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Flavour physics provide a wide range of

Standard Model tests:

CKM metrology and constraining the UT apex

Spectroscopy

Search for rare and forbidden decays

Test of lepton-flavour universality and
conservation

By comparing precise measurements

with theoretical predictions the nature
of new physics can be inferred

* Complementary to direct searches of new
particles

* Not limited by the energy of collisions
* Requires inputs from theory
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Many tools
for discovery
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The LHCDb
Collaboration

o About 1400
scientists, engineers
and technicians

o 96 different
universities and
laboratories from
21 countries
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The experimental scenario

Large Hadron Collider (LHC)

High Luminosity LHC (HL-LHC)

FCC-ee
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LB Cb CP Violation + CKM
physics i Rare decays
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Electroweak and QCD
Dark sector

Heavy ions

Fixed target
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The experimental scenario

Large Hadron Collider (LHC) High Luminosity LHC (HL-LHC)
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The LHCb detector in Run 1&2 (2011-2018)

‘ LHCb Detector
. % —14:(;1': 15[,)!';}%]‘0 lonnes
Single arm spectrometer Length: 20 m
designed for high
precision flavour RICH1
physics measurements
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Muon

Hadronic  Stations

Calorimeter

LHCb Detector Performance
Int. J. Mod. Phys. A30 (2015)1530022




q q
q ~Vaq a In the SM quarks
q
W \\W‘ can change flavour
CP he CKM |
The matrix
v Vid Vs Vib Unitarity VCKM y V(-:I-KM =1
crM- &d \\;CS g‘:b imposes several conditions which °© The CKM matrix accommodates the mixing
i : : .
t d & give rise to between mass and flavour eigenstates of
! | quarks that arises from the electroweak
symmetry breaking
E.g. Unitarity condition from 2nd and 3rd columns: ° The SM works so remarkably well that we
+ ViV =0 have to make more and more precise
010 T measurements
: %‘ 8K ; ’Y excluded area has CL > 0.95 : ) )
] ° O(10-20%) NP contributions to most
oos |- | 1 loop-level processes (FCNC) are still
] allowed
Ao (ﬁs o See e.g J. Chatles at al arXiv:1309.2293 [hep-ph]

° Due to the CKM structure the B system is
oo o - favourable for CPV studies. But important

£K ] Y sin 2B & . .
7 Y 4 o . i to investigate also the charm sector.
Spring 21 H (excl. at CL > 0.95) Spring 21 H
_1 .5 C T L I ] | i | - | | - | ) l | - i _0-10 1 1 1 | | 1 1 1 1 i L 1 Il 1 | 1 1 1 1
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State of

the art of y

o Clean test of the SM: theoretical uncertainty is ~1077

I

— 0.8
0.6
04

0.2

.............................

LHCb combination
y = (638:33)

[LHCb-CONF-022-003]

T | T

LHCb -
Preliminary -
October 2022 —

28
!llll»'l:lllllllll

60 70 80 90
v [°]

* In agreement with previous and global
averages ¥ = (65.66113)° [CKMTFitter]
* Statistically limited, ample room for NP.

B decay D decay Ref. Dataset Status since
Ref. [14]

B* — Dh* D — hth™ 29 Run 1&2 As before
B* — Dh* D —hfrntrs (30 Run 1 As before
B* — Dh* D — K*n¥gtr~ (18 Run 1&2 New

B* — Dh* D — hth~x° 19, Run 1&2 Updated
B* — Dh* D — K3hth™ 31 Run 1&2  As before
B* — Dh* D — K{K*r¥ 32 Run 1&2  As before
B* — D*h* D — h*h~ 29, Run 1&2  As before
B* - DK** D — h*h™ 33 Run 1&2(*) As before
B* - DK** D= htrntn= (33 Run 1&2(*)  As before
B* - Dh*rtm~ D — h*h™ 34 Run 1 As before
B° - DK* D — h*h~ 35 Run 1&2(*) As before
B® - DK*° D — htr~ntn~ |35 Run 1&2(*) As before
B® - DK*° D — Kdrtm~ 36 Run 1 As before
B® - D¥r* Dt - K ntrt 37 Run 1 As before
BY —» DFK* Df — hth~n* 38 Run 1 As before
B? - DFK*ntn~ Df = hth wt 39) Run 1&2  As before
D decay Observable(s) Ref. Dataset Status since

Ref. M

D° — hth™ AAcp 24/40/41] Run 1&2 As before
D’ - K*K~ Acp(KTK™) E Run 2 New

D® = hth- yor —Yop " 42 Run 1 As before
D® = hth- yor = Yép " 15) Run 2 New

D® — hth- AY 43 Run 1&2 As before
D" - K*rn~ (Single Tag) R*, ('), y* 47] Run 1 As before
D" — K*r~ (Double Tag) R*, (z'*)?, y* 48] Run 1&2(*) As before
D° —» K*n¥ntn~ (2 +y?) /4 49] Run 1 As before
DY — Kdntn z,y 50, Run 1 As before
D’ - Kdrtn~ zcp, Yor, Az, Ay 51 Run 1 As before
D" — Kdntn~ Zep, Yop, Az, Ay |52 Run 2 As before
D’ 5 Kintn~ (= tag) zep, yep, Az, Ay [17) Run 2 New

Frequentist approach, 173
observables, 52 parameters
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State of the art of sin(2[)

sm(zﬁ) =sin(20,) HEr

PRELIMINARY

BaBar 'ﬂ 0.69 +0.03 +0.01
PRD 79 (2009) 1072009 :

BaBar : © . 0.69+0.52+0.04+0.07
PRD sz%"oos?)A 12000 1

BaBar J/y (hadronic) Kg ! : 1,56+0.42+0.21
PRD 69 (2004):052001 : :

Belle : do 0.67 £0.02 +0.01
PRL 108 (2012) 171802 ;

ALEPH ; N 0.84 *§52+0.16
PLB 492, 259 (2000) T

OPAL ' 6 3.20 1% + 0.50,
EPJ C5, 379 (1998) SR *
CDF : 0.79 o
PRD 61, 072005 (2000) e o
LHCb : L 0.76 +0.03
JHEP 11 (2017) 170 ;

Belle5S : : : 0.57 +0.58 + 0.06
PRL 108 (2012) 171801 Y * I

Average ; : : 0.70 +0.02
HFLA :

2 =] 0 1 2 3

= —ncpsin(2B) = 0.699 + 0.017

[HELAV 2018]

SM =sin(2B) = 0.73175:0%2

[CKMfitter]

Golden channel B® - J/yK?

* New measurement using all Run 2 data

Averages including all charmonium (L - uu, eeP(28) = up):

[with tag]

J/W - utu 306 4.71 + 0.01
J/Y - ete” 23.6 4.62 + 0.04
Y(2S) » utu~ 42.7 6.48 £+ 0.03

* The precision of the simultaneous fit to all channels is higher
than the current world average as determined by the HFLAV group

LHCb:

©§$=0.7158 £ 0.0133 £0.0078 [LLHCb-PAPER-2023-013]
Belle:

o §=0.667 + 0.026 [PRL 108(2012) 171802]
Babar:

o §=0.691 + 0.031 [PRD 79(2009) 072009]
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State of the art of sin(2[)

Y
C VK

0.04

0.02f
0.00 F
—0.02f
—0.04

—0.06 +

0.06 =

] HFLAV Summer 2023 | * Golden channel B® - J /YK

1 1 1 l L L
0.625  0.650  0.675  0.700  0.725

0.750
‘SL'/\'L’

[HELAV 2021]

SM = sin(2B) = 0.731*5:0%2

[CKMfitter]

Preliminary WA: 1.6% precision!

B Il D o) T Preliminary . * New measurement using all Run 2 data
. Cb Run 2 . . .
[L]llil?\\l'ti(DQZB (preliminary) LHCb Run 2 ® Averages lnChldlng aﬂ Charmomum (]/lp - [,l[,l,ee,l/)(ZS) - ﬂﬂ)
, y B° - (cc)K? | Signal (10%) EtagD?
7 _ [with tag]
"""" " J/ - utu 306 4.71 £ 0.01
d J/b - ete" 23.6 4.62 + 0.04
[ contours hold 39%, 87% CL 1WA * The precision of the simultaneous fit to all channels is higher
| PR T T R R | I TN T T T T T T | L

than the current world average as determined by the HFLAV group

LHCb:

©§$=0.7158 £ 0.0133 £0.0078 [LLHCb-PAPER-2023-013]
Belle:

o §=0.667 + 0.026 [PRL 108(2012) 171802]
Babar:

o §=0.691 + 0.031 [PRD 79(2009) 072009]
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Argés[ps—l]

CP violation in B mixing and decay, g

f
al
U

Dominant SM “tree” contribution

Direct decay

b q ‘ F

+| w1 | B -
330 Lﬂ/\,ﬁ’g 3 . Bg fCP
: ’ — = V \ /
b —Q

Higher order “penguin” NP could be difficult to PM Bg YD
contributions from non-perturbative  distinguish from ]\*ﬁxing and (ICCZ‘AV
hadronic effects penguins...

0.111

0.09

DO 8 fb~!

0.07

HFLAV

68% CL contours

(Alog £ =1.15)

CMS 1161 b1

CP-violating phase arising from interference between mixing and decay.
o Precisely predicted by the SM: @3M= —36.861 )25 mrad [CKMFitter]

Golden channel exploited by LHCb, ATLAS, CMS: B — [/} ¢

o

o

LHCD also measured many other channels

—_* World average (dominated by LHCDb) consistent with predictions;
Exp. uncertainty (19 mrad) almost a factor of 20 larger than uncert.

0.1

0.3

of indirect determination when penguin pollution is ignored.

SC CS[ rad] Francesca Dordei - Recent results from LHCb
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New @, result from LHCDb

D 0 8 fb > reliminai

Using full Run 2 B? - J/YKK
@s = —0.039 £ 0.022 + 0.006 rad i [Blog = 115
|A| = 1.001 + 0.011 £ 0.005 - o

Iy — Ty = 0.0056%5:0012 + 0.0014 ps~* w0111 GHalledt

AT, = 0.0845 + 0.0044 + 0.0024 ps~?! <
%w 0.09
<
LHCb 9 fb—?

[LHCb-PAPER-2023-016, 2308.01468]

@ consistent with Standard Model 0.07

@5 1.7 6 away from 0
consistent with no CPV in interference 0035 0.3 0.1 0.1 0.3
¢]S/wKK[ rad]

The new preliminary HFLLAV combination is:

|A| consistent with 1
consistent with no direct CPV
2-(2023) = —0.050 * 0.016 rad
I's — I'; consistent with HQE prediction ¢s(2021) = —0.049 £ 0.019 rad
[JHEP12 (2017) 068] [HFLAV]
12
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Lepton Flavour Universality

o Standard Model features Lepton Flavour Universality (LFU): accidental symmetry of the SM

o Equal electroweak coupling of gauge bosons to all charged leptons.

° Difference in dynamics driven solely by the

/(
we «/vv~< - Wt MA/<

€ H

W= MA/<

vy

T

o In this presentation: analysis of different b-hadron decays:

l+
W+

14

Qo
YA

2 }D(*)O BO

Z[vy

W+
p —= <
d >

l+
-

S *0
dK

Flavour-changing NEUTRAL current (b — s(d)¢*¢7)




Rare decays as probe for NP

o Rare FCNC decays are loop-suppressed in the SM
(B~107° — 1077 or less)

o New heavy particles (NP) can significantly contribute, affecting

decay rates and angular distributions

Intriguing tensions w.r.t. the SM, e.g.

O

[PRL 125 011082 (2020)]

o Branching fractions, eg Bd — ¢putu~
[PRL 127 151801 (2021)]

o Tensions at 1-3 o

o But: sizeable hadronic theory uncertainties
of SM predictions, more data always welcome

1.0

—-0.5

-1.0

0.5

0.0 F

[PRL 125 011082 (2020)]

Standard Model New Physics
b + > * S b > < > {~
\ t ,
\ /
N “;[/: "LLLLL< - €+
AN S
r — T =— 15.0 — e
= LHCb5fb~! ] o - H+ LHCb 9fb~! 1
SM from DHMV ] |> 12.5 E [0 SM (LCSR+Lattice)
- N 3 “qﬁ SM (LCSR) ]
+ ] — 100 F SM (Lattice) 3
| i ]
3 C ]
o e Yl W
: | I 2T s0F * — —+=
» + ] &) C Lo
- + | ] sl e ]
| b N
C P e, ] T RS S R S RS
10 15 005 5 10 15
¢ [GeV?/'] & [GeV2/cY)

q2 — m(£+£—)2

[PRL 127 151801 (2021)]
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Photon pole 1 Spectrum

enhancement - ’(,b(iS ) dominatehd by
(no pole for HV / ?:g;%vgnccea;monlum
B—P¢¢ decays) \ ces.

vetoed in data

c?) w»

Form-factors
from LCSR
calculations

N A () (r)
C.E.)ng) Cg and C10
interference Long distance
contributions from CC
above open charm
\ i Form-factors from
b e 4

N Lattice QCD

parameterisation

4[m(p)]? — s ¢*=m(l1)?
g% = m(£*t¢7)?, inv. mass of di-lepton system

Cis the LH (RH) Wilson coefficient with:

=7 Photon penguin
/=S,P (Pseudo)scalar penguin

7=9,10 EW penguin

Tests of LFU with RD

o Double ratio of the rare to the J /Y reduces syst. unc.
(LFU established at %o level [PDG 2022]):

R, = B(B -» Hsu"u™) o B(B » Hg]/y(eTe™))
B(B — HseTe™) B(B - HiJ/Y(uTp~))
=1+ 0(1%) [Eur. Phys. J. C 76, 440 (2016)]
with H, = K*,K*%, KQ,K**, ...

° In order to remove long distance effects
(.e. b = (c€ » €7£7)s) the narrow charm. resonances are
vetoed and used to validate the analysis: 77y, - Ry (25

o Hadronic uncertainties cancel in the ratio

o Main complexity: muons and electrons behave very
differently in the detector, but double ratio helps.

o Blind analyses

15




9 Ry [Nat. Phys. 18, 277-282 (2022)] # R, [JHEP 05 (2020) 040]

9 Ry [PRL 128, No. 19]
Ri++ [PRL 128, No. 19

Ll

HH Ry [JHEP 08 (2017) 055]

T ™
% [LHCb private compilation
1.0 frmmmmmmm e

0.9 F

LA L L L R L L R L B L L B

0.8

0.7 F

0.6

0.5

P I ST ST T (TR TN T N NN W WU M

3 1 3 6

¢* [GeVZ/c!]

Schmitt talk @ICHEP 2022]

b — sft¥™
2022 situation

o Some tensions observed in some channels

° Most results from partial LHCb dataset

o Result of Rg+ was 3.10 away from SM

o Since then, LHCb has focused on a combined
measurement of Rg+ and R0 with the Run
1+2 legacy dataset

° This lead to a deeper understanding of systematic
effects which has been reflected in the final result.

16




New R (xycompa

tible with SM

Rg  low-¢*> =0.994700%
Ry central-g> = 0.949799%
Ry low-¢* = 0.927190%

Ry central-¢g? = 1.027907

* Found PID-dependence on R (+)
* Previous analysis has neglected the backgrounds: L4k LHCD
* Triple misID B = D(— K_,_.)TT g L 9 fb_l
* Double misID B - KK_,,K_,,
* Now estimates misID from control samples 19k
—~ T 1 |
C\Q LHCb Ry central-¢° i
€ 9 fb! g T Dae <10
= 200 * ——= Total B i
Al - == Signal .
S A Combinatorial i
~ { * 0 Misidentification . 08 F
™, / BN Partially Recoed T L
100 /N BY 5 KVJ/(— ete) { Data
z S - I b = oM
= arXiv:2212.09152 | 0.6 F
@) =
Q e —— -~
5000 5500 6000 Ry low-¢° Ry central-¢°

m(Ktete™) [MeV/c?]

—
i

Y2 =1.6,p=0.8120=02
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Ry low-¢°

Ry central-g?
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Y
4
Y

A

Y
2
Y

Ratios sensitive to possible NP coupling

generation (e.g. Leptoquarks):
[PRL 116, 081801, PRD 94, 115201]

mainly to the 3rd

d d

BO

b \\c

Tests of LFU with SLLD

o LFU probed using the ratio:
B(H;, - H.tv.
R(HC) _ ( b c _r)
B(Hp » Hctvy)
with H, = D**, D% DT, D;',/lj,]/ll) ... and
Hy, = B®,B), B{,), A}, , but LHCb could also
CXplOit Eb' 'le etc

© BS(')' B(-l-c),/lb o Eb,ﬂb Oﬂly at LHCb
o £ = u LHCb, £ = e/u B-factories

° Neutrinos not detected, approximations
used for signal reconstruction and large
MCs needed for template shapes

o Semileptonic decays theoretical predictions
are precise (%o level)

o Large branching ratios

18




Current experimental status R(D) — R(D™)

LHCb has measured R(D*) and now also R(D°)

w

LHCb now a major player!
.. B(B° > D%1tv) = T e R
R(D>") = 5 o T 0.5 _BaBar, PRL 109, 101802 (2012) —Belle, PRD 92, 072014 (2015) -
B(B® - D Vu) 0455 Belle, PRL 118, 211801 (2017) —LHCb-PAPER-2022-052 (2023) ]
. . . . “OE"  Belle, PRL 124, 161803 (2020) —LHCb, 2302.02886 (2022) -
NEW: using Run 1, first simultaneous determination of 0 4E. ~HFLAV average March 2023 —SM precicons (HFLAV aver) 3
£ rC ]
* R(D*) with muonic 7% — u*v,v; % 035 E
R(D*) =0.281+0.018 + 0.024 - ‘é
[arXiv: 2302.02886 submitted to PRI 03k 1
025 } ° 306 =
* R(D°) with muonic T+ - utv,v; R(D°) R s ]
=0.441+ 0.060 + 0.066 ' ' ' ’
[arXiv: 2302.02886 submitted to PRL] R(D)

Deviation of R(D) and R(D™) combination from SM predictions ~3c

First measurement at hadron collider!




Overview ot lepton-universality tests

For each entry, the SM expectation (orange diamond) is set to PY(B” — K*u*p™) [2.5,4.0] 7 —
. .. . (B"—>1\*“+1 ) [4.0,6.0] ——
zero, the experimental and theory uncertainties are summed in BB+ - K+ /,+ ) 11,60 -
quadrature and their sum is normalised to unity. B(BT = KTeren) (11,6017 —e7
. . . . B(B{ — ¢ptp) [1.1,6.0] -
The experimental value 1s then shifted and scaled accordingly BB = ) Lot
B(B" = putu) ——
Ry [0.1,1.1] 7 ——
RA [1.1,6.0] ——
. 0 [1.1,6.0] —
Unaccounted-for misID backgrounds 0 [0.1,1.1) ——
R[\ =0 [1 1[)0] - —
Ric+ [0.045,6.0] ——
Ry [0.1,6.0] ——

. .. Muon g — 2 (WP) — -
Uncertain SM predictions Muon g — 2 (BMW)— W
Unbinned analysis may be able to measure all contributions R(D) —e—

R(D") —
R(J/¢) ——
R(AT) —_—
. . B(BT — 7tv) —
Upgraded LHCDb will allow us to characterize effects S S A A
-6-5-4-3-2-10 1 2 3 4 5 6
Pullin o

[https:/ /www.nikhef.nl/~pkoppenb/anomalies.html] 20




The experimental scenario, this 1s not the end!

~L o ~AX 1032 cm—2s ! AT 10> cm™2s7! o 10** cm™2s7!
~1 visible interaction/bunch-crossing ~5 visible interaction ~40 visible interaction
< 9 fb'! ——> <+——— (Goal: 50 fb-! > <+——Goal: 300 fb-! —»
rade I Consolidation Upgrade 11
Run 1 LS1 Run 2 LS2 Run 3 LS3 Run 4 LS4 Run 5 ‘LS5 Run6

‘ | ,
2011 2012|2013 2014|2015 2016 2017 2018§2019 2020 2021|2022§2023 2024 2025]2026 2027 2028]2029 2030 2031 20322033 2034}2035 2036 2037 2039i2040 2041 2042

nch ambers 4
elding uPE2%®
electronics

Muo

more shi
readout

(‘.'cx\or'\“"ete‘S

reduced P .
ecuon\cs

g

acker
3 fibres

it gain, 1V

SiFi T
scintillatin
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Looking turther into the

—_ Run 1 Run 2 Run 3 Run 4 Run 5 Run 6
u ure b 1OF . 79350
£ ME J300 T
5 12fF 1. &
= 10fE 1> &
> = 4200 &
a‘ 8 = .8
g 6 - - 150 g
£ = 4100 =
2 E E =
}5; 2 - 50
Target: ~300 fb-" = . =

O
S
—_
=]

2020 2030 2040

« Pile-up: ~40 Year
200 Tb/second data produced

To keep the same performance in more difficult conditions, timing will
be required in some sub-detectors

A lot of R&D on new technologies
Sub-detector TDRs expected after Run 3

Francesca Dordei - Recent results from LHCb

CERN/LHCC 2021012
\‘ LHCDb TDR 23
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Conclusions and remarks

o

o

o

Interest in precision flavour measurements is stronger than ever
|:> If no direct evidence of NP pops out of the LHC,

flavour physics can play a key role.

Most of the results in the CKIM sector in ,
need to go to even : now focused on Run3 to get the
new detector in shape to acquire an even larger dataset!

Still some anomalies remain that need to be clarified.

phase of LHCb.
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"And if someone dares to yawn during your presentation,
this pointer easily transforms from a laser to a taser!"

Francesca Dordei - Recent results from LHCb

BACKUP

25




Flavour physics @LLHCb Run 1-2

. . LHCb Cumulative Integrated Recorded Luminosity in pp, 2010-2018
o # of Primary Vertices ~ 2 &~ T e
s °F s /
o Decay time resolution: ~45 fs z 85 Tt /
8 7 E_ 2011 (3.5 TeV): 1.11 /fb .
. é E 2010 (3.5 TeV): 0.04 /fo ]
[o) o ~ S 6
IP res: ~20 um for high py 3 2 Run1,3 ! 7
ke E -
. ; - > s B 7&8TeV
o Highly eff. Particle IDentification [§ N
o 3E Y .
: B F -1
o Excellent primary and secondary [& 2 // un2, 6 fb
. 8 1E 13 TeV
vertex reconstruction £ Oi »
I—INTJI\IC)DPHYS 1\30 (2015> 1530022] 2010 2011 2012 2013 2014 2015 2016 2017 2$168ar

Large number of beauty and charm hadrons within LHCb acceptance:
opp(7 TeV) =72.0% 0.3 £ 6.8 ub

0pp(13TeV) =144 £ 1 £ 21 pb

[PRL 119 (2017) 169901]

Oc.c(7 TeV) = 2369 £ 3 £ 152 £ 118 ub

JHEP 05 (2017) 074] y
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LHCb 2012 Trigger Diagram LHCb 2015 Trigger Diagram

40 MHz bunch crossing rate 40 MHz bunch crossing rate

~ <> > LY I .

LO Hardware Trigger : 1 MHz
readout, high Etr/Pr signatures

LO Hardware Trigger : 1 MHz
readout, high Et/Pr signatures

450 kHz 400 kHz 150 kHz

400 kHz 150 kHz
l-l/ Hy | e/y

{ Software High Level Trlgger \ . Software High Level Trigger

Trigger Introduce tracking/PID information,

find displaced tracks/vertices ( Partial event reconstruction, select ]

S Stem Offline reconstruction tuned to trigger displaced tracks/vertices and dimuons
y time constraints

Mixture of exclusive and inclusive { Buffer events to disk, perform online
\__Selection algorithms J detector calibration and alignment

o O I

(5 kHz (0.3 GB/s) to storage i Full offline-like event selection, mixture
2 kHz of inclusive and exclusive triggers

Inclusive/ O

Exclusive
12.5 kHz (0.6 GB/s) to storage
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Spring 21

/12
1 == A AR (p—i 4
2 , o= ) Vi Vus [Vuple™
Verm = ) 1 — /1_ AA? = Vea . Ves : Veb
2 PEIEED —|Vile's Vib
MBA-p—in) —AA? 1
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What could be achieved with Run3+4>?

07 s WM
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= B o b ' (exdd QICL> 0495) -
- 5 04 g S =
I= 00 1 = H /«\- = m
It 1 g - ~ =
. o 03 ’ o v
L o= L) —
05 — — ) - -
L i 02 ' —
- € - - Vubl -
-1.0 — v K — 0.1 ! X
- : . 28<0 | “
e TER ; ot o 55) ' T p .
15 o v v v v iy 0 0.0 "R LA W T T e | — | T S ST W N T S | I T h
-1.0 -0.5 0.0 0.5 1.0 1.5 2.0 04 -02 0.0 0.2 0.4 0.6 0.8 1.0

P p

Francesca Dordei - Recent results from LHCb

[arX1v:1808.08865]

29




B flavour mixing

o Neutral B mesons can oscillate between their particle and anti-particle states

b - - - 5 b -« - ——————— -
U, G, 1

vy

=
H_
=
H_
=
O
~
o
-}
<l
Ol
~I

B, >=p|B) > +q|B5 >
|By >=p|B) >—q|BJ >

The physical mass eigenstates (L,H) are admixtures of the weak eigenstates:

* with mass difference Am = my — m; and decay-width difference AI' = I, — I’y
* flavor at production (t=0) could be different from flavour at decay time t
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|B,>=p|B) > +q|Bd>

o - -
BS lelﬂg By >=7p |BY>—q|BY >

— BY - Dyt = BY - D;n* = Untagged

Decays / (0.04 ps)

Average - LHChH —'—
Dyrt 6fb B

Dyntata~ 9fh~ ' F E—

Dynt 1fb |

J/YKTK= 2fb '

J/YK+TK= 3fb '}

17.64 17.66 17.68 17.70 17.72 17.74 17.76 17.78
Amg [psT!]
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o Neutral B mass(~CP) eigenstates characterised by
!

AT /T, = 0.124 + 0.008, Am,/T’, = 30

b - - - s
(| = |
| U,C,t |
I I
I I

e e

I I
1 1
| |
[ U, C,t [
1 1

s - - - b

o To measure oscillation, need to know By state at
production (flavour tagging) and By state at decay!

° Recent LHCb measurement of Am; uses B
—» D;nt/ B » Dfn~
o BY state at decay fixed by final state

o

Am, = 17.7683 + 0.0051 £ 0.0032 ps~!

[Nature Physics 18 (2022) 1] 31




Different kinds of CP violation

° Must have two interfering amplitudes with different strong (3) and weak () phases

A
o For a B? decay to a CP eigenstate f, CP-violating effects depend on Af = %A—f
f
Pace CPVind
in decay
B¢ " fcp

> * P(BY > f)#P(BS~f)
* |Ag/Ar|# 1

o ¢dec

s = Omix —2 Pgec

CPYV in mixing ¢
« P(B? - B?) # P(B? - B?) rmix
* lg/p|#1
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B?

CPYV in the interference between decay and mixing

+ P(BY~f)#P(BY - BY - f)
« arg(df) # 0




HFLAV PRELIMINARY AVERAGE

0.16
Theory assuming
0.14 WA =1.519 + 0.004 pp
o p;“=-0.039£0.016 [rad] o012 cms116.1
n Theory
a -
eAl', = 0.080 £ 0.006 [ps] g
S 0.08{ . Q
o[, = 0.6627 + 0.0036 [ps-] | LHCDRun1+2 |
0.06 Combined |
: *I's errors scaled by 2.51 ATLAS 99.7 fb~!
Tension between LHCb, CMS and ATLAS results 0.04] - F g 6 f- I e I S
0-%%6a0 0.650 0.660 0.670 0.680

relps™]
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Interest triggered by a measurement from DO yielding an anomalous like-sign dimuon asymmetry

[Phys. Rev. D 89, 012002 (2014)]
* Consider a flavour-specific final state f:

0 = 0

—0 — —0 =

Bisy > f or B}y =B — T

. _ T(Bls)()=N—T(B%, (0>F) _ Ap
= F(Bls) (NN+T(BY, (1)=7) ~ AW tan

LHCb measured both ag,'s using Run |

* | a; = (0.39 £0.26(stat) £ 0.20(syst) )%
Phys. Rev. Lett. 117, 061803 (2016)]

* | a8 = (—0.02 & 0.19(stat) & 0.30(syst))%
[Phys. Rev. Lett. 114, 041601 (2015)]

ATLAS measured same- and opposite-sign charge
asymmetries based on the p charge from a top and the
charge of the soft i from a b-hadron in tf events [JHEP 02
(2017) 071]

* Four CP asymmetries (one mixing and three direct)
compatible with SM (uncertainty ~ 1%).

_GFP in mixing is very small in the SM

a%(B")°"  -(-41406)-10"*
a (Bl =(19403):10">

as; (%]

[Lenz & Nierste, arXiv:1102.4274 [hep-ph]]

e P v S e S B s B e e e e S S
1: I Standard Model
S — 5
L 1< \ :
-1 |2 ’ j -]
C o /J/, : :
E :E % B ]
=2[ 3¢ - g .
[ 3 LHCb D®uvX -
- Q DO D‘*),ll vX : —_—— -
e BaBar D'lv , ]
- A BaBar I/ —_—— E
C Belle // ;
4 N 1 |
-3 -2 -1 0 1
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o(¢s) [mrad]

1000

100

10

Prospects tor the

I T T T
B? all ccs % BY-D;D; future
*  BJ-Jlyg e B2-y(2S)¢
- BY-J/yntn~ Bo-¢p¢
N ¢ BO-J/yK*K~ highmass A BO-K™K"™ * Include gain in trigger for B — D; DJ after Upgrade 1
¢ . | * Same performances as in Run I
. : . SM prediction * Assumed tagging power 4%
> ¥ . . Aglditional modes planned: | /Y — ee, n - p% or,
e 1 = NI ot VY as cross cheks
* ' .
®
*
. | | o 300/fb: 74T () ~ 4 mrad from B — | /YKK only
D 23 50 300

T— -1
Integrated Luminosity [fo=] ° @ expected to be statistically limited

[LHCB-PUB-2018-009] o Upgrade II sensitivity below SM prediction in multiple

channels

Impact of Upgrade I and II very important for ¢!
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Flavour tagging in the future

Almost everything will be new in Run3 (similar situation as in
2010)

o Upgrade challenge: increase in track multiplicity and pile-up (~6
tor Upgrade-I and ~55 for Upgrade-II) that have negative effect on
w and E¢qg.

o FT performance directly linked to the ability to associate PV <
track. To improve/maintain tagging performance need:

o Hardware: timing information (upgrade-II workshops)

o Software: deep neural networks to learn correlations between all tracks
and the signal B meson (inclusive taggers), need to reduce significantly
persisted info.

Francesca Dordei - Recent results from LHCb
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Control of penguin pollution

o U-spin or SU(3) flavour symmetry to constrain size of penguin with b—ccd (related by s-d spectator exchange)
o Penguin pollution and/or CP violation could be different for each polarisation state, f € (0, L, I, S)

— no sign yet of dependence in B — J /i KK (also in Run 2) so penguins are small

PLEASE BE AWARE OF US!

Aqﬁ‘” Y% = 0.000+99% (stat) 999 (syst)rad

Ag7? = 0.001+9919 (stat) 0.008 (syst) rad

A¢!Y? = 0.00355919 (stat) £0.008 (syst) rad

[JHEP 11 (2015) 082]

Precision of ~10 mrad
To be compared with the current precision of HFLLAV of 21 mrad

Fundamental to , expected sensitivity at 300/fb is 1.5 mrad (statistically limited)
+ adding BY — J /1w and B® — ] /1@ (E + PA diagrams only)

Francesca Dordei - Recent results from LHCb
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Status of y

© v =—argWVuaVip/VeaVep)
* TI measurements of y from B decays mediated only by tree-level transitions provide a
standard candle for the SM (assuming no new physics in tree-level decays [Phys. Rev. D 92, 033002 2 1f the assumption is
015) = Theoretically clean [§y/y] S O(1077)yurp 1401 014) 051] dropped, Upgrade 2 will
* This can be compared with y values from B decays involving loop-level transitions, such as allow to search for NP.

By — hh' decays (h = K, ), to get signs of NP

o Can be measured in the interference between b = ¢ (favoured) and b — u (suppressed) transitions, e.g.:

Vi S Vi Ratio of magnitudes
K b—s L
. c Agy . <Dh
- p — Té)hel(SB i]/)
]) - B - C ‘ VCS Afav
B~ Ve DP B S K- Strong phase difference, ext. input
""" Favoured = " Suppressed . " fromm CLEO and BES III

Small signal yields (BR 107), small interference effects (10%). Combining a plethora of independent decay modes is

the key to achieve the ultimate precision. i
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Direct measurement of ¥

/ \ Kt K+ e ﬂ:L) Largest CPV ever

\ e

measured (~85%)!

o Recent LHCb measurement with the full dataset

o Model-independent determination in 4 bins of the D decay
phase space with different strong phases

o Second most precise measurement from a single D mode

Yy = (54.8%%3(stat. )t

0o (syst. )57 (ext.))’

o Using inputs from BESIII/CLEO

[LHCb-PAPER-2022-017, arXiv:2209.03692]

Candidates/ (10 MeV/c?)

Francesca Dotrdei - Recent results from LHCb

Candidates/ (10 MeV/c?) Candidates/ (10 MeV/c?)

Candidates/ (10 MeV/c?)
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Using the binned analysis alone:

v = (116113)°,
o = (81113)°,
rp’ = 0.11010.050,
55" = (2981%%5)°,

rp" = 0.0041750531,

Analysis of other decay modes at LHCb

—
=]
(=]
I
I | 1
—
=]
(=]
|

[ PS integrated
50 Binned - 50
[ LHCb 2021 /

N N [ L 1 1 . 1 N | L
0 Sb 100 15 0.05 0.1 0.15 0.2
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Latest
measurement of y

o First study of CP violation in the decay mode
B* > [K*K n*n~]pht, withh = K, n

° Self conjugated D decay mode, analysis
performed in bins of phase space

o HExternal charm-decay parameters taken from
LHCb amplitude analysis

o Phase space integrated measurement also
performed for B* - [rtn ntn | h*

° Full Run 2 exploited, precision of the four-
body D-decay studies is limited by the sample
size.

[arXiv:2301.10328]
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Prospects for y

e 4° with Run 2 data (~ 9 fb')
* 1.5° by the end of Run 3 (~ 22 fb'!)
* < 1° by the end of Run 4 (~ 50 fb1)

* ~0.4° in Phase 2 upgrade (~ 300 fb1)
[arXiv:1709.10308v5][CERN-LHCC-2017-003]

100

o
Py LHCb
?\
\b/ v ADS/GLW only
10+ . Y
X
o v
X F
x  Bf 5 DK* . Y
1 B - D*K*
v Bf 5 DK** X
+ B() N DK*()
5 23 50 300

[arXiv:1808.08865]  Integrated Luminosity [fb~!]

_ 10
2 * LHCb
= O B* - DK* GGSZ
Y .
X * +
X
1 J
X
x  With /N improvement
+  With current CLEO ¢;, s;
0.1

5 23 50 300
[arXiv:1808.08865]  Integrated Luminosity [fb~]
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D reconstructed in a 2 charged-track
final state

All ADS/GLW asymm. curtrently
statistically limited

Dominant syst., due to knowledge
of background contributions,
expected to scale with statistics

D is reco in a 3-body self-conjugated
tinal state
Powerful input to the overall
determination of v
Need good description of strong phase
difference &p

* Current inputs taken from

CLEO-c (current syst ~ 2°)
* Future BESIII and LHCb charm

inputs are vital
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Some thoughts on ¥ in Upgrade 2

o

(@)

(@)

(@)

o

Since the bulk of the sensitivity to y comes from the difference in rates of the B — B processes, a

—> these systematic uncertainties are considered to scale with integrated luminosity
Upgrade of the calorimeter will greatly expand LHCDb’s capabilities for modes with neutrals in the final state.

Upgrade 2 will also make it interesting to measure y using baryonic decays
= TORCH system particularly helpful in allowing for low-momentum separation of protons and kaons

Addition of may lead to important signal-yield improvements, particularly for high-
multiplicity final states.

Constrain 55 without penguin contaminations = ~2° sensitivity on y — 285 from BY - D.K

Francesca Dordei - Recent results from LHCb
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sin(2f) determinations

ILHCb determination is:

* Consistent with other measurements, still
statistical uncertainty limited

* Dominant contribution to the World
Average

Francesca Dordei - Recent results from LHCb

sin(2p) = sin(2¢,) FZ2

PRELIMINARY
BaBar J/y K 0 0.657 + 0.036 + 0.012
PRD 79 (2009) 072009 . :
BaBar Jiy K| 0.694 +0.061 + 4.031
PRD 79 (2009) 072009 ;
BaBar y(2S) K 0.897 +0.100 + 0,036
PRD 79 (2009) 072009 * :
Belle JAy Kg 0.670 +0.029 + 0.013
PRL 108 (2012) 171802 i :
Belle JAy K 0.642 +0.047 + 4.021

L ¥

PRL 108 (2012) 171802 ;
Belle y(2S) Kg 0.718 +0.090 + 0.031
PRD 77 (2008) 091103(R) :
LHCb Run 1 JAy Kq N 0.750 + 0.040
JHEP 11 (2017) 170 * :
LHCb Run 1 y(2S) Kg , 0.840+0,100 +Q.010
JHEP 11 (2017) 170 * ! :
LHCb Run 2 JAy Kq t 0.720 £ 0.014 + 0.007
LHCb-PAPER-2023-013 7 :
LHCb Run 2 y(2S) Kq 0.647 +£0.053 + 0.018
LHCb-PAPER-2023-013 *— * ' :
World Average H 0.708 + 0.011
HFLAV ;
0.4 0.5 0.6 0.7 0.8 0.9 1
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Prospects for sin(2[)

el o Ty T T T
T VA e
. - E)I 3 mS LHCb 300/fb
o @50/fb: Ogpqr = 0.006 with B® — J /K2 7 I S 4 4 =
05 s -0 9
° - | ® 4 o0
o @300/fb: 05rqr = 0.003 with B® - J /YK o E3 . 32
= E8 1 o8
03 — =
— a O
0.2 [ — =
Vs 1
: 0.1 — Rl
Systematics: ] B 1 =
* Mostly depends on size of control samples 00 e e 0 .
—> scale with statistics p
* Important to understand how to take into
account K9 — K9 CP violation and nuclear Penguins controlled using B® = J/yYm® and B — J /YK
cross-section asymmettry. * B2 > J/YK? studied by LHCb [Phys. Rev. Lett. 115 (2015) 031601]

* Belle II expects a good precision for B® — J /ym"
Leading sources of systematic uncertainty are ¢ Improving ECAL will allow also LHCD to contribute
different between Belle II and LHCb * Upgrade II will also allow to study other SU(3) related modes

Francesca Dordei - Recent results from LHCb
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Prospects for sin(2f) and @q
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< I ] Q. [ LHCbRun1*® N

= | \ 1 QL 0.030 = UT fitter based on SM ]
o | ATLAS 15-17 ] £ \

W 0.04} ' o - UUO) i ! Belle i

[ \ ] 0.025} L. LHCb-PUB-2018-009 |
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I \ | i PoS(KMI2017)005 -

I ATL-PHYS-PUB-2018-041 | 0.020f ]

.03 \ CMS-PAS-FTR-18- . Vel 7]

0.03 - : MS-PAS-FTR-18-041 7] _ \ HFLAV 2018 World Average

L Lo JIPKK 15-18 (preliminary) 1 0.015F LHCb 15-18 (preliminary) -

I . HFLAV 2021 World Average 1 - .

e I N B I HFLAV 2023 World Average (preliminary) (35%)

HFLAV, 2023 World Average (preliminary) (15%) . HRLAV 2023 World Average (preliminary) (35%]

- o B0 Tore Aterage ey (129 : 0.010" .

0.01F . LHCb Run 4 ] i tH\Cb Run 4 Belle Il (50 ab~")]

[ 1 0.005 ._LHCbRun 6 *

L LHGb\RUn 6 CMS RUn 6 | i ~ . un ]
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CP violation in charm

o Searching for CP violation (CPV) in charm decays is a stress test to the Standard Model:

o Up-type quark: complementary to studies in K and B systems

o Small CP asymmetries expected < 0.1% [Phys.ett. B222 (1989) 501

o CPV searched for since decades, finally observed in 2019 with the AAcp measurement [Phys. Rev. Lett. 122, 211803]!

The raw asymmetry (A) in Cabibbo Suppressed DY — h'h* decays (h = K or 7) includes both physics and detector effects:

N(D-f)=N(D-f)
A=A D - = ——— A~ H{ A HA
( f) N(D—-f)+N(D-f) CP > P ) Production asym. from
To eliminate these contributions: D™ or B decays

AAcp =AKTK™) — A(m™n™) = Ap(KTK™) — Agp(m¥m™)

o Experimentally robust as production and detection asymmetries cancel to first order

o AAcp = (—15.4 * 2.9) x 10~ ]

o Additional measurements are needed to have a better understanding]
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Prospects for the tuture 111

With more data, LHCb has the potential to
map the structure of CP violation in the
charm system.

Merely scratching the surface now!

LHCDb Upgrade II is the only planned
facility with a realistic possibility to
observe particle anti-particle
difference in charm mixing

(at >50 if present central values are assumed)

Francesca Dordei - Recent results from LHCb

Current LHCb

Solid (dashed) contours contain 68.3% (95.4%)

0.96

0.98 1.00 1.02 1.04
la/p|

[LHCB-PUB-2018-009]
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[LHCb-PAPER-2022-024, arXiv:2209.03179]

Time integrated CP asymmetry in D® —» KTK~

° Measuring time integrated asymmetries of single channels 1s much harder, the raw asymmetry must be corrected for
using calibration samples to extract the physical asymmetry

A=A - f) =

N(D-f)-ND-f) _

N(D-f)+N(D-f)

°© Measurement from LHCb using the full Run2 dataset
Acp(KTK™) = [6.8 £ 5.4 (stat) = 1.6 (syst) ] X 107

<&

1 0.006
0.004
0.002

0
~0.002
~0.004 |

:_ z2r2x2 LHCh combmatlon 3.0 fb! B

4+ Nodirect CPV LT =

- . g

contours hold 68% 95% CL _:
T B

—0 004 —O 002 0 0.002 0.004

ad

K K*

In
al, - = (7.7 £5. 7)><10-4 1.40
al, _=(23.2+6.1)x107*

CP violation in the decay
amplitude

= Aep HAp W A,

Production asymmetry in pp
collisions

E791
FOCUS
CLEO
— Belle
—*— BaBar
e CDF
— LHCb 3 fb!
= LHCb 5.7 fb”"
P A K 107
S 10
ApK K [1072] 48
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Charm mixing

Until very recently (2020), no observation yet of charm mixing
(extremely difficult).

New measurement:

Study two-body D°-meson decays
Decay D® » K nt isa

TD° > K nt)=1/T

Decay D > h"h*(he€m, K)isa

T (D% > h~h*) <7 (D°-> K~ nrt)
From difference in lifetimes determine

y =(6.96 + 0.26 £ 0.13) x 103

The new world average becomes: y = (6.461055)x 1073,
improving the previous result by more than a factor of two.

Francesca Dotrdei - Recent results from LHCb
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\ deviation in the value of ATy from the SM prediction has recently been proposed as a pc
xplanation for the anomalous like-sign dimuon charge asymmetry measured by the DO co
1rXiv:1409.6963 (2014)] [Phys. Rev. D 89, 012002 (2014)].

SM
AT
r—d — (0.42 4 0.08)%
d

[arXiv:1409.6963 (2014)]

DELPHI IAT4| /Ty < 18% at 95% CL [Z. Phys. C76, 579 (1997)]
BaBar -6.8% < sign(Rex ) ATy /Ty < 8.4% [Phys.Rev.D 70:012007 (2004)]
Belle sign(Rex,)ATy/Tg = (1.7 1.8 £ 1.1)% | [Phys. Rev. D 85, 071105(R) (2!
LHCb ATy/Tg=(—44+£25+1.1)% [JHEPO4 (2014) 114]

ATLAS ATg/Tg=(—011+1.11+09)% [JHEPO6 (2016) 081]

Joth LHCb and ATLAS measure it comparing the decay time distributions of B° — J/1|)K§
30 5 J/PK*O decays [J. Phys. G 42 (2015) 119501]:

* ATLAS measurement (full Run 1) is the most precise measurement from a single exp
date;

* LHCb measurement still on a limited data sample (2011 only) = factor 7 in statistics
available from 2012 and Run II;

Francesca Dordei - Recent results from LHCb

The Bd width

difference
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LLEPTONS RECONSTRUCTION @I.HCh

o Dedicated muon chambers

o Clear trigger and PID

. LHCb

08 J/p y(15)Y(2S)

o Higher occupancy in calorimeter

o Higher trigger thresholds than for u

° Very efficient tracking system 0.6 — o Bremsstrahlung emission:
04F e - . )
o Very good di-muon resolution 0(2}— $(2S) | Y(3S) ._ o Degradation of B mass resolution
10* 10° o Large partially reconstructed bkg

o Missing energy from v
degrading the resolution

° T vertex not easy to
identify in prompt decays

o More background
polluting the mass distr.

[INT.J.MOD.PHYS A30 (2015) 1530022] m [MeV/c?]

™ > put(et)w

tt - ntv
tt > 1t

+,+0-,0

tt > 17O

o ntntnv

TTon'ntn

0

o Recovery not 100% efficient

ECAL
ic fi TLT3 onfrom )
17.39(,82) + 0.04 magnetic @ corapOlati
10.82 % 0.05 -‘.~‘4 AAAAA y
25.49 4+ 0.09
9.26 + 0.10 -
9.31 + 0.05
-y,
\Y 4.62 + 0.05

[JINST 14 (2019) P11023]
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Measurement of R K

o Decay used: B - K¢+ ¢~
o Measured in g% € [1.1,6.0 GeV?/c*]
o Using Runl + Run 2, but still statistically limited

o Biggest systematic: simulation size ~2-3%

First observation of rare electron mode

DN [\
o (2}
III

[S—

ot
1
I

\
'
I4y

1

\

Candidates / (65 MeV/c?)
S

ot
III

-
-
-—

LHCb

4~ Data 9fb~!

Total fit

---B' 5 Klete™ o
B’ - Ki{n'tn~
B’ — K{J/Y

I Part. Reco.

1T T

Combinatorial

{ T T
A

i

5400

0600 5800

4800 5000 5200 6000
m(Kg efe”) [MGV/CQ]
fe I | [ L
> | LHCb
1o -1 —_ > 80 - ata -1 I
17 p = 0.977 £ 0.008 (stat) + 0.027 (syst) ot + Data b
— K 0 0, +,~ A
° Rylzsy = 1.014 % 0.030 (stat) & 0.020 (syst) Ser ot
Za0 ]
Result Zé i ‘ll
< \ _
> Ry = 0.662574(stat) g4 (syst) = S 1
5 —//I ‘\\ e e I
o Agreement with SM at 1.50 level 0 5_2400' - '53100' “ 154100' TR0 5600 5700
[PRL 128, 19 (2022)] (KO ™) [MeV /) »




Measurement of Ry
40 Total fit 7]
o Decay used: A, & pK €7~ B

B’ 5 K*K ete™ ]
A\, > pK nlete
W A, o pKJ /Y

Combinatorial

o Measured in g2 € [0.1,6.0 GeV?/c*] and
m(pK~) < 2600 MeV/c?
o Using Run 1+2016, still statistically limited

Candidates / (50 MeV/c?)
DO w

—
o
L [

4"
-

) ) 0 Eame=e S Gt A T (R R T o g
° Biggest systematic: fit model ~5% 5000 5250 5500 5750 6000 6250
m(pK e"e™) [MGV/CQ]
e O B e N ) M M R
S 150 - LHCb .
1 % - Data 5fb ! 1
P Total fit
° 1 1 0.96 £ 0.05 (stat @ syst) % D | AbipK .
: : : .. 2100 B> K'K p'p -
° Ry (2s) compatible with unity whitin 10 ~ | B" - K%'y
§ Combinatorial
<
Result % 50 ~
<
&
° Rpg = 0. 861011 (stat) + 0.05(syst)
o Agreement with SM at <10 level D300 5400 5500 5600 SO0 5800 - 5900
[JHEP 05, 040 (2020)] m(pK-utu-) [MeV/




P'rojecti'on for a vector-axial-vector NP contribution

1
1
ot | Rg
- i Rg
—— i Rg
Projection for a vector NP contribution E
ja=s| 1
1
~ e
— :
Projection for the SM E
e
——
1
]
Current LHCb Data i
S —— i
2 1
{ )
1
1 1 1 1 1 1 1 1 1 1 :
0.6 0.8 1.0
Rx
[LHCb Upgrade II TDR]

Future prospects

° Precision on Rg and R g+o will be ~2.5%
and 2% with ~23 fb~1 and ~50 fb~1

° Projected sensitivity with the LHCb
Upgrade II detector, with ~300 fb™1

o Huge samples of rare electron modes
available in Upgrade II Ng+,+,-~46 000,
N g0+ ,—~20 000

o Ultimate precision on Rg and R g+o will
be better than 1%

[LHCDb Upgrade Physics Document]
PUB-2018-009

55




Current experimental status R(A7)

LHCDb has performed analysis of
B(AY - AfT7v,)

350 LHCb A0 - AT,

3 fb!

100

Combinatorial

R(A}Y) = 0.242 £+ 0.026(stat) + 0.040(syst) + 0.059(ext)*

)
R(AT) = = = 346 + 40
( C) B(A% N A-é-#_ﬁu) % 300 — Data
O
- 250 —— Total model
* First LFU test in a baryonic b — ¢fv decay * soof ERA-A.
* Initial state spin /2 = could couple to different physics beyond the SM =~ A ADI(X)
@ 150 B A-AD X
*  With 3-prong hadronic 7~ - n¥tn~ 7~ (%), using Run 1: § B AT x)
3
=
3]
@)

[PRL 128, 191803 (2022)] 50

 To be compared with the SM prediction: R(A%) = 0.324 + 0.004 0 - 5 e

LHCb R(A) [PRD 99, 055008 (2019)]
- | LHCb-PAPER-2021-044 g* [GeV?/ 4
0.242 +0.026 = 0.040 = 0.059
hib i Agreement with SM First observation of A} - Aft7;
PRD 99 (2019) 055008 . . . e
with input from within 1o with 60 significance
PRD 92 (2015) 034503
e ooy | |()'3|241]()'(1H IR
0.2 0.3 0.4 0.5

* Measured relative to A) — Af3m

R(AD 56




Current experimental status R (J / l/))

LHCDb has performed analysis of

B(B; - ] /Ytrvy)
B(Bc+ _)]/lp.u-l_vu)

*  With muonic Tt - ,u+vﬂ171 using Run 1:
R(J/Y) = 0.71 £ 0.17(stat) + 0. 18(syst)
[PRL. 120, 121801 (2018)]
* 'To be compared with the SM prediction: R(J /) = 0.2582 + 0.0038

S
o

LHCb

N
S
(=]

RU/M) =

Candidates / ( 0.6 GeV?*/c*)
S g
o (=)

1
—— Data
Mis-ID bkg.
J/iy comb. bkg.
B — X, (IP)l v,
Bl B - J/l/} 'V,

W B - Iypty,
B J/yy +u comb. bkg.
W B. — J/yH!
W B: = y(2S)'Y,

ul IIIIIIIIIIIIIIIIIIIIIIIIIII

[PRL 125, 222003 (2020)] o s

5 O e e N £
LHCb R(J/y) —55
PRL 120 (2018) 121801 - B ) 4
DS [GeV~</c ]
071+0.17+0.18
== 206 above the SM i
SM prediction
PRL 125 (2020) 222003
B! - J/ytv, = 1400 + 300
[ 1 1 1 1 l 1 1 1 1 I 1 1 | 1 I
0.5 0 0.5 I Obs.erv.a.tlon of Bf -] /}/)T*Vr with 30
R(J/ y) significance accounting also for

systematics




LFU TESTS

T00.28%in  Yzom _ 0000 1 00028

Z decays rZ—>ee LEP, Phys. Rept. 427 (2006) 257

To 0.8%in BW-—>e)
W decays ABW - w)

= 1.004 = 0.008

CDF + LHC, JPG: NPP, 46, 2 (2019)

| 7N
T=rt — 1.0016 + 0.0031

Jw—ee  PDG (BESIII), RPP, Chin. Phys. C40 (2016) 100001

o/ ; I
T00.2% m  Za-ew _ (5 534+ 0.003) x 10~
meson decays

=y PiENu, Phys. Rev. Lett. 115, 071801 (2015)
s
—>RTUp
I‘1.1—6
B—>K+ee LHCb, PRL 131, 051803 (2023)

To 0.14% in g,/g. = 1.0018 x 0.0014

T — f vv PDG, A. Pich, Prog. Part. Nucl. Phys. 75 (2014) 41

FZ—>TT
= 1.0019 + 0.0032

Z—ee LEP, Phys. Rept. 427 (2006) 257

T
W= —0.992 + 0.013

Wouv ATLAS, Nature 17, 813 (2021)

I'p w
D% 9,95+ 0.61

D,—uv
HFLAV, Eur. Phys. J. C77 (2017) 895

g./g, = 1.0030  0.0015

PDG, S. Pich, Prog. Part. Nucl. Phys. 75 (2014) 41
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Prospects -

12} Optimistic %

systematics scenario -

T
-
”
b
—
S
X
~
1

LHCb plans to include also: oy
° R(D™)

R(D") —(e—p)
Combined R(D™) — R(D°)

Upgrade 11

o

Total uncertainty [%]
0

o

o[ LHCb
o R(D™) | unofficial ey £ -t :
O 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1
%
* R(Ds) TITITTITIIFFFFSFTITFLEFTFSTES
TR TR VRS TR PR L TS S TR T A T T T TG TR RS TR TG T TR e TS T A

o

R(AL)

[Rev. Mod. Phys. 94, 015003][arXiv:1808.08865]

Exploring new observables beyond the branching fraction ratios, e.g. angular observables to determine spin
structure of potential new physics

* Irreducible systematic uncertainty of 0.5% on R(D™) and 2% on the other ratios 59




B-anomalies and neutrino interplay

o Impact of lepton flavour universality violation on CP violation sensitivity of long baseline neutrino
oscillation experiments [https://arxiv.org/abs/1701.00327]

°© Combined explanations of B-physics anomalies: the sterile neutrino solution
[https://atxiv.org/abs/1807.10745]

° Anomalies in (semi)-leptonic B decays and possible resolution with sterile neutrino
[https:/ /atxiv.org/abs/1702.04335]

o Leptoquarks in Flavour Physics and the anomalous magnetic moment of the muon
[https://arxiv.org/abs/1801.03380]

o Synergy and complementarity between neutrino physics and low-energy intensity frontiers
[https://atxiv.org/abs/1712.05947]

o B-physics anomalies: a guide to combined explanations [https://arxiv.org/abs/1706.07808]

° And many more!
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Uperade IT expectations for R(K™)

Nominal NP

scenario

Right-handed

components

(0]

(0]

(0]

(0]

04

—— .
LHCb Upgrade II ﬁx [i,:J
Scenario-I « [1,6]
& 0O ACy=—14
LHCb Upgrade 11
Scenario-II ACo = —0.7
ACyo = +0.7
LHCb Upgrade I -
Scenario-III ~  AC)=+03
—— ACjy = +0.3
LHCb Upgrade 11 -
Scenario-IV ~— A Cg 403
LHCb Run 1
I |
06 1 12
RX

Ultimate precision on Ry g+ will be better than 1%

Projections don't include improved ECAL for Upgrade 11

Expected yields
Yield Run 1 result 9fb~! 23fb=' 50fb=1 300fb~!
BT — Ktete™ 254 +29 [272] 1120 3300 7500 46000
BY— K*0¢te- 111 + 14 [273) 490 1400 3300 20000
BY— gete = 80 230 530 3300
A)— pKete™ - 120 360 820 5000
Bt —» rtete - 20 70 150 900
Rx precision Run 1 result 9fb~! 23fb=' 50fb=1 300fb~!
Rk 0.745 £ 0.090 £ 0.036 [272] 0.043  0.025  0.017 0.007
Rjexo 0.69+£0.11£0.05 [273] 0.052  0.031  0.020 0.008
R, ~ 0130  0.076  0.050 0.020
Ryx ~ 0105 0.061  0.041 0.016
R, ~ 0302 0.176  0.117 0.047

Huge samples of rare electron modes available in Upgrade II Ny +,+,

—~46 000, N 0,4+,

Expected Ry uncertainties

~20 000

Different Ry allow to probe different combinations of Wilson coefficients, separation of NP scenarios possible!

[LHCDb Upgrade Physics Document]

PUB-2018-009 (in preparation)
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o

o

o

[ ] [ ] [ ] () 0 *O + —
Upgrade II sensitivity with B = K™ u™
Run 3 Upgrade I g
gbzz_w"' 3@22_%"' Scenario Cq 10 %g
&)1-5:_ —scenario v —E &1-5? —scenario v _E SM 0 0 o §
1;_ scenario lll _; 1;_ scenario lll _; ||| +03 +03 a %
05 1 o 1 +03 -03  Z &
: | z : L : g8
A P E O_C/_ """""""""""""" E ~ o
0.5 1 -osf Q s g3
F ] o i S ©
1 E 1 ] o0 =
] o (oF
-1.5F E —1.55— -] D 2
E 0 D
_2 | i Ll _ob I i L O ~
-2 -1 0 1 2 -2 -1 0 1 2 T
ReC'Y ReC'Y =,

Expect ~440 000 B® - K*%u*u~ candidates in Upgrade II (roughly Run 1 statistics for tree-level charmonia modes)
Allows for determination of angular observables with unprecedented precision
Different NP scenarios can be cleanly separated

q?-unbinned approaches allow to better exploit the data [JHEP 11 (2017) 176]

62




Upgrade 11 prospects

Upgrade II: new observables beyond the BF ratio

_ () , e Kinematics of B » DWWty tully described by dilepton mass,
o BExpect O(10 M) B - DYtV candidates

and three angles, ¥, 0; and 84 (better resolution)
o Sensitivity Upgt. II: 6(Rp*)/ Rp*~1%

£ 0.045F 2 007F
o 5 [ C — C C
o Angular analysis would allow to determine > 0.04 | LHcb simulation B - D*TV | 3 0.06 | LHCb Simulation

: . L 20.035 — . |z i
spin structure of potential NP contribution £ o0.03E B->D'uv| 8 o0.05-
o) ' F o] C
< 0.025F < 004
0.02F 0.03F
0.015 B
0.02F
0.01E -
0.005 F- 0.01¢

) 0 i SR R R PR L oh ; L T R

3 2 4 0 1 2 3 3 2 4 0 1 2 3

x resolution (rad) 0, resolution (rad)

Upgrade II: exploit other b-hadron species

* Semitauonic decays of b-baryons and of B mesons

[ « BY - DT 6% (2.5%) relat. unc. after Run 3 (Upgrade IT)
* R(AY) 4% (2.5%) relat. unc. after Run 3 (Upgrade IT) o




FCNC transitions %

LFU will play a large role in Upgrade II physics case

Improvements: Reduce the material (e.g. RF-foil), improve
ECAL granularity, better Brem recovery algorithms

Upgrade II: 440k fully reconstructed B® —» K*0u*u~ will
allow a g?-unbinned approach = probe the SM
contributions, NP expected to have no q? dependence

Compare angular distr. B - K*%ete™/ B® - K*%utu~

Upgrade will provide thousands of b — d€* £~ decays
(e.g. 4300 B —» K*%u*u™ ), angular analysis possible

45k Bt - K*tete™ and 20k B® - K*%e*e™ in the
Upgrade IT — Ultimate precision on R <1%

Ry, Rpk, Ry, ... will be possible un Upgrade 11

scenario CM ChY Cy 1,
I —1.4 0 0 0
I1 —0.7 0.7 0 0
11 0 0 0.3 0.3
1A% 0 0 03 -0.3
1.00 1.00
Il SM |
0751 I scenario 11 0.75 - ] fcl\é[nario 11
050 F I scenario [ 050 I scenario [
0.25F 0.25F
2" 0.00f Run 3 a” 0.00} Upgrade 11
-0.25F -0.25F
-0.50 | -0.50
~075} & 075} §
100, > s 5 3 10 2 -10055 > s 3 3 10 12
¢* [GeV?] ¢* [GeV?]
. VTR el !
LHCb Upgrade II
Scenario-1 - Ry 1161
—_— R, [16]
LHCb Upgrade 11 -
Scenario-IT - All fOur NP
LHCb Upgrade IT T scenarios could be
Scenario-IIT " .. o
T distinguished at
LHCb Upgrade II - .
Scenario-IV - more than 50- mn
LHCb Run 1 Upgtrade 11!
. P — PR R pg
04 0.6 0.8 1 1.2
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B? » etpt and BY — etput decay

a1
° Run 1 analysis, the observed yields are consistent with the background- ©
only hypothesis. 0.8

o Upper limits on the branching fractions are determined at 95% C.L. 0.6

0.4

B(B?— e*u¥) < 6.3(5.4) x 107°

0.2
0 + -9
B(B”— e*pu™) < 1.3(1.0) x 10 [ — -
0.5 1 N
° The upper limit on the BOs decay is evaluated in two extreme BE(B™ — e'4r’)
hypotheses: where the amplitude is completely dominated by the heavy R | S S
eigenstate or by the light eigenstate. O I LHCb

o At the end of the Upgrade I data taking period the LHCb experiment
will be able to probe branching fractions of BO0s — e*p+ and BO —
etp+ decays down to 8 X 10719and 2 X 10719, respectively.

° The additional samples accumulated during the Upgrade 1I data taking
petiod will push down these limits to 3 X 10719 and 9 X 10711

2 4 6 8
BF(B? — etu?)

[JHEP 1803 (2018) 078]

66




B? —» tXut and B — t¥ut decay

° Run 1 analysis, the observed yields are consistent with the background-
only hypothesis. Tau lepton reconstructed in T~ = T~ TV,

o Upper limits on the branching fractions are determined at 95% C.L.

S
—
N

B(B® - r%4¥) < 4.2 x 10°° T

B (B’ - t*y*) < 1.4 x 107 OIF —— B omatmvw H
simulation
0.08

——— B 't (ortrtatvyut
: g 2 g simulation
o A wide variety of Beyond Standard Model (BSM) scenarios predict the

occurrence of lepton-flavour violating B decays, with the highest rates
where third generation leptons are involved, such as B ?S) - tip®,

For different models, not excluded by the current experimental

Same-sign data

e 9
o =] :
> (=)}
TT T [T T T[T T T[T T T[T T T [TTT]

e
S
o

(=]

constraints, the expected branching fraction is in the range 107 — 10~

Normalised yield / (0.04 GeV/c?)
[\S]
S

o The Upgrade IT LHCb could read B® — t¥u® <3 x 107 at 90% CL

— .
M, [GeV/c?]

Phys. Rev. Lett. 123 (2019) 211801
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Lepton flavour (number) violation

o LFV branching fractions enhanced to 10-!! in certain models of leptoquarks, Z’ [Medeiros Varzielas, Hiller, JHEP 06 (2015) 072]

o LHCb was the first experiment to search for LFV 1 decays in a hadron collider

e Search for Bg) — pu~
Searches fOI' B - Ke‘u, B - K*OT(_> T['T[T[V),u; B - (also Baryon number violating)
0 0 : B(B® - pu~) < 2.6(3.1) x 10~ @90%(95%) C.L.
Kt(—- mrmv)p and A, = A”ep are ongoing BB > pu) < 1.2(1.4) x 1078 @90%(95%) C.L.
* Using Runl + Run2 data expects limits O(107) LHCh-PAPER-2022-022 (in preparation) BB )
0 0* + =F ER 3 ER B
and 0(10) for B » Keu and B —» K*tyu, * Search for BY — K™ r7u” e S
respectively - partial > ﬂiﬂ+7[—(ﬂ0)l_/r reconstruction :j: PRELIM :",C\hrw: Zj_ PRELIMI " CI:Y:
o 0 —_ *0,.+,,— -5 02fF \ " - 02 . 9
* Complementary as charged lepton FV couplings ~ ## =K )< 10021077 @907%(95%) C.L. o N P - -
) n B(B® —» KOt u*) < 8.2(9.8) x 1076 @90%(95%) C.L. e L
among different families are CXpCCth to be LHCb-PAPER-2022-021 (in preparation)

-8 PRELIMINARY LHCb
5x10 o]

B—K"ure
. § data
i — bkg. +sig. model

— total bkg.

different e Search for B® - K% u*e* and B? - ¢u*e™

* Multi-body final states: allow the measurement of @®° - k*%u+e) < 5.7(6.9) x 10-° @90%(95%) C.L.
BB® —» K" %~e*) < 6.8(7.9) x 10~ @90%(95%) C.L.
BB° - K%u*e¥) < 10.1(11.7) x 10~ @90%(95%) C.L.
BB® — pute™) < 16.0(19.8) x 10~° @90%(95%) C.L. - )

LHCb-PAPER-2022-008 4500 5000 5500 6000 6500
m(K*7-pte) [MeV/c?]

--- combinatorial bkg.
----- higher excited D~

semileptonic + 7
----- sig. scaled

more observables

Candidates ( 25 MeV/c?)
G
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Lepton flavour (number) violation

7.2.4 Search for 7+ — ptpu~pt decays

An important test of the SM is the search for the lepton-flavour-violating process 7+

Within the SM with zero neutrino masses this process is strictly forbidden. Depending on the
mechanism of neutrino mass generation, many theories [293-296] beyond the SM predict this
branching ratio to be in the region (107 — 107%). The current experimental limit [297-299),
B(rT — ptutp~) < 1.2 x 1078, is a combination of the results from LHCb and the B Factories
and reaches the starting point of this range. Belle II will probe this interesting region of
sensitivity when accumulating up to 50 ab—!. The LHC proton collisions at 13 TeV produces
T leptons, primarily in the decay of heavy flavour hadrons, with a cross-section five orders of
magnitude larger than at Belle II. This compensates for the higher background levels and lower
integrated luminosity, and means that during the Upgrade II LHCb would also be able to probe
down to @(1079), and independently confirm any Belle II discovery or significantly improve the

combined limit. In addition, the proposed improvements to the LHCb calorimeter during the
Upgrade II will be helpful in suppressing backgrounds such as D — n(— p*u~y)utv,, enabling
LHCDb to make best use of its statistical power.

— pEptuT.
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%d‘?l Visible dark photon

in £

Phys. Rev. Lett. 120, 061801 (2018)

® Signature: @ Analysis:
¢ Inclusive pp (prompt or displaced)  Template fit to separate prompt
* Sensitive down to 2 m, dimuons from heavy-flavour

@ Trigger:  Bump search on top of y*
» Hardware pr(i) cut ~1.8 GeV background (auto-normalising)

* Real-time analysis including u-ID
allows to avoid prescale

* Displaced analysis at low mass is
almost free of background

10’ — . —
LHCDb '

'= isolation

10°
10°
10*
10°

10?

Candidates / o[m(utp=)]/ 2

prompt-like sample

i applied pr(p) > 1GeV, p(u) > 20 GeV

prompt p*p~
oo
- hh + h,UQ |

10°
m(u"p”) [MeV]
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%Cl\?] Visible dark photon in €€

Phys. Rev. Lett. 120, 061801 (2018

Plot from M.Williams’s talk at IPA 2018

10_2 T T T E
W LHCb .
107} =
107 =
LHCDb with 2016 data _
—— LHCb Run3 reach: —
LHCD
107 — Inclusive uu PRL 116,251803(2016) | —
— D*—>DA’(ee) PRD 92,115017(2015) | =
I
— 1 1 L1 111 I 1 1 1 1 1 111 I 1 1 1 1 1
107°

1072 107! 1 0
mar [ GeV]
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L9 H A'(L0)A'(LE)

Plot from M.Williams’s talk at IPA 2018

LHCb

[EEEEE

Assuming B(H—=A'A’) =10%
ATLAS prompt JHEP 02 (2016) 062,
(now updated: JHEP 1806 (2018) 166)
ATLAS displ. JHEP 1411 (2014) 088,
CMS prompt+displ. arXiv:1812.00380

107°

Orsay

E137 L <
- 1 vl Lol 1 11
107 A
“ace

1072 107!
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@ B meson decays to search for
light (long-lived) objects

e Dark Bosons ¢

» In prompt/displaced dimuons

» Using b—s channel B—g(uu)K*/*

Phys Rev Lett 115 161802 (2015)
Phys. Rev. D 95, 071101(R) (2017)

e Heavy Neutral Leptons
» In displaced 1+ resonances

» Eventually accompanied by same-
sign u* from B

» So far searched only in B=N(rt-u*)u+
Phys Rev Lett 112 131802 (2014)

10-6

%I‘a Searches in heavy flavour

0 is ¢-H mixing angle, 1(¢) « 1/62
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Prospects for selected flavour observables

Observable Current LHCb LHCb 2025 Belle 11 Upgrade II GPDs Phase 11
EW Penguins
Rk (1< ¢® < 6GeV3ct) 0.1 [255] 0.022 0.036 0.006 -
Ri+ (1< ¢ < 6GeV3ch) 0.1 [254 0.029 0.032 0.008 -
Ry, Rpk, Rx - 0.07,0.04, 0.11 - 0.02,0.01, 0.03 -
CKM tests
7, with BY — Df K~ (+37)° [123] 4° - 1° -
7, all modes (£29)° @ 1.5° 1.5° 0.35° -
sin283, with B® — J/¢K? 0.04 [569 0.011 0.005 0.003 -
¢, with B_? = J/Yo 49 mrad |32 14 mrad 4 mrad 22 mrad
¢s, with BY — D¥ D7 170 mrad (37 35 mrad - 9 mrad -
358 with BY — ¢¢ 150 mrad 571 60 mrad - 17 mrad Under study
a, 33 x 10~ [193] 10 x 1074 - 3x 1074 -
Vs |/ V| 6% (186 3% 1% 1% -
BY, B—utu—
B(B” = utpu™)/B(BY — ptu) 90% [244] 34% - 10% 21% [573]
Bt 22% [244] 8% - 2% -
m - - - 0.2 -
b — cl~v; LUV studies
R(D*) 9% [199][202] 3% 2% 1% -
R(J/) 25% [202] 8% - 2% -
Charm
AAcp(KK — ) 8.5 x 104 [574] 1.7 x 1074 5.4x 1074 3.0 x 107° -
Ar (= zsing) 2.8 x 1074 [222] 4.3 x 1075 3.5 x107° 1.0 x 107° .
xsin ¢ from D° — K+tn~ 13 x 1074 [210| 32 x1074 4.6 x 10~4 8.0 x 107° -

z sin ¢ from multibody decays

(K3r) 4.0 x 1075

(K97m) 1.2 x 104

(K3rm)8.0x 1076

Based on extrapolations from
current measurements, and
take no account of detector
improvements apart from an
approximate  factor two
increase in efficiency for
hadronic modes,
from the full software trigger
that will be deployed from

Run 3 onwards.
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