rev. D99 (2019) 055008 £ 200 o . o 5 1500 Wl A-a0 )
using lattice inputs: = 1503_ B A (x) -AgeAZDT(X)
1503.01421, 1702.02243 S = B 1000 Combinatorial
100 ;_ C:)mbi;atorial
: : - 500
Poor knowledge of baryonic BFs is S0¢

the main limitation! 0 s 0 02 04 06 08 1
g% [GeV</c?] BDT output



https://arxiv.org/abs/1812.07593
https://doi.org/10.1103/PhysRevLett.128.191803

LHCDb upgrade(s) 32

* All results shown today were prepared using the data collected in 2010-2018
* Right now, we are commissioning a shiny new detector!

* Collect data at ~factor 5 increased pile-up

* Full detector readout at 40 MHz + fully-software trigger (1st stage running on GPUs)

* The highest throughput among HEP experiments
* Large boost in efficiency for hadronic channels

 Completely new tracking system: pixel-based vertex locator and scintillating-fibre tracker
e another tracking detector going live in winter
* |Improved Cherenkov detectors, refurbished calorimeter & muon electronics
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LHCDb upgrade(s) 33
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* But we already plan for the next upgrade! See our TDR LHCC-2021-012
* Extensive R&D ongoing for needed technologies

o

Upgrade I Consolidation Upgrade 11

Run 1 LS1 Run 2 LS2 Run 3 LS3 Run 4 LS4 Run 5 LS5 Run 6
2011 201212013 2014 2015 2016 2017 201832019 2020 2021 (202232023 2024 202552026 2027 202812029 2030 2031 2032532033 203432035 2036 2037 2039/2040(2041 2042

* Pushing the sensitivity to flavour observables to unprecedented levels!
* (Getting ready for new surprises in hadron spectroscopy and decays!


https://cds.cern.ch/record/2776420

* The particle zoo keeps growing, with LHCDb steadily supplying new beasts
* Routine measurements of properties of heavy hadrons and their decays sometimes yield surprises
 LHCb Upgrade will provide the desired dataset to explore the intriguing anomalies observed in our data

* There are measurements where LHCb has unigue reach, e.g. systematic studies of b-baryon decays

e Strong synergy with theory colleagues needed as ever!

 Developments in lattice QCD crucial for LHCb precision measurements: form-factors, decay constants,
predictions of hadron properties and many more...

Questions?
Feel free to contact me:
vitalii.lisovskyi@cern.ch




Extras



 Amplitude analysis performed for the first time
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* Precise measurements by LHCb and (new!) CMS
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