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Lepton Flavour Universality (LFU)

»In Standard Model, electroweak couplings to
cach lepton generation are identical (except

Yukawa).

» Couplings affected by New Physics (NP) =
contributions (particularly 3™ gen. of leptons). x,,.

»Ratio of branching fraction (BF) of different

PLB 755,270 (2016)]
b + 14

lepton species 1deal for testing LFU.
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https://journals.aps.org/prd/abstract/10.1103/PhysRevD.85.094025
https://www.sciencedirect.com/science/article/pii/S0370269316001143?via%3Dihub

LFU ratio

BF (Xp—-X.lv) L1 € (e
— ) yU, T
R(X) BF (Xp—Xcl'v) (D)
Adlvanltages Cha][][enges
» Good statistical precision: Thanks | | » Missing neutrinos in the final
to large b-hadron production and state, affects the resolution of the
large BF. . observables @ LHCb.
> Theoretically and experimentally ||> Large partially reconstructed
“clean”: Common systematic and background contamination.
hadronic form factor uncertainties » Large simulation samples needed
mostly cancel. for modelling signal and bkg.
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Hints of LFU

Bellel5

Ay* = 1.0 contours

BaBarl2

LHCb22

4>~ Belle19 \

PRD 94 (2016) 094008
PRD 95 (2017) 115008
JHEP 1712 (2017) 060
PLB 795 (2019) 386
PRL 123 (2019) 091801
EPJC 80 (2020) 2, 74

| PRD,105 (2022) 034503

Average

R(D)=0.358 £0.025 £0.012
R(D*)=0.285+0.010 = 0.008
p=-029

P(x2) = 32%

0.3

L ] ) Youn 0.4 T I T T T T
Measurements SM prediction N
[PRL 120 (2018) 121801] EZ - Broliin, 2022
035
LHCb R(J/v) B
PRL 120 (2018) 121801 - _ LHCb18
0.71£0.17 £0.18 =
03 )
SM prediction B l f
PRL 125 (2020) 222003 E .
0.2582 + 0.0038 — )
L oo o b g obe 5 1 5 5 4 5 | 0'25__
-0-5 0 0.5 l e Bellel7
R (J/ W) 0.2 = FHFLAV SM Prediction
[PRL 128 (2022) 191803] - R(D) = 0.298 + 0.004
B R(D*) = 0.254 = 0.005
LHCb R(A?) I
* e . . LHCb-PAPER-2021-044 02
0.242 +£0.026 £ 0.040 £ 0.059
SM prediction D
PRD 99 (2019) 055008 BABAR D
with input from BELLE
PRD 92 (2015) 034503
PR S —r -, 10'3%4%0'0{)41 L1 1
0.2 0.3 0.4 0.5
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R(AY)

R(D)

Before Dec 2022:

3. 30 tension wrt SM


https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.128.191803
https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.120.121801

Two new players from LHCb

»Combined measurement of RED) an__f

muonic T decay. £
»Superseeding previous analysm (lewl data)77 [arXiv:2302.02886]
S f"’ (Submitted to PRL)
'-.’?,-_.r ) y,;;? T ), \\l‘

» Measurement of R(D ") with hadrohlc rxdecay
> Updates previous analysis using partial Run II data.

[LHCb-PAPER-2022-052]
(In-preparation)
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https://arxiv.org/abs/2302.02886
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[arX1v:2302.02886]

Signal and normalisation  (sumitedwo pro)

decay (~ 20 times signal).

T
I
»>Use Run 1 (3 fb~1) data. [
»Use muonic 7 decay with large BF S
(~17.4%). i p
> Signal decays: BY - D**t7 7, {
B~ - D*°t ™y, and B~ —» D%t 7. I
»Use two disjoint samples: P T T
* [D**u7]: Signal B° > D**t79;. 1+ Normalisation
» |[D%u~| veto D**: All 3 signals. e
»Use as normalisation semi-muonic i p
{
1
I
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https://arxiv.org/abs/2302.02886

[arX1v:2302.02886]

Separate signal and normalisation  (suwmiwd o rrr)

- : t q% = (Pg — Pp)?
»Require good separation w.r.t q" = (Pp— Pp)

normalisation mode.

Signal
Normalisation

» For this, reconstruct B
momentum (~20% resolution):

* p3 using flight direction.

. pl"g using boost approx.
I I
pB X pvis
» Use discriminating variables:

2 .2 *
q°, my ;.. and E .

m‘%niss = (PB - Pvis)2 E>lk

57th Recontres de Moriond 2023 9


https://arxiv.org/abs/2302.02886

[arX1v:2302.02886]

Other backgrounds (Submittd to PRL)
»Feed-down bkg: Reduced with isolation requirement (M VA based) and modelled using
simulation.
B- D*(-»D®r )1y B - D**(-» D™ Y1V B - D®D(- I"X)
Light D** € [Dy,D3,D;, D3] K Higher D** + Non Res 7* /- T it g
. ,QQAH /)(’A D A;ﬁ
p S B Dg B0 __l_)*+ ~ -
P >0¢ = R 1 ;\'/\:X
PV v P

»Misidentified K™/~ — u~ bkg: Reduced with PID cuts (improved muon ID) and
modelling using data (D™ h~ where h € [K, T, p, e, fake]).

»Fake B and fake D*bkg: Reduced with vertex quality cuts and modelled using data
(DUHyu* and DO~ ).

57th Recontres de Moriond 2023 10


https://arxiv.org/abs/2302.02886

Fit for signal (D*" ™) (Submited to PRI)

[ 107 % 19.35, 12.6] GeVZ/ch LHCb 4 ><103 e [9.35, 12.6] GeVZ/ct LHCh
o D +‘u—

S D

» 3D maximum likelihood
template fit to g (4 bins),
m?2,..c and E; .

Cand. / (75 MeV)

Cand. / (0.3 GeV¥/ )

» Simultaneous fit to 8 samples:
For each [D**u~] and [D°u~]:

> 1 signal region

»3 control regions enriched in
bkg (using reversed 1solation
requirements).

Pull
Pull

1000 2000
E; (MeV)

—— Data (3 fb™)

Bl 3-D v

B B->Drv
B—D"Dx

B 3-D uv

! Comb. + misID

oo : B 5-Duv

B 5D %uv

B -0 uv
57th Recontres de Moriond 2023 11


https://arxiv.org/abs/2302.02886

Fit for signal (D°u™)

[arXiv:2302.02886]
(Submitted to PRL)

- 10° g% [9.35, 12.6] GeV¥/ct LHCh

»Form factors (FF) for signal: % .
* 4 Sl Dou
»D*": BGL S 20
(4p]
[JHEP 11 (2017) 061, JHEP 12 (2017) 060] <
>D’: BCL S
O

[PRD 92 (2015) 054510].

»D**: Bernlochner & Ligeti

Pull
OO

[PRD 95 (2017) 014022]

|
N

» Helicity-suppressed terms
constrained and other FF
param. are inferred from fit.

57th Recontres de Moriond 2023

Cand. / (75 MeV)

Pull
O NG

Do
)

L (10° g% [9.35, 12.6] GeV?/ct LHCh
» DOIU—

1000 ZOOQk
E;; (MeV)

—— Data (3 fb™)
Bl 3-D v
B B—>Drv

B—»D"D X
B 3-D uv

Comb. + misID
B B-Duv
B -0 %uv
B 5D uv 12


https://link.springer.com/article/10.1007/JHEP11(2017)061
https://link.springer.com/article/10.1007/JHEP12(2017)060
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.92.054510
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.95.014022
https://arxiv.org/abs/2302.02886

[arX1v:2302.02886]

Control regions (D%u™) (Sabmntind o PRI

—

—

1 extra  associated to B vertex [ 2 extra r associated to B vertex
' ' 10 LHCb A LHCb e ' ' N ' PR '
EX Du- | X Du- 2+-x10 LHCb tx10 LHCb x10 LHCb

101 20

Candidates / (75 MeV)

Candidates / (75 MeV)

Candidates / (0.3 GeV?/ ¢
Candidates / (0.3 GeV?/ )

Candidates / (3.25 GeV?/ %)

1

Pull Candidates / (3.25 GeV?/c%)

Pull

Pul

Pull

Pull
Pull

| 0 5 10 1000 2000
o (GeV/ch) L 0 5 eyll 1000 2000
. e
Faa )y =Dy B BoDoy B-D"Dx | B=D"uv T, GEVT) 4
Comb. + misID .B—)Douv .B—)D’U/Jv .B—)D'*,uv B - D**(_) D(*)n_n‘l') l_v
B - D" (= DO ) I"v | extra K associated to B vertex (control decay prop.)
Q) 10_—X1(')3 " Lo = o’ ' LHCb z e LHCh
(control FF parameters) Z = | . 2 —
O =2 = © 100
‘;’ é 10; il ? [
5 T £ sor —
B - : 5 -
B - DOD(> FXOKO | § b -,
0 e ——
(control phase space 3 3 2 g
-2
mOdelllng) ‘ 0 5 (Gevz/ldo) 1000 %?30(?\4 ) 0 5 qz(cé\(}z/d)
ecorres de VIorTomd 2023 13


https://arxiv.org/abs/2302.02886

. [arXiv:2302.02886]
Fit re Slllt (Submitted to PRL)

0.4 1 I 1 1 1 1 I 1 1 1 1 I 1 1 1 1 I 1 1

m Ax* = 1.0 contours
Prelim. 2022

BaBarl2

R(D*)

R(D*) = 0.281 4+ 0.018 + 0.024
R(D) = 0.441 + 0.060 + 0.066 9%
p =-—0.43

Bellel5

LHCb1g  30.---

03 = LHCb22 4

Dominant systematics: Simulation sample 025 - -~ Belle 9
size and modelling of bkg. co T 5

: Bellel7 PRD 94 (2016) 094008 ?{\(I]gl;afg 358 0025 + 0012 :

02 -i-HFLAV SM Prediction JPEEP()]S 7(1220 :27(21171)5(?2(? R(D*)=0.285+0.010 £0.008 =1

B R(D) = 0.298 = 0.004 S gg:g; o p=-029 .

Current result: 1. 90 wrt SM [ ROM=023420005 oo oo Poc) = 32% 5

PRD 105 (2022) 034503
I [ [ [ [ I

WA: 3.30 — 3.20 wrt SM 0.2 03 0.4 05

~
>
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https://arxiv.org/abs/2302.02886

~ Measurement of R(D”*
with hadronic 7 decay



[LHCb-PAPER-2022-052]

Signal and normalisation — aopreparation

> Use partial Run 2 (2 fb™1) (~1.5 times
more signal than Run 1).

»Use hadronic 7 — 37 (7") decay with
BF ~ 13.5%.

> Use as normalisation hadronic B decay.

__________ ———————— - Measure

o mm wes D man e REE SN I Ea e M N EEE e R S O e e s S T o o, oy

) ) BF(EO D*t 37T+)I| input
IR(D™) = K(D") X o
BF(B® > D™*u~,):
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LHCb-PAPER-2022-052]

D |
Background of BY - D** 3% X (npeparaion

Prominent bkg

»Reduce by requiring 7 vertex to be (~ 100 times signal)

downstream w.r.t. the B vertex along the

beam direction + dedicated BDT classifier. » B .-
: : : .Y e e Ja©
— =
»Bkg modelling using simulation. v D
- ——————— S L I B B B B B IR L LA LR
o 10° LHCb Simulation - o .
g bb —> D 3rX 3.5:— LHCb simulation =
S 10 b bb - D DX _] - .
:, 10 bb — D 1:+(\jT E 35— S]gnal _D*1v —E
&3 10° i 2.5;_ Background - D*3ntX - '_;
= i N -
-c% 10? = E hd ;
10 S .
1 . e IR
; ".*”“““OMOM‘“ .
oa®® 1y Ty e e e

10

(237%) - 2(B%) /o,

-08 -06 -04 -02

04 06 08
Detachment BDT response



“Double charm™ background

(In-preparation)

»B% - D**D.(— 37") X bkg reduced with dedicated BDT classifier based on
kinematics and resonant structure.

>Other bkgs D" (— K~ 2rn") and DY (— K~ 31m*) reduced using PID cuts and

dedicated BDT classifiers, respectively.

»Modelled using simulations, with corrections from dedicated data control regions.

3.5

Also a fit 2
variable -
1.5

1

0.5

s :_ LHCDb simulation

2.5F

B I 1 1 T l T T 1

— -

ol

I I T I

1 I 1 1 T I T T 1 I_
Signal - D*tv B
Background - D*DsX ]

R Y _

- —

[LHCb-PAPER-2022-052]

o

0.2 0.4 0.6
Anti-D; BDT response

BY - D**D.X is 2nd prominent bkg
(~ 10 times signal)

+
T i

DOA”JF
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f———--_—--_’--_—-_-__-_—_-—_-—--_—--N

o Ny s P T

D} — 3m*X decay modes

——————————————————————

o Control data region: Selected by
reversing D BDT cut.

o Resonant contrb. from fit to 4 kinematic
variables and MC samples corrected.

\®)
)
)
)

[
e
-]
(e

Candidates / (40 MeV/c?)
9
S

W
)
o

———————————————————

L ; I
LHCb
2 fb!

® Data

Total

I Di{w.g}ri ()

Bl D;—nri(n))

| Di-n'n(x)

[ Other DY modes

I Non-D7 background

600 800

————————————————————

N
\N

D * 4 D 4 X [LHCb-PAPER-2022-052]

0o
)
(=)

100 |~

Candidates / (10 MeV/c?)
(\®]
S

.—-—-h._.—"-~-—"'h----—'--——.---"——_.-—--—-_——-~—--—~~

(In-preparation)

D} production modes

o Control data region: Events 20 MeV
around D mass + remove DS BDT cut.
o Fractions constrained in the signal fit.

I L] L] 1 1 I
® Data

LHCb
Total ) fb_l
B B’—p D

- [ | 8D D317

[ B—pp;

|| B°>D" D, 2460)"

[ B>D"Dix
| IB—pDix
- Combinatorial

500 1000 1500
m(D*3r) — m(K‘T[*) — m(37) [MeV/c21 -~

————————————————————————————————————————

‘-_—--_--__—-~___—-—_————-—-—————-————’

SN

/
/



F . f . 1 [LHCb-PAPER-2022-052]
lt OI’ Slgna (In-preparation)
»3D maximum likelihood " =
template fit to g2, anti-DJ kool F
BDT output and 7 lifetime. g 4000 2 so00
- S
»Form factor correction: 5 2000
»D**: CLN parametrisation  of T .
[Nucl. Phys. B 50, 153 (1998)] ¢ [GeV] e
> Signal and norm. yield: o
g 10000 ¢ Data Total
R = 1 B0—>D*'T+v7 [ B—>D™ 'y,
0 *+ _ g | m@B-pD(X)  [WAB-D D(X)
'B D T UM 24‘69 + 154‘ ' g L . :’B—)D 37Z'X -B—>D D(X)
"""""""""""""" 5 0% 1 % goml; g I Comb. D
- om :
' B > D**3xT = 30540 + 182 . '

0
‘i ——————————————————————— 0 0.5 1 1.5 2
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https://www.sciencedirect.com/science/article/abs/pii/S0550321398003502?via%3Dihub

Fit

result

[LHCb-PAPER-2022-052]
(In-preparation)

K(D*) = 1.700 4+ 0.101 (stat)*319> (syst)

R(D*) = 0.247 + 0.015(stat) +
0.015(syst) + 0.012(external input)

Dominant systematics: Simulation sample
size and modelling of bkg.

One of the most precise R(D*), when
combined with Run 1 result (LHCb22, had)
R(D*) = 0.257 + 0.012(stat)
1+ 0.014 (syst) + 0.012 (ext)

Current result: < 10 wrt SM
WA: 3.20 = 3 0 wrt SM

—~ 0.4

*

R(D

0.35

0.3

0.25

0.2

[HFLAV Preliminary]

Bellel5

Ax® = 1.0 contours

BaBar12

NEW LHCb22,had

]

" FroBalors

LHCb22,u

Belle17 p

P

P

R(D) = 0.298 + 0.004 p

P

R(D*) = 0.254 £0.005 |

RD 94 (2016) 094008
RD 95 (2017) 115008

4 HFLAV SM Prediction ~ JHEP 1712 (2017) 060

LB 795 (2019) 386
RL 123 (2019) 091801
PJC 80 (2020) 2, 74

RD 105 (2022} 034503
11 1 1 1

World Average
R(D) =0.362 £0.024 £0.012
R(D*) =0.278 £ 0.009 = 0.007
p=-0.26
P(x?) = 22%

0.2 0.25 0.3

0.35

0.4

0.45

0.5

Connect to CERN seminar tomorrow!
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https://indico.cern.ch/event/1231797/
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Outlook

»Many more R(X,) measurements in the pipeline e.g. R(D*), R(D*?), R(A}) ...

Run 3 Run4 Run 5 Run 6

18[-\-\\ . ( 188 — R(X) (had FEL lep 1) 4 |
' - —— R(r) (had FEI) DB
16} R(D") 16} o ycun ) |
3 Al GRS S R(D*") — A R(D) (had FEIL lep 7) Belle IT ]
S 14§ ) X 14 ---- R(D) (SL FEL lep 7)
2, R(D;”) % 1.~ — R(D’) (had FEI, lep )
g R(A) £ "\ -==- R(D") (SL FEL lep 7)
£ 10 R(A?) £ 10f e R(D*) (had FEI, had 7)
o i R J \I’ @ N
S of (J/¥) S :
=R N =
E 6' .......... \\\\\ _fg
R P R s e s G R o o e e N T o
=4 > -
2: Optimistic ANl BEEE = —
L HCb unofficial . = SSEe ~ =
0 --------------------------

¥ © o O
N N \; 5 5 O W & N & o
FIFFTLFTFTSFTTSFTS S

Data sample in ab !
Data sample up to year

28/06/2022 [Rev. Mod. Phys. 94, 015003 (2022)] [Belle II talk (@ Beyond Flavour Anamolies I11] 23



https://journals.aps.org/rmp/abstract/10.1103/RevModPhys.94.015003
https://conference.ippp.dur.ac.uk/event/1064/contributions/5491/

Summary

=0 =
B -D** tv,

" | Forward-backwarol CP violation
e ‘ﬁﬁ\:I\:}‘:\:s:\:ssk‘ [P. Biancofiore et al] | a 5 SVVLVVLetYLeS WMEASUYEWMENES /b X
ol 1 |* Semileptonic charged current decays

are an excellent tool to probe LFU.
 Summary and challenges of two recent
LHCDb results presented.

Polarisation of

P.(D%)

nvolved T Lepton ‘ . N T Gl
02 * Many possible roads to new physics... | o i
- N i; 0.100
0.0 Only C7 present zZo
. i i i = 0075
-0.2 0.7F 0.050
o =m/2 0.65 0.025
R 0.5F 0000 T L L 5 L Ios I Ik I
-0.6 [A.K Alokh et al] < oal
0.0 02 04 0.6 08 1.0 12 14 L 0} Angular analysis for
ICxI POLQVLzatLOV\z of 02f [A.K Alokh et al]

wilsow coeffictent
24
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https://arxiv.org/abs/1606.03164
https://arxiv.org/pdf/1806.04146.pdf
https://arxiv.org/pdf/1806.04146.pdf
https://arxiv.org/abs/1606.03164
https://inspirehep.net/literature/1217741
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Model uncertainties
(should scale with
size of the control

sample)

External inputs to
the fit

Small multiplicative
uncertainties

Systematic uncertainty

Internal fit uncertainties oR(p+)(x107%)  oR(poy(x10~%?) Correlation
Statistical uncertainty 1.8 6.0 —0.49
Simulated sample size 1.5 4.5

B— D®DX template shape 0.8 3.2

B— D®¢~1, form-factors 0.7 2.1

B— D**pu~v, form-factors 0.8 1.2

B (B— D*D;(— 7 7,)X) 0.3 1.2

MisID template 0.1 0.8

B (B— D" v, ) 0.5 0.5

Combinatorial < 0.1 0.1

Resolution < 0.1 0.1

Additional model uncertainty OR(D+)(x1072)  OR(poy(x10~2)

B— D®DX model uncertainty 0.6 0.7

B?— D*u~7, model uncertainty 0.6 24
Data/simulation corrections 0.4 0.8

Coulomb correction to R(D**+)/R(D*°) 0.2 0.3

MisID template unfolding 0.7 1.2

Baryonic backgrounds 0.7 1.2
Normalization uncertainties OR(D+)(x1072)  OR(poy(x10~2)
Data/simulation corrections 04xR(D*) 0.6xR(D")

T~ — p~ Vv branching fraction 0.2xR(D*)  0.2xR(D°)

Total systematic uncertainty 2.4 6.6 —0.39
Total uncertainty 3.0 8.9 —0.43

57th Recontres de Moriond 2023
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Relative systematic uncertainty on K(D™)

Compared to Run 1
analysis, the size is
halved from employing
fast simulation
techniques [ReDecay].

Other dominant
sources include signal
and background
modelling

Source Systematic uncertainty on K(D™*) (%)
PDF shapes uncertainty (size of simulation sample) 2.0
Fixing B — D* ™ Dj(X) bkg model parameters 1.1
Fixing B — D*~ D%(X) bkg model parameters 1.5
Fractions of signal 71 decays 0.3
Fixing the D** 7T v, and D:*+T+VT fractions tll'?g
Knowledge of the D:' — 37X decay model 1.0

Specifically the D:_ — a1 X fraction 1.5
Empty bins in templates 1.3
Signal decay template shape 1.8
Signal decay efficiency 0.9
Possible contributions from other 7 decays 1.0
B — D*~ DT (X) template shapes tzo'?g
B — D*~ D°(X) template shapes 1.2
B — D*~ D;"(X) template shapes 0.3
B — D* 7~ 37w X template shapes 1.2
Combinatorial background normalisation too'“r%
Preselection efficiency 2.0
Kinematic reweighting 0.7
Vertex error correction 0.9
PID efficiency 0.5
Signal efficiency (size of simulation sample) 1.1
Normalisation mode efficiency (modelling of m(37)) 1.0
Normalisation efficiency (size of simulation sample) 1.1
Normalisation mode PDF choice 1.0
Total systematic uncertainty t65"29
Total statistical uncertainty 5.9

57th Recontres de Moriond 2023

BESIII results from
D - 3m* should
help reduce this

systematic in future.
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Previous vs current leptonic 7

Previous

Table 1: Systematic uncertainties in the extraction of R(D*).

Model uncertainties

Absolute size (x107?)

Simulated sample size 2.0
Misidentified g template shape 1.6
B° — D** (7~ /u~)v form factors 0.6
B — D**H.(— pvX')X shape corrections 0.5
B(B — D*777,)/B(B — D*1u"v,) 0.5
B — D**(— D*mr)uv shape corrections 0.4
Corrections to simulation 0.4
Combinatorial background shape 0.3
B — D**(— D**m)p~v, form factors 0.3
B — D*" (D, — tv)X fraction 0.1
Total model uncertainty 2.8
Normalization uncertainties Absolute size (x1072)
Simulated sample size 0.6
Hardware trigger efficiency 0.6
Particle identification efficiencies 0.3
Form-factors 0.2
B(t™ = pv,v;) < 0.1
Total normalization uncertainty 0.9
Total systematic uncertainty 3.0

Current

Internal fit uncertainties OR(D*)(x1072)  oR(poy(x10~2) Correlation

Statistical uncertainty 1.8 6.0 —0.49

Simulated sample size 1.5 4.5

B— D®DX template shape 0.8 3.2

B— D™ ¢, form-factors 0.7 2.1

B— D**uv, form-factors 0.8 1.2

B (B— D*D; (= 777,)X) 0.3 1.2

MisID template 0.1 0.8

B(B— D17 v, ) 0.5 0.5

Combinatorial < 0.1 0.1

Resolution < 0.1 0.1

Additional model uncertainty OR(D+)(x1072)  OR(poy(x10-2)

B— D®DX model uncertainty 0.6 0.7

B%— D:*p~v, model uncertainty 0.6 24

Data/simulation corrections 0.4 0.8

Coulomb correction to R(D**)/R(D*?) 0.2 0.3

MisID template unfolding 0.7 1.2

Baryonic backgrounds 0.7 1.2

Normalization uncertainties OR(D+)(x1072)  TR(poy(x1072)

Data/simulation corrections 04xR(D*)  0.6xR(D")

T~ — p~vw branching fraction 0.2xR(D*)  0.2xR(D°)

Total systematic uncertainty 2.4 6.6 —0.39

Total uncertainty 3.0 8.9 —0.43
28
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Previous vs current hadronic T

Previous Current
Table 7: List of the individual systematic uncertainties for the measurement of the ratio Source Systematic uncertainty on K(D™) (%)
B(B° - D*~rtu;)/B(B° — D*"3x). PDF shapes uncertainty (size of simulation sample) 2.0
B — Fixing B — D*~ D (X) bkg model parameters 1.1
Coninbutlo_n o — Value in % Fixing B — D*_DO(X) bkg model parameters 1.5
g(’r ? 37(”")/8(71 - 3;(7r )vx) g; Fractions of signal 7 decays 0.3
orm factors (tem]‘) ate shapes) ’ Fixing the D** 77 v and D***+ 1. fractions +11'%
Form factors (efficiency) 1.0 ¥ ° -1
Ao Knowledge of the D" — 37X decay model 1.0
T polarization effects 04 ° Sy '
Other 7 decays 1.0 Speuflca!ly the D, — a1 X fraction 1.5
B — D*1tu, 23 E-mpty bins in templates 1.3
B® — D**1%v, feed-down 1.5 S!gnal decay ter_n;.nlate shape 1.8
DF — 37X decay model 25 Signal decay efficiency 0.9
D¥, D° and D+ template shape 2.0 Possible contr_i’_butions from other 7 decays +21.20
X — .
B — D*~D}#(X) and B — D*~D°(X) decay model 2.6 B — D*™ D7 (X) template shapes i
D* 37X from B decays 2.8 B — D*~ DY(X) template shapes 1.2
Combinatorial background (shape + normalization) 0.7 B — D*~ D7 (X) template shapes 0.3
Bias due to empty bins in templates 1.3 B — D* 7 37X template shapes 1.2
Size of simulation samples 4.1 Combinatorial background normalisation t0056
Tr%gger acce.ptance 1.2 Preselection efficiency 2.0
Trlgger eﬂicu?ncy L0 Kinematic reweighting 0.7
Onl?ne Select?on 20 Vertex error correction 0.9
Offline selection 2.0 PID efficiency 05
Chal:gedjlsola.tlon fllgorlthm e Signal efficiency (size of simulation sample) 1.1
Particle identification 1.3 o - .
v Normalisation mode efficiency (modelling of m(37)) 1.0
Normalization channel 1.0 S . . . .
: o 3 : : Normalisation efficiency (size of simulation sample) 11
Signal efficiencies (size of simulation samples) 1.7 o .

: N . : : : Normalisation mode PDF choice 1.0
Normalization channel efficiency (size of simulation samples) 1.6 Toral - - 57
Normalization channel efficiency (modeling of B® — D*~3r) 2.0 otal systematic uncertainty —5.9
Total uncertainty 91 Total statistical uncertainty 5.9
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TraCk and Vertex reCOHSthtiOIl [LHCb-DP-2014-002]

Vertex locator

EcaL HCA

> 42 silicon modules provide r and ¢ coord.
P ¢ / IT+OT SP M4 Mo

> Retractable halves M3

T3

: : 3 "
» 8mm from beam in data taking / MMagneL RICH2 im1 -
Tl
RIC

Tracking stations il TT
» TT and IT: silicon microstrips itexX
» OT: Straw-tube modules opetlD

Dipole magnet
» 4 Tm magnetic field
» Polarity inverted every few weeks

Muon stations

= Tk
» Consists of 5 stations (M1-M5)
» MWPCs + triple GEM * Good decay time res. a,~45 fs wrt 15~ 1.5 ps

* Good momentum res. %p~0.5% — 1% (5 — 200 GeV)
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http://arxiv.org/abs/1412.6352

PartiCIe identiﬁcati()n (PID) [LHCb-DP-2014-002]

Ring imaging Cherenkov detectors

» PID for kaons, pion and protons
» Covers a wide momentum range

Calorimeters

» SPD,PS,ECAL,HCAL
> PID fore,y, n°
» Energy and position for neutral objects
and trigger for e,y

Muon stations

» 5 stations (M1-MS5) have high purity
PID for muons

° GPID(K_)K) > 959%,.

Magnet RICH2 1 -

T2
il |

‘ Emi%f(ﬂ_’K/P/ﬂ/e)< 5% E e, FEEL M4 M5
M3
RICH

1
TT,

SPD: Scintillating pad detector
PS: Preshower
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http://arxiv.org/abs/1412.6352

Vertex reconstruction

[LHCb-DP-2019-001]

— 100 e
S 90F 3 2016 Momentum-
= 80F —— 2016 Resolution
Excellent vertexing in VELO! Can still = 70F 2015 Resolution 3
5 60k — esolution E
reconstruct downstream decays (Kg, A). R :
n . e —o——0— =
S —————t——%— o . 4 . = 3
¥ 400 ST o =
2 28 3 LHCb -
T 10k B~ Iy 6
> = e
0 AR ST T S S S S N S S TR N (N S e SR NSS!
§ 0O 100 200 300 400
A p [GeV/c]

» Good resolution on Impact Parameter (IP)
required for efficiently selecting B decays:
o;p~20 um for high pr tracks.

» Good resolution on decay time crucial for time-
dependent CP violation analyses:
o,~45 fswrt tg~ 1.5 ps
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https://arxiv.org/pdf/1812.10790.pdf
https://cds.cern.ch/record/2764338/files/LHCb-PAPER-2021-005-arXiv.pdf

Track reconstruction

Excellent track reconstruction!
* e(tracking)~96%

. %No_s% — 1% (5 — 200 GeV)

¢ a(m]/¢)~15 MeV

I
|, [LHCb-DP-2014-002] T/}

LA I DL B R | T L B
3 4 5 6 7 8 9 10 M
z (m)

2
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Efficiency

G, [MeV/c2]

1.04 . _ LHCb preliminary
12-  Muon tracking efficiency
1=
0.98F-
096~
0.94 =
0.92F-
0.9;— —— Data 2012
0.88 —e— Data 2015
0.s6E- [LHCb-FIGURE-2020-010]  ——Data2018
T30 50 80 10 120 40160180200
p [GeV/c]
T T T T
5 - LHCb i
107 . . E
= Resolution as function :
L of dimuon mass ]
10°F 3
- J /Y Y(1S, 2S,35) :
105 Y(2S) [LHCb-DP-2014-002] =
— o e . . |||1|||:
104 10°
m(utuT) [MeV/c?]
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https://cds.cern.ch/record/2718525
http://arxiv.org/abs/1412.6352
http://arxiv.org/abs/1412.6352

Particle 1dentification performance

3;1-4"'|"'|"'|"-|"'
. . .g 1.2 LHCDb Preliminary ProbNNK > 0.8 (3 © 2213
* Charged: Combine info from RICH, CALO, MUON. 2 p v ey v
=1 O 0 2015
* €p;p(K = K) > 95% (same for u and lower for e) A,
0.8 -,
€misip (T = K/p/uje ) < 5% ek K=K *%:SE
* Neutral: Dedicated NN for identifying deuterons and 0afy [LHCb-FIGURE-2020-012] 4
separating ¥ from hadrons, e* and high-energy 7 °s. 0.2 K +
T 50 220
g i = e Momentum (MeV/c)
E 180 §100_—
5 o 10 g [ Seperate y from
. o gof— .
3 35 e - high mom. °
.é 120 L
S 30F 100 “C |LHCb
S F —{80 i e .
25 , 5 ol Simulation B, — K’y
20 : : 40 - — Signal Data B, — K'my
[LHCb-DP-2014-002] ., f-
- o . . . ... - [LHCb-PUB-2015-016]
10 102 0_'|1'"'o|5""cl)""0|5""1
Momentum (G&V/C) ) - ' n/'y separation cut

T/
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https://cds.cern.ch/record/2718739?ln=en
https://cds.cern.ch/record/2042173/files/LHCb-PUB-2015-016.pdf
http://arxiv.org/abs/1412.6352

LHCb trigger (2015-2018)

[2019 JINST 14 P04006, Comput.Phys.Commun. 208 (2016) 35-42]

LHCb 2015 Trigger Diagram

» Trigger needed to reduce storage and 40 MHz bunch crossing rate
readout costs with good signal to [ 1 ]
backgrOllnd ratio. LO Hardware Trigger : 1 MHz

. readout, high Er/Pr signatures
» Consists of three stages: — Y Y
 L0: Hardware, E /py thresholds. el W LU
40 MHZ — 1 MHZ :'Software High Level Trigger :
 HLT1: Software, partial reconstruction, [ Partial event reconstruction, select ]
displaced tracks/vertices and dimuons

1 MHz - 150 kHz. :
e HLT2: Full event reconstruction, bt sl b sty

100 kHz — 12.5 kHz.

[Full offline-like event selection, mixture

of inclusive and exclusive triggers

- 9 »
12.5 kHz (0.6 GB/s) to storage

LO: Level 0 trigger
HLT: High level trigger
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https://iopscience.iop.org/article/10.1088/1748-0221/14/04/P04006
https://www.sciencedirect.com/science/article/abs/pii/S0010465516302107

Inst. luminosity [10%° cm2s!]

16
14
12
10

LHCb

and present

_Run | Run 2 Run 3 Run 4 Run 5 Run 6
® [ ]
o
Runl +2 Upgrade ||

1 primary vertex .
per event Inst. Lumi~S x Run2

(PVs/evt) 5P

Illllllllllllllllllllllllllllll

llllIllllIllllIllllIllllllllllllllll

1 1 | M
8010 2020 2030

Year
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2040

350
300
250
200
150
100

N
-

0

Int. luminosity [fb']
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Brand new

detector for
2022-2032!

40 Tbit/s

40 MHz readout
software trigger

new pixel detector Upstream Tracker

silicon strips

UT will go in end
of this year

30 MHz

1 — 2 Thit/s 1 — 2 Thit/s 80 Gbit/s
HLT1 Online HIT? Offline
artial event 0(20 — 30 PB) buffer full event :
rgconstruction real time reconstruction Analysis
& selection alignment and calibration & selection
1 MHz 1 MHz

Update alignment & calibration constants

57th Recontres de Moriond 2023

new PMTs, readout
electronics, optics

RICH
Muon chambers

more shielding, upgraded
readout electronics

Calorimeters

reduced PMT gain, new
electronics

SciFi Tracker
scintillating fibres

No hardware trigger, fully software based!
Hadronic yield /fb~1 : 2 x Run2
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Inst. luminosity [10* cm™2s'!]

LHCb future (HL-LHC, 2035-2042)

Run 1 Run 2 Run 3

9

(PVs/evt)

Runl+2 = = | Upgradel

1 primary Inst. Lumi+-5

vertex per x Run2
event 5 PVs/evt

90 10 2020
Year

1 1 M
2030

Run 5 Run 6
. o —; 350

E 300 P

Upgra 250 =
20 2

Inst. lumi ~ 505 =
— 150 €

55/PVs/evt 'V =
—s50

T

bridge to future

accelerators

e Starting R&D phase of new technologies

extreme radiation hardness

low-cost monolithic pixels

cryogenic cooling (for SiPMs)

precision timing for tracking and PID

— LHCDb welcomes

new collaborators!
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[CERN-LHCC-2021-012]

LHCb
UPGRADE!

Technical Design Report



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

Upgrade 11

Magnet Side Inner/Middle/

Outer Tracker

Tungsten
ECAL

¥ Neutron
CH Shiekding
RICH2

--------------------------

Spatial
resolution
& Timing [ |

Phase-II |
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