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1. The LHCDb experiment




The LHCb experlment LHCb public page

* LHCb is located at IP8 ~100m underground in the Geneva area

* One of the four big LHC experiments (>1200 members), it’s primarily devoted to b and ¢
physics

* Main topics concern CKM parameters, CP violation, rare decays: search for New Physics via
precision measurements — high discovery potential

e LHC Run 2 at 4/s =13 TeV ended in 2018, now upgrade phase towards Run 3 (2021)

{llustration Philippe Mouche

https://cds.cern.ch/record/1708847
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https://cds.cern.ch/record/1708847
http://lhcb-public.web.cern.ch/lhcb-public/

The LHCb deteCtOr JINST 3 (2008) S08005
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e Large b and c production cross-sections (2<n<5)
o(pp—bb) ~ 144 ub @ 13 TeV rprw 118 (2017) 052002

c(pp—cC) ~ 2840 yb @ 13 TeV guer 03 (2016) 159
BO:Ap:Bs production ratio is ~ 4:2:1 JuEP 08(2014) 143

ol

LHCb MC
s =14 TeV

e Production of all b hadrons
B factory energies ~ up to Bs mass 6, [rad] 2
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https://iopscience.iop.org/article/10.1088/1748-0221/3/08/S08005/pdf
https://arxiv.org/pdf/1612.05140.pdf
https://arxiv.org/abs/1510.01707
https://arxiv.org/abs/1405.6842

The LHCb Strengths Int. J. Mod. Phys. A30 no. 07, (2015) 1530022

* B meson boost ~ 1 cm
Clear separation of displaced
secondary vertex o(IP) up to 20 pm

e Excellent momentum resolution
op/p ~ 0.4%-0.6% (p = 5-100 GeV/c)

\ The VELO active area starts at 8
mm from the beam!
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https://arxiv.org/abs/1211.6759
https://arxiv.org/abs/1412.6352

The muon detector

* Muons have a primary role in a lot of LHCb analyses

* About half of the 1368 MWPC on the muon detector have been built here in Frascati back
in 2004, together with the development of their readout electronics boards

The chambers worked very efficiently for 10 years, and most of them will keep going in 2021!
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The LHCb data taking
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https://lbgroups.cern.ch/online/OperationsPlots/index.htm
https://arxiv.org/abs/1412.6352

The LHCb Upgrade | (2021)

* 5 x more luminosity: 4x1032 - 2x1033 cm-2s-1
* |HCb will feature a fully software trigger running at 40 MHz (Real Time Analysis) R"'A

* Several detector changes

JINST 14 P04006

LNF group is deeply involved in the upgrade:

* Production of 30 spare MWPC chambers

* Design and production of the new muon readout
electronics board: from 1 to 40 MHz

* Development of the new muon software trigger
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https://arxiv.org/abs/1903.01360

2. CPV in charm




History of CP violation

Violation of the CP symmetry is an ingredient to explain matter dominance in the universe.
[A. D. Sakharov, Pisma Zh. Eksp. Teor. Fiz. 5 (1967) 32.]

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.S.Wu et al. V. L. Fitch et al. collaborations

2019

1963
Cabibbo Mixin 197 . Charm particles:
? The CKM matrix CP violation in D°

N. Cabibbo M. Kobayashi and meson decays
. k
T. Maskawa LHCb collaboration

https://cds.cern.ch/record/2668391

Charming CP violation:
* D meson allow to probe CP violation on up type quarks = complementarity to B and K mesons

* SM prediction burdened by low energy QCD, but tiny asymmetries are foreseen: 103 - 104
ArXiv:1111.5000

e Never observed before
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https://arxiv.org/abs/1111.5000
https://cds.cern.ch/record/2668391

Types of CP violation

(DOt ~I(D (t) = f
The time-dependent CP asymmetry is defined as Acp(f;t) = W70 = /) (_O( ) f)
TDO(t) = f)+T(D (t) — f)
— 2
» Direct CP violation: |A |* # |Af|2 L
* |ndirect CP violation
0 —0
1D1,2) =p|D”) £4|D")
0 2
1. In mixing: |p‘ # ‘q|
A Az
2. In interference between mixing and decay: arg <g —f> + —arg 177
p Ay p Ay
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Deﬁ n ition Of AACP https://arxiv.org/abs/1111.6515v2

)
7(DV)

Ar(f)

The time-integrated asymmetry can be written as  Acp(f) ~ adn(f)
but it’s experimentally hard to measure because of production asymmetry (see later).

A cleaner observable can be build as the difference between DO—=K-K+ and DO— 111t asymmetries:

AAcp

— Acp(n~m™)

Q

and it’s mostly sensitive to the direct CPV component Aadp = afp (K~ K*) —adp(n—7h)

To extract this component from AAcp one also needs:

A

Fposy —Lpoy,

1. The indirect CPV component ~ Ar ~ —a% Ar == -
Fposy+ 1o

2. The mean decay times of the reconstructed samples A(t) = (t) xkx — (t)rn
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https://arxiv.org/abs/1111.6515v2

Flavour tagging

To identify the flavour of the D meson we look at the charge of the tagging particle in two samples:

D*T D% D°
1. Prompt —0
D" —=D 7~ D* T
* The DO points to the Primary Vertex p >P;< p
X 9
0 D¢ ’
B~ %D ,u 0
2. Semileptonic D
Bt=D’ utX e
* Displaced vertex -
> |
P PV p

https://cds.cern.ch/record/2668398

Huge charm production at LHCb: > 1 billion of D9—=K-1t+ decays in the full LHCb sample!

— complete event reconstruction and selection is performed online (Turbo stream)
Comput. Phys. Commun. 208 (2016) 35
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https://cds.cern.ch/record/2668398
https://www.sciencedirect.com/science/article/pii/S0010465516302107

Experimental strategy to measure AAcp

N(D° = f) = N(D' — f)

The raw asymmetry A,...(f) = —
N(DY —= f)+ N(D" — f)

can be written as

Ap(me A * rom
Avaw(f) =~ Acp(f) + Ap(f) + { Ag EM))_:_APP(ES | ((:emilzgionic)

S/ \

. ' Detection asymmetry of the
Physical CP Detection _ ) _y y .
asymmetry is O tagging particle and production
asymmetry _ _
for symmetric asymmetry of the mother particle
final states

After weighting the KK kinematics to match that of the mirr, AACP simply reads:

Adcp = Ao (K K) = A (r 77

which is independent of the detection and production asymmetries.

(The detection regions where the raw asymmetries of the tagging particles are large are
anyway removed in the event selection)
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Araw measurement on Run 2 (6 fb-1)

3 3
~ 'XIIQIH'”“LH(':b”" ~ 220080 ——
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https://arxiv.org/abs/1903.08726

Results

The fitted raw asymmetry yields

AATE — 182 4 3.2 (stat.) £ 0.9 (syst.)] x 107%
AALEEed — [_9 4 8 (stat.) & 5 (syst.)] x 107%

which combined with the LHCb Run 1 result gives: pru 116 (2016) 191601

— CP violation in charm observed at 5.3¢!

From this result, the indirect CP component is measured to be

Aad = (- 15 7 +2. 9) x 10~}

in the upper-end of the SM prediction, but more precision is needed.

LNF seminar 23/05/2019 Marco Santimaria 17/38


https://arxiv.org/abs/1903.08726
https://arxiv.org/abs/1602.03160

Impact and future prospects

| Moriond 2019 \
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World average: no
CPV hypothesis
rejected at 5.44¢
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S
<1_0.0025 |
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NNNNN

The measurement is
statistically limited: large
Improvement is foreseen
with more data

—0.0075

LHCb promp
LHCb SL

—0.0100 r

- LHCb prompt

Contours contain 68%, 99.7¢

—0.010-0.008—-0.006—0.004—-0.002 0.000 0.002 0.004 0.006

al'p
Sample (L) Tag Yield Yield o(AAcp)| o(Acp(hh))
DY sK-K* DY —sg—q* (%] (%]
Run 1-2 (9 fb™')  Prompt 52M 17M 0.03 0.07
Run 1-3 (23 fb™!)  Prompt 280M 94M 0.013 0.03
Run 1-4 (50 fb™ 1) Prompt 1G 305M 0.01 0.03
Run 1-5 (300 fb™') Prompt 4.9G 1.6G 0.003 0.007

https://cds.cern.ch/record/2320509
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https://cds.cern.ch/record/2320509
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Pentaquarks




The quark model

Volume 8, number 3

PHYSICS LETTERS

1 February 1964

A SCHEMATIC MODEL OF BARYONS AND MESONS *

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

Received 4 January 1964

If we assume that the strong interactions of bary-
ons and mesons are correctly described in terms of
the broken "eightfold way" 1-3 , we are tempted to
look for some fundamental explanation of the situa-
tion. A highly >romised approach is the purely dy-
namical "boot trap'' model 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 self-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.

ber »nt - 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 3 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 a551gn to the triplet t the followmg
properties: spin 3, z = -3, and baryon number 3} 3-
We then refer to the members us, d-3, and s~ 3 of
the triplet as "quarks" 6) q and the members of the
anti- trlplet as anti-quarks q. Baryons can now be

guarks by using the combinations
# while mesons are made out
‘t is assuming that the lowest

Hadrons are built up with
minimal quark content in the
theory by Gell-Mann and Zweig,
but nothing forbids multi-quark
states

Semi-relativistic potential quite accurate in describing c€ and bb states in the 70’s

3 r
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A short-distance colour potential

A long-distance confinement term

Spin-spin and spin-orbit corrections
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Charmonium spectrum

Many states (—, —, — ) outside the prediction (---) have been discovered in the past 15 years
7 4800
= i — X(4700)
= ! — Y(4660)
wn 4600 Charged states
& : g X@s00) s, decaying to J/y:
[---- Y(E4S)— c .
= 4400 i U3 — P/(4380) minimal quaik
[ Y (4220) ) — X(4274) — 74(4250) content is ccdd, a
4200 [~ X(4160) ToDp) 2 (4200) — X(4140) tetraquark!
5 —YP(3S) .+ = 77(4050
4000F xsoa0) 00 Tzl @020 (4050)
[~ L0 ==X(3915) —X2P)
i — 7:°(3900) — X(3872)
3800 B -;-IP(ID) wQ(lD)
.(25) == (2S)
3600 h.(1P) —
3400 %(1P)
3200 I (S)
h (1S)
3000 [
JPC ot 1 1+(') ot | D+t 2 & other http://cds.cern.ch/record/2673732

Labelled as “exotic” states: can help us understanding QCD interactions
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http://cds.cern.ch/record/2673732

The pentaquark saga

e Pentaquark searches started in the 70’s, no convincing evidence until 2002 with the

©(1540)+* (by 3 experiments!) but ruled out by high-statistics runs [EPJE 37 1 (2012)]

. . PRL 111 102003 (2013
e 2013: something strange in Ap—pKJ/y at LHCb [[JHEP 07 103 (201(4” =

e 2015: dedicated analysis on Run 1 data reveals a peak in the J/yp mass! [PRL 115 (2015) 072001]

< 3000 <
() - ()
= oof = 800
o 25001 OL (@ LHCb To)
Al [ =
2 F Z
L|>J - —=— data |_|>_|
15001
C —— phase space 400
1000
. 200
500 [+
[ [ [ [ [ [ [ [ [ I [ [ [ I [ [ [ [ L 1 1 1
1.4 1.6 1.8 2.0 2.2 2.4 _ 4.0 : : :
my, [GeV] my,.., [GeV]
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https://link.springer.com/article/10.1140/epjh/e2012-20032-0
https://arxiv.org/pdf/1307.2476.pdf
https://arxiv.org/abs/1507.03414
https://arxiv.org/pdf/1406.0755.pdf

LHCb Run 1 analysis (2015) prs 115 (2015 072001

—=a— data
S 5000 t —e— total fit
background
Lo a
1800 : @) LHCb --<k-- A(1405)
(%)

Amplitude analysis with
all known A* resonances
reproduces m(pK) but

>
o 800
TWO P+ states are needed to describe the datal Em (b) *i LHCDb
%’ 600 +* ++i'#r
P.(4450)*, JF =5/27, I' =39+ 5 MeV < bt iy
significance 120 L 500 uﬁr %#M* 6
Q0 ¢ nlh
”ﬁ'* ¥
300 %*
P.(4380)%, J¥ =3/27, T = 205 &£ 18 MeV
significance 9o
valence quarks: uudcc oL B ey e
4 4.2 4.4 4.6 4.8 5

Mo [GeV]
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https://arxiv.org/abs/1507.03414

LHCb Run 1 + Run 2 (2019)

Improved signal selection
+

More data with ~2 x b ~ “E
production rate @ 13 TeV g *F
= .S 20fF

9 x statistics wrt Run 1 only! e

" Run1

ArXiv 1904.03947
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2
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22
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|||||
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35 4

45 5

55 6

....;....I.... 1

6.5

mZ, [GeV?]

16 N T R B B 162
2 3 4 5 6
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The mass fit with the old model works fine...
PRL 115, 072001 (2015)
> _ S >
® 000} I = 0 m,. all
S 1000~ -~ data pr a S 9000~ -m-data Kp a
o) [ - [ fi 8” Lo —e- | fi
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2 b = P4450) $ e S7000F" - P,(4450) .
= (@)
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i - & hun +
LHCb “ 2000 '
200~ "
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0
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https://arxiv.org/abs/1904.03947

BUt Wait... there’S morel ArxXiv 1904.03947

_0
>.D
* Previous state at 4450 MeV is now 1200 :
resolved into two adjacent states ——data LHCb
 Also a third narrow state is visible at 1000f— fotalfit
4312 MeV — baCkQFOU;nd

* 1D mass fit performed, full amplitude
analysis is ongoing to determine JP

800

Weighted candidates/(2 MeV)

| L I LI I LI I LI I | L
el w—
e —
el w—
=

* All states are very close to the 600
> +D®)0 thresholds (---, ) : | | | Whh"
soolHFY
I i, P.4440)
- P.(4312)
200}~ :
State M [MeV | [ [MeV | - \
@ £.(4312)* | 4311.9+0.7788 | 9.8+ 2.7 37 8'- Loy A e
i a7 4200 4250 4300 4350 4400 4450 4500 4550 4600
P,(4440)% | 4440.3 £1.3%%1 | 20.6 4.9 57 m,,.., IMeV]
P.(4457)F | 445734+ 0.6111 | 6.4 +£2.0F 57
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https://arxiv.org/abs/1904.03947

Theoretical interpretations

L. Maiani, A. D. Polosa, V.

1. Tightly bound

Riquer, PL B749 (2015) 289

e Decay by fall-apart

e Confining potential: many

states expected

2. Loosely bound

e Confinement partner exchange then

Guo,Meissner,Wang,Yang

PRD92 (2015) 071502

fall-apart: narrower states

e Potential well: few states expected

Narrow states just below the X.+D*0 threshold seem to favour hypothesis #2.

3. Rescattering

h = D;* (A7)
X

e

A% Qe

Worse fit with two BW
+ 1 triangle-diagram
amplitude: further
investigation with
amplitude analysis is
needed

Weighted candidates/(2 MeV)
S
o
o

1200F

[ —— cosf,-weighted dat

LHCb

total fit

- — polynomial

e

|
N

iy

)

T'I

4%00 4250 4300 4350 4400 4450 4500 4550 4600
myp [MeV]
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https://pdf.sciencedirectassets.com/271623/1-s2.0-S0370269315X00098/1-s2.0-S0370269315006097/main.pdf?x-amz-security-token=AgoJb3JpZ2luX2VjEH4aCXVzLWVhc3QtMSJHMEUCIHhig%2FcpLZCbEggvdOhWTB13%2FJ8CBPv50ziaIYwS%2BjwfAiEA0NHkgUdhTDN1NGFF5XbGHbq8cTbFVtYhEXMYW56gRiYq2gMIdhACGgwwNTkwMDM1NDY4NjUiDAb9r9lPErPBMYRPByq3Ax9%2FXz9K79QWJUIrDMlNEdVKOvU8irEtbt9odBG6z6tuRX%2BtV5oDMxlsjz4WenaxIXsPTIJ%2FsJpD09Gyt9QvD7%2BJpMP5fxUDTWhjF7aFSqBsObjYktfgaPYyPYILBwmQtK7rMDgS5Twt35oBzcysyvguvAfxJDOLZAK7hheqHwjn%2BnLbMJce3J8J5G5lbe%2BHn0fhM2h1s%2FYIZjbBpbzsfEZT5tFlSMCeBqE%2BB3M07osbn1UreNXbLbWfidS5gqlW8qM0xeMHF7pe3429oTRTMGGmF%2F48bS%2FEv62AM4qXW%2BgPcWss6Ga2s55TF0tLr9CuEJGPYb1jnfm7KQWVPgkAGw2sxvSBYB0cn8sSXYmqvuBxEayo2tjnCwlGqTKZ9SswJ2xtQ%2FGOW3zeLsUAMmZ4s7GwDxrMWD1e%2FLhbszexg3gzvDyTwX%2BvRzf%2Bdy5pIrt6Lb3BjPVMXPk1EGzJPKlZpHqm9wNEhNjbXbbmpB6rAsI5fV6LXuyzu15v0G7wzgusAGBO5TVhvL4UV0aqCugwMP0i9fpmT%2FsN5RgiPhTzHnfZaqWqgjGeBQouvMEqssKZQtoSswgA3VMwz%2B%2FV5gU6tAEL1nqJQUWwjr%2FqBHrrNZ37urEC45UoPDt5%2BGBeC4gjX63pFx97%2FHtYQ7X3JhzHkRX852z5f7KRhT4u37cCGiF5J2oClI%2FFMg3EUFfbzLtpJuM4iK28dS%2FL8DG5F0unJ%2Bu1402vQpMdbnJxg5hd9XC5%2FXDw6YXWhPXYRR97L9xVlx6JRunakM9vMlM4RKrfdVWjI3BHkZ6om%2FL0b8Wn1BTREmuQzw20rOTEGJeGGh60HsEeRWU%3D&AWSAccessKeyId=ASIAQ3PHCVTY7YKHLFEY&Expires=1557496847&Signature=%2BvHz48LmPgGcBrN4ypVWaRBqOvE%3D&hash=c308f5f624af370b163f108d7d6e51737289ecd9d740ac0a2e9c6090114883b1&host=68042c943591013ac2b2430a89b270f6af2c76d8dfd086a07176afe7c76c2c61&pii=S0370269315006097&tid=spdf-aa07f98d-f7ab-4db8-a6c9-11983fb6313c&sid=a3a9781b6be730457089c03-a5bc80a8f803gxrqb&type=client
https://pdf.sciencedirectassets.com/271623/1-s2.0-S0370269315X00098/1-s2.0-S0370269315006097/main.pdf?x-amz-security-token=AgoJb3JpZ2luX2VjEH4aCXVzLWVhc3QtMSJHMEUCIHhig%2FcpLZCbEggvdOhWTB13%2FJ8CBPv50ziaIYwS%2BjwfAiEA0NHkgUdhTDN1NGFF5XbGHbq8cTbFVtYhEXMYW56gRiYq2gMIdhACGgwwNTkwMDM1NDY4NjUiDAb9r9lPErPBMYRPByq3Ax9%2FXz9K79QWJUIrDMlNEdVKOvU8irEtbt9odBG6z6tuRX%2BtV5oDMxlsjz4WenaxIXsPTIJ%2FsJpD09Gyt9QvD7%2BJpMP5fxUDTWhjF7aFSqBsObjYktfgaPYyPYILBwmQtK7rMDgS5Twt35oBzcysyvguvAfxJDOLZAK7hheqHwjn%2BnLbMJce3J8J5G5lbe%2BHn0fhM2h1s%2FYIZjbBpbzsfEZT5tFlSMCeBqE%2BB3M07osbn1UreNXbLbWfidS5gqlW8qM0xeMHF7pe3429oTRTMGGmF%2F48bS%2FEv62AM4qXW%2BgPcWss6Ga2s55TF0tLr9CuEJGPYb1jnfm7KQWVPgkAGw2sxvSBYB0cn8sSXYmqvuBxEayo2tjnCwlGqTKZ9SswJ2xtQ%2FGOW3zeLsUAMmZ4s7GwDxrMWD1e%2FLhbszexg3gzvDyTwX%2BvRzf%2Bdy5pIrt6Lb3BjPVMXPk1EGzJPKlZpHqm9wNEhNjbXbbmpB6rAsI5fV6LXuyzu15v0G7wzgusAGBO5TVhvL4UV0aqCugwMP0i9fpmT%2FsN5RgiPhTzHnfZaqWqgjGeBQouvMEqssKZQtoSswgA3VMwz%2B%2FV5gU6tAEL1nqJQUWwjr%2FqBHrrNZ37urEC45UoPDt5%2BGBeC4gjX63pFx97%2FHtYQ7X3JhzHkRX852z5f7KRhT4u37cCGiF5J2oClI%2FFMg3EUFfbzLtpJuM4iK28dS%2FL8DG5F0unJ%2Bu1402vQpMdbnJxg5hd9XC5%2FXDw6YXWhPXYRR97L9xVlx6JRunakM9vMlM4RKrfdVWjI3BHkZ6om%2FL0b8Wn1BTREmuQzw20rOTEGJeGGh60HsEeRWU%3D&AWSAccessKeyId=ASIAQ3PHCVTY7YKHLFEY&Expires=1557496847&Signature=%2BvHz48LmPgGcBrN4ypVWaRBqOvE%3D&hash=c308f5f624af370b163f108d7d6e51737289ecd9d740ac0a2e9c6090114883b1&host=68042c943591013ac2b2430a89b270f6af2c76d8dfd086a07176afe7c76c2c61&pii=S0370269315006097&tid=spdf-aa07f98d-f7ab-4db8-a6c9-11983fb6313c&sid=a3a9781b6be730457089c03-a5bc80a8f803gxrqb&type=client
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.92.071502
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.92.071502

Understanding QCD

JP determination and search for isospin partners will drive the theoretical interpretation of

pentaquark states

Start of a new era in understanding QCD binding mechanisms

LHCb dominating the scene, Belle Il to join on some exotic channels

Many states to be discovered with enhanced statistics from Run 3!

LHCb Belle 11
Decay mode 23tb~t 50fb~! 300fb~! | 50ab~!
BT — X (3872)(— Jiyntn )Kt | 14k 30k 180k 11k
Bt — X (3872)(— ¢(28)y) K+ 500 1k 7k 4k
BY — ¢(28)K 7" 340k 700k 4M 140k
Bf— DD D 10 20 100 —
A= JppK -~ 340k 700k 4N
E, = JWAK- ik 10k B5ok —
Efr > ATK ntnt 7k 15k 90k <6k
EF— JhEF 50 100 600 —
(Run 1-3) (Run 1-4) (Run 1-5)

https://cds.cern.ch/record/2320509
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4. Lepton Flavour Universality




Probing new physics with rare b decays

Indirect searches have access to New Physics at very high energies wrt direct searches

Precision measurement of a well-predicted observable: b—sl+l- are FCNC processes that only
occur via loop in the SM: BF / angular observables can be altered by new particles

https://cds.cern.ch/record/2668971

Gr .
Interaction described by an effective hamiltonian H.fr = 7 Z Ve Ci(A)Oi ()
i
The Wilson Coefficients Ci are sensitive to NP contributions:

Cg9 and Cio relevant
for b—sl+-

the hadronic matrix element is parametrised as a form factor and represents the largest
source of error in the SM prediction due to non-perturbative QCD.
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Rk as a test for Lepton Flavour Universality

Tnax AT[B— Hyutp™]

2 dq2
The R ratio is free from hadroni tainti Ry = min 4
e Rk ratio is free from hadronic uncertainties = —=
¢ " Imax AI'[B— HeTe ] | ,
dq
2 dq2

qmin

and predicted to be 1 with O(1%) uncertainty (Lepton Flavour Universality) Eepsc 76 (2016) 8,440

Tests of LFU in b decays are a hot topic due to many anomalies observed at Belle, BaBar and LHCb:

——LHCb —=—BaBar —Belle

R/ e e L L A 2'0_"""""""""'
= [LHCb: PRL113(2014)151601| LHCb 1 Q% [ LHCb: JHEP08(2017)055
Run 1 measurements  '°F ? 1 7F :
at LHCb are 1_ | 1.0 _
i - SM 1 I
systematically bglow SET ] :
the SM expectations 0.5F Belle: PRL103(2009)171801 0.5 -_£ + o Lich -
BaBar: PRD86(2012)032012  LHOn Ei&l
I T R T a——
q* [GeV?/cf] ¢* [GeV?/cY
Rk = 0.74573:999 +0.036 for 1.0 < g% < 6.0 GeV?, ~ 2.6 & from SM; Also R(D)-R(D*)
Ry~ = 0.6679:5% +0.03 for 0.045 < g% < 1.1 GeV?, ~ 2.2 from SM; anomalies (tree level)
R~ = 0.697%:8 +0.05 for 1.1 < ¢% < 6.0 GeV?, ~ 2.4 from SM; at ~4¢

Many theoretical models with Z’ or LQ can accomodate the “deviations” simultaneously

) ] _ https://arxiv.orq/abs/1903.11517
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https://arxiv.org/pdf/1605.07633.pdf
https://arxiv.org/abs/1903.11517

RK at LHCb Arxiv:1903.09252

At LHCb, Rk is measured as a double ratio:* " LFU holds in J/psi decays up to 0.4% [EDG]

B(B™ — K pp) /B(BT = KJ/y(u))
B(Bt — Ktee) / B(Bt — KtJ/y(ee))
N(KTpp) — N(KTJ/y(ee)) e(KTJ/p(pp))  e(KTee)

T ON(KFI/o(u) - N(K*ee) s(KFup)  e(KTJji(ee))

Rk =

to cancel most of the systematic effects.

B* = K+J/b(18)(¢+)

Rare and resonant modes: BT — K™(2S)(007)
- Same event selection ar
- Separated by g2 dg?

BT — KT0t¢~ L//}

A new measurement is presented
here on Run 1 + 2fb-7 of Run 2 data

https://cds.cern.ch/record/2668971
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https://arxiv.org/abs/1903.09252

Muons vs Electrons

Electrons emit significant bremsstrahlung photons at LHCb: to improve the momentum
resolution, a photon cluster in the calorimeter is searched for

ECAL
Magnet
[ track L
Upstream - ’ Downstream
bﬁ : E Uﬁ: e track brem = brem
P Y
https://cds.cern.ch/record/2668557 € \\‘~\
Ey
Air

https://cds.cern.ch/record/2668971

However, reconstruction + trigger efficiency and g2 resolution are lower for electrons

% = T *NE 10 X, 2L e e 10’

C\l\ 7 ('\l\ m S . .

S 20 10* S 20 - [

<} Ot

(@\] e\l n

S - S L. -
15 10° 15§ 10°
10 10 10 10
56 10 5 10
. e Tt N Niix, B

50 52 54 56 58 60 46 48 50 52 54 56 58 60

m(K u*u ) [GeV/c?] arxiv:1903.09252 m(K*ete~) [GeV/c?]
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Controlling efficiencies

Efficiency ratios are computed from simulations and corrected from data concerning:

1. PID 3. B+ kinematics
2. Mass resolution 4. Trigger

The effectiveness of the correction is checked by measuring

o _B(B= KTJ/y(pu))
T BB = KT /y(ee))

— stringent test as it requires
= 1.014 £ 0.035 muon and electron efficiencies
to be controlled individually

Even stronger check vs kinematics:

110
- LHCDb

105F

1 OO Z...+ ..........
0.95F

I B SR B AT R P B B
0'900 5000 10000 15000 1000 2000 3000 4000 5000
pT(B+) [MeV/c] min(pT(l+), pT(l')) [MeV/c]

”J/zp/<”1/¢

25) . i . Ciy -
Ry is also compatible with 1 within 1.
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Invariant mass fits

ArXiv:1903.09252

A simultaneous fit to rare+resonant electron and muon channels is performed to extract Rk

3 LHCb

% 100 = —+— Data

2 —— Total fit

g 80 L "IN A28 TOtal RK = 1

\;/ ...... Bt— Kt ete

§ 60 B Part. Reco.

S 4 B 5 U/ (e K
,g Combinatorial

<

O 20

~

-~
-~
LI

ob i
5000 5500 6000
m(K*ete™) [MeV/c?]
10°
~ 100§
2 90 LHCb
> g —+— Data
S 80 — Total fit
70 1L e Bt— J/w(e"'e—)K"'
(\] L
= 60 B Part. Reco.
g B*—J/ y(ete)m*
% 50 i Combinatorial
g 40
= 30
§ 20
@
10
0 1 1 o L "
5200 5400 5600
my, (K Tete™) [MeV/c?]
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W W
S W
o O

250
200
150
100

Candidates / (7 MeV/c?)

50

LHCb

—— Data

— Total fit

------------ Total Ry =1

...... Bt— K* utu”
Combinatorial

Ny ~ 1940

.
mm"

5400 5500 5600
m(K*utu~) [MeV/c?|

X

[E—

S
w

LHCb
ﬂ —+— Data
—— Total fit
...... BT—J/ 1/}(M+M‘)K+
B'— J/ y(uu)m*
Combinatorial

5400 5500 5600
(K*utu-) [MeV/c?]

5200

5300

o
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Rare modes:

Partially
reconstructed
background and
tail from resonant
mode are
significant in ee

Resonant modes:

Dilepton mass
constrained to the
J/p mass to
improve the
resolution
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Results

Old Run 1 analysis New Run 1 + Run 2 (2 fb-1) analysis
Ric = 0.745+9:9%0 (stat.) + 0.036(syst.) Rk = 0.846 *os (stat.) F5 (syst.)
~2.60 from SM ~ 2.5 0 from SM
< 207 « 20
I o3 i
. LHCDb - LHCbDb
L5 15F
1.0 rmmm— e | . s { ---------------------------------------
- 3
[ ! BaB ) BaB
L aBar - aBar
0.5 B A Belle 0.5 B A Belle
- v LHCbRun 1 R
i - e LHCb Run 1 + 2015 + 2016
[ SR TN T A TR TN TN T N TN SN SN T N S S S S S T T T T T T
% 5 10 15 20 , 09 5 10 15 20
q* [GeV~/c?] ¢2 [GeV?/c4]
_ +0.083 +0.017
Ri%evfzuun 1 — O'717—0.071—0.016

By fitting Run 1 and Run 2 data separately: compatible at 1.9¢

_ +0.089+0.020
Rk Run 2 = 0'928—0.076—0.017

The new analysis on Run 1 data (new reconstruction and selection) agrees with the old one
within 1o
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Implications of Rk

New LHCb measurement has significantly improved precision wrt previous result

e Best fit on Wilson coefficients Co and C1o a e “Golden channel” Bs—u+u-is driving
bit closer to SM wrt pre-Moriond 2019 (---) C1o0, leading role of the LNF group in
the analysis
— Rg & Rg-~ // // ,
b — spp . V10 4

1.54 —— global
3 Ry

1.0

10

0.5

Cbskp

0.0 1 -17 Bs; » pu

—0.9 1

T T T T T 7}
15 1.0 0.5 0.0 0.5 6Cg

O PRD 96, 093006 (2017)

Straub, Moriond EW 2019

* New Rk, Rk» and Bs—p+u- measurements with full statistics are ongoing, stay tuned!
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https://arxiv.org/abs/1704.05446

Future prospects

e Belle Il will take data during LHCb Run 3, aiming at 50ab-' at the end of 2025

2021 2022 2023 2024 2025 2026 2027 2028 2029 2030 2031

% Upgrade la Upgrade Ib [ Upgrade | P

e Direct competition with LHCb on charged modes, with Belle Il having the same efficiency
on electrons and muons

Rx precision Run 1 result 9fb™" (23 fh—* \ 50fb~1 300fb~! LHCb_PUB-2018-000
Ri 0.745 £ 0.090 £ 0.036 0.043 \_0.025/ 0.017 0.007

Observables Belle 0.71ab™' Belle II 5ab ' Belle II 50ab ™ ELLE?-DPAPER-2018-001
Rx ([1.0,6.0] GeV?) 28% 11% 3.6%

* Belle Il also has the advantage on inclusive modes and leptons other than muons (e.g. b—svv)

* Next years will be crucial to understand the LFU picture
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http://inspirehep.net/record/1692393/files/fermilab-pub-18-398-t.pdf

Conclusions

Three new exciting results from LHCb Run 2 across different physics sectors:

1. First observation of CP violation in charm
e Another bit in matter asymmetry

2. New pentaquark states

* 3 new states discovered, many more to come

3. Updated RK

e Towards the final word on LFU

And many more interesting measurements are ongoing!
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Detection asymmetries

o 1500 F————— = e 5 ] 1 c%
% 1000 - LHCb - {#§0.8 <):T
E - : 0.6
- 1 104
< 500 r
3 - 1 —0.2
R B —
Q 0F 1 o
: 1 102
=500 = P
—1000 i —0.6
- a “485-0.8
— I B P o _
15000 5000 10000 15000 I

p(r) [MeV/c]
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Kinematic reweighting for DACP

5]
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Systematic uncertainties on DACP

Source m-tagged p-tagged
Fit model 0.6 2
Mistag - 4
Weighting 0.2 1
Secondary decays 0.3 -
B fractions — 1
B reco. efficiency — 2
Peaking background 0.5 -
Total 0.9 D
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Are the PC+ States reﬂeCt|OnS? PRL 117 082202 (2016)

Model independent analysis: check if a sum of pK- resonances can explain the observed spectrum

* Minimal assumptions on pK- resonances

* Helicity angle expansion up to J=9/2 with coefficient from m(pK) data

lmax +1
dN/d(cosOp+) = Z <PZU>PZ(COS Op) (PY) :/ d cos Op« P(cosOp+)dN/d(cos O p+)
—1
[=0

If the structures in m(J/yp) are reflections, the expansion will be able to describe the spectrum

1000~
 800[-
> i
e The model fits the m(pK) spectrum S ook
= 600
e ... but still can’t describe m(J/yp)! % B
e Discrepancy > 9¢ & 400
200

O_ 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 3

4 42 4.4 4.6 4.8 5
my, , [GeV]
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AnalyS|S Strategy fOr RK ArXiv:1903.09252

e Using Run 1 + 2 fb! of Run 2 data (with improved reconstruction)

e Same selection for rare and resonant modes

e Exploit Particle Identification + mass vetoes to wipe out peaking backgrounds
(cascade decays and misID backgrounds)

=107" g : . . o -

i - g LHCDb simulation g005 LHCb

3 N B*— K'e*e" 3 N: simulation

g 10 E B*— 50(+ K*ev)e'v *; 0.0 -

:'8 n E +_s 7Y s K- - '6 B

< 0 | B D= Rev) mie o < 0.03F

210 ?TTD[ | B-D(=Km ey | &

= . =P

=R 2002}

— S

C107* E O

2 , 2001

10_5 = 4 |E | s IR PR ' PR T T T 0.00 T S T | : ._#:Eu—':..'—zli—-_.__ PR T T R
1000 2000 3000 4000 5000 1700 1800 1900 2000
m(K*e~) [MeV/c?] m* K e, ) [MeV/c?]

* A Boosted Decision Tree algorithm trained on right data sideband + simulated signal
retains 85% of the signal while rejecting 99% of the combinatorial events
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