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Charged current transitions

* Tree level quark transition with W emission

- Advantages: + r
- The contributes to decay rate can be factorized v
in weak and strong part b 5
B | D /D
dT (B> XIv) q

dqz OCG123|Vbq2|f(q2)2

- The theoretical calculation can be simplified

- Factorize long (form factors) and short (Wilson Coefficients) distance
effects

- Challenges:

- Missing neutrinos — lower resolutions
- Large partially reconstructed backgrounds

- Large and perfectly calibrated simulation samples needed for modeling
signal and backgrounds
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« LHCb was originally designed for CP violation and rare beauty & charm decays

 But now it is a general purpose detector: exotic spectroscopy, EW precision
physics, heavy ions, fixed target program...

Paricep | Upgrade 1
New : LHCb Cumulative Integrated Recorded Luminosity in pp, 2010-2018
Calorimeters
detector + Reduce PMT gain Muon — _ . 2018 (6.5 TeV): 2.18 /fo
electronics . i 2 C | e 2017(654251 Tevy: 171 b+ 0,10/
New — + new electronics new\el\ectronlcs - 9 2016 (6.5 TeV): 1.67 /b
// Side View ‘ CAL A >, = 2015 (6.5 TeV): 0.33 b
Vertex / / ECAL‘ iy v f O\ 5 BE 2012 (4.0 TeV): 2.08 /fb
Detector |/ / M2 % e 7B 2011 (35 TeV): 1.1 b
/ A\ E - 2010 (3.5 TeV): 0.04 /fb
4E 5 4 (LSt
= ¥3 f Q — H
Vertex. Ayl i/ o) = : : ;
Locator /f| 7~ L g e | S
----------------------------- -8 E
e
' o C
7 in IS =
N — 0=
1 i 2010 2011 2012 2013 2014 2015 2016 2017 2018
: : : - Year
New Tracking stations + trigger-less readout & sw trigger on GPUs

Runl: 3 fb!'@ Vs =7-8 TeV
Run2: 6 fbl@ Vs =13 TeV

LHCD is a spectrometer in the forward direction (2<n<5)

Excellent vertexing, tracking and particle identification
Low trigger threshold on hadrons, muons and photons
Production of all types of b and ¢ hadrons
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Recent LHCDb semileptonic results

Measurement of the ratios of branching fractions R(D*) and R(D?)
[Phys.Rev.Lett. 131 (2023) 111802]

Test of Lepton flavour universality using B? — D*t*v decay with hadronic t
channels
[Phys. Rev. D108 (2023) 012018]

Observation of the decay A% — At tv
[Phys. Rev. Lett. 128 (2022) 191803]

Measurement of D* longitudinal polarization in B® - D*t*v decays
[arXiv:2311.05224 - Submitted to PRD]

First observation of the decay B ° - Kp*v and a measurement of |V |/|[V
[Phys. Rev. Lett. 126 081804]

cb|
Measurement of |V | with B_.° - D _"p*v decays

[Phys. Rev. D 101 072004]
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Recent LHCDb semileptonic results

Measurement of the ratios of branching fractions R(D") and R(D°)
[Phys.Rev.Lett. 131 (2023) 111802]

Test of Lepton flavour universality using B? - D*t*v decay with hadronic t
channels

[Phys. Rev. D108 (2023) 012018] ——) ) s———) ATNAU'S talk

Observation of the decay A% — At tv
[Phys. Rev. Lett. 128 (2022) 191803]

Measurement of D* longitudinal polarization in B° - D*t*v decays
[arXiv:2311.05224 - Submitted to PRD]

First observation of the decay B ° - Kpu*v and a measurement of |V, |/|V
[Phys. Rev. Lett. 126 081804]

cb|

Measurement of |V | with B - D_“u*v decays
[Phys. Rev. D 101 072004]
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Recent LHCDb semileptonic results

« Measurement of the ratios of branching fractions R(D*) and R(D?)
[Phys.Rev.Lett. 131 (2023) 111802]

» Test of Lepton flavour universality using B? - D*t*v decay with hadronic t
channels

[Phys. Rev. D108 (2023) 012018] ) s> mmm——]> Arnau's talk

« Observation of the decay A% —= Ac* v
[Phys. Rev. Lett. 128 (2022) 191803]

 Measurement of D" longitudinal polarization in B - D*t*v decays
[arXiv:2311.05224 - Submitted to PRD]
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Longitudinal D® polarization: beyond the LFU

[arXiv:2311.05224]

Lepton Flavour Universality tests using charged current decays of D and D* show
a tension from the Standard Model of 3.20

New physics can strongly affect the D" longitudinal polarization F.P* also if LFU
ratios align with the SM prediction [arXiv:1907.02257]

Measured by Belle: 0.60 += 0.08 *£0.04 [arXiv:1903.03102]

D* rest frame

The differential decays rate of D*— D°m can be
expressed as

d?I’

DO

= ay,, (¢*) + ¢y, (¢*) cos* Op

dg*d coslp

F:P* can be calculated as
agp (‘rfz) + Cop (qg)

}F.E* — ) i
3ag, (¢%) + cop, (¢°) g’ is the squared
where invariant mass of tv
* agand ce are linear combinations of the angular coefficients
2 / 2 3 /
an,(q°) = N“PO - PDF unpol|cos 6p=0, Cop(q°) = EN'OO Apin
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Dataset: Runl1(3 fb') and Run2 (2 fb!) [arXiv:2311.05224]

Bl—D*-tty,

B? - D*t*v, T - 3n*(n%)v
+ good tau vertex reconstruction
- large hadronic background

Most dominant: B - D* 3n X (BF ~ 100x signal)
* Suppressed by requiring the t vertex to be downstream wrt B vertex along

beam direction with a 40 significance
* additional BDT in Run2 to reach Runl ( rejection >99.9%)

B - D* D*%, X (BF ~10x signal)
- Similar topology to that of signal but detached vertex due to non-negligible

lifetime
* Suppressed by rejecting candidates with extra charged tracks from B/t

vertex
— rejected through isolation algorithm and BDT classifier, whose output

used in template fit
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F.P*determined in two g?regions:
q? >7GeV?/ct, g? <7GeV?/ct

F.P* is extracted from asand cedetermined by
splitting the simulated signal sample in

¢ Nunpolarized X de
¢ Npolarized x Co

4D template fit:

o T lifetime

° q2

* cos Op

* Anti-Ds BDT output

TAU2023

Longitudinal D" polarization: template fit

Arbitrary scale
=
[#%]
L

Candidates / { 0.333 ps )

1] 0.5 1 1.5 2
 Simulated cosOp signal distribution " 1P
corrected for reconstruction effect 21e Lrich R 16 1)
g :: g > 7 Geviet E
* cosbp distribution corrected through fully S ;
reconstructed control samples: Jos
* Ds— 3n*, D*- K 2o*, D% K 3o* 02
-1 0 1-1 1] o 1
« simultaneous fit to Runl and Run? ; P ———
S 6 LHCh Run 1 (3 fb) 3
= s :
- Dominant sources of systematic uncertainties: £ - i
* limited size of simulations samples Ei ;
» form factors parametrization l 3
[aI‘XiV: 2311.052 24:] ’ o an(t]fDi BDT%ilput
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LHCb simulatio:

q? <7 GeV?/c*

Candidates / ( 0.250 ps )

Candidates / { 0.333 )

Candidates /{ 0.117 )

I polarized
— unpolarized

q? > 7 GeV?/ct

1-1 0 1

cosép,

T -

LHCh Run 2 (2 fb™)
== Data ]
= Tatal model ]
W0,
BD" v, ]
We-0 o'y
Moo o ]
B0 Dy
B0 ]
I Combinatorial ]

[u] 05 1 15 2

LHCh Run 2 (2 fb™) 3

¢ =7 Geviie

cosd

L )
LHCh Run 2 (2 fb) 3

0.2 0 0.2 0.4

anti-D. BDT output
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[arXiv:2311.05224]

« Two different control samples are used to validate the D*s backgrounds due to

the poor knowledge of the BF and the relative fractions: Y
——— Data

N
o
o

« D*s— 31 X to correct the BF relevant

to D*s meson production B'—=D D,(2317)

B"—D D!

B’—D D, (2460)"

w
o
o

g LHCb
i Run 2 (2 fb'})

[N
o
o

« B- D™ D*s (X) decays to constrain the

Candidates / ( 20.667 MeV/c?)

relative components in the final fit —  goop B'—D DX
of B 5D Dix
oo 45{;?(1)*311:*??%/([}13\/’/02] - Combinatorial
* Results integrated over runl and run?2
¢ < 7GeV¥c! 0.51 £ 0.07 (stat) & 0.03 (syst),
¢* > T7GeV¥c' © 0.35 4 0.08 (stat) 4 0.02 (syst).
¢* whole range : 0.43 4+ 0.06 (stat) + 0.03 (syst).

» All results are found compatible with the SM within 1o

* Plan is to update the F.P* value in parallel with the R(D*) measurement in
hadronic t channel.
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Recent LHCDb semileptonic results

« Measurement of the ratios of branching fractions R(D*) and R(D?)
[Phys.Rev.Lett. 131 (2023) 111802]

» Test of Lepton flavour universality using B? - D*t*v decay with hadronic t
channels |
[Phys. Rev. D108 (2023) 012018] ) ) smmm—p Arnau's talk

« Observation of the decay A% —= Ac* v
[Phys. Rev. Lett. 128 (2022) 191803]

- First observation of the decay B.° - Kp*v and a measurement of |V ,|/|V
[Phys. Rev. Lett. 126 081804]

cb|
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Measurement of |V |

* The parameters of the CKM matrix must be constrained in order to
 test the unitarity of the CKM matrix
» precisely measure the amount of CP violation in the quark sector
— measurement of observables sensitive to the magnitudes of CKM matrix

elements
1-5 LI | I | T LI | ||||| I L T LI L | T rrj'_| 4'8 - ! ! ! I ! ! ! I ! L U I ! ! 2' I ! ! ! I -
I [ excluded aroa has CL>0.65 ; ] b C ; Ay~ = 1.0 contours .
. % E 4.6 :_ Exclusive [V | lusive —:
— 44F = Exclusive [V | V| GGOU .
= - — ub.' . __
2 42 :_ IV V.| [V,,J: global fit _:
[ HFLAV Average .
4= =
3.8F =
1= e P El
3.6 =
34F N -
32F =
3 Eﬂ ! sol. Wéos28<0 = 2021 | o
I Spring2 (excl. al CL>0.95) | 28 P(x)=8.9% ]
_1.57I\IJ|III\]IIIII\Illlll\lll\l C PRSI USSR S TSN SN S NS S S S S S i
-1.0 0.5 0.0 05 1.0 1.5 2.0 36 38 40 42 44 )

- Measurements of |V, | provide a crucial input for indirect searches of New
Physics

* Discrepancy between exclusive and inclusive
measurements: = 30 tension
— new complementary measurements
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Measurement of |V |

- Two main ways to measure |V | and |V_|: M
Inclusive decays: 70 V|
« B*>X Iv,B° =X lv ’

* Focus on all final states
* Need to know QCD correction to parton level decay rate

Exclusive decays:

* Focus on a single final state

* Exclusive determinations rely on form factors (FF) to parameterize hadronic
current as function of g2 (pv invariant mass): LQCDor QCD sum rules
« Extracted in experimental measurement from data

* Ground state hadrons in the final are the golden modes for lattice QCD predictions
and have the lowest theoretical uncertainties.

- B, decays are advantageous compared to B°/*

Easier to calculate in LQCD due to heavier spectator quark — more precise
predictions
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Measurement of |Vu/Ve | TR

[Phys. Rev. Lett. 126 081804]
* The strategy:

* Dataset: 2012, 2 fb! @ 8TeV

Signal: B’ - Kp*v
Normalization: B° - D p*v where D, - K*Kmr

CKM extraction strategy:

B(B,wK p'v,) _ [Vl . FFyg

BB=Dswvy)  [Valt T oy

v Theory
Experiment

The |V ,|/|V_| ratio is derived in two regions of g (pv invariant mass) to exploit
different FF_ calculation method:

* Light cone sum rules (LCSR) @ low g? (g?<7 GeV?/c?)
- LQCD @ high q? (g?>7 GeV?/c?)

Normalization mode FF_fully described by LQCD [Phys Rev D. 101 074513]
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The FF, TG

[Phys. Rev. Lett. 126 081804]
« Calculations from QCD light-cone sum rules are most precise at large recoil
(low g*)
[JHEP 08 (2017) 112]

» Lattice QCD predictions provide a precise determination of the form factors at

low recoil transfer (high g2 )
[Phys. Rev. D 90, 054506] [Phys. Rev. D 91, 074510] [Phys. Rev. D 100, 034501]

_IIII|'I'TTT]'T1IIIIIIIIIIII _I'TTT]T'IIIIIIIIIIIIIIIIII_-
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The backgrounds TR

[Phys. Rev. Lett. 126 081804]

« B?-> Knutv
- main background originates from H,— H (- KX)pu*X' (unreconstructed particles)
- B - K¥(—- Ko%)p*v Muon

B, Kuvw chambers

- B = [cc] (- prp)KX

« B°—>D_pv
- B> D" (->D_yutv
- B> D_"p*v, B, ..~ D,DX and B° - D_~t*v

,d

* To suppress background
- the candidates are required to be isolated from the other tracks in the event
- BDT classifiers exploit the kinematics of the decays

- The B momentum can be calculated with a two fold ambiguity — regression
model that exploit the B_ flight information [JHEP 02 (2017) 021]

* Ambiguity solved by selection the solution most consistent with the regression
value
ce=70%
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Signal and normalization fits THE

[Phys. Rev. Lett. 126 081804]

e The measured ratio is

Ratio of
yields

0 _, =1+
B(BvéK H yu)_NK €DS B(D- K+K_ _
BBY = Dopv,) Np ex s~ K K o)
( Ly - Y ;’t v‘u) DS €K [Prog. Theor. Exp. Phys. 2020, 083C01 (2020)]

Efficiency

ratio

- A binned maximum likelihood fit to the B_corrected mass

Meorr = \/mz(Yu) +pi(Yu) +p1(Yp), Y =K ,D;

 If only missing particle is a neutrino the corrected mass distribution will peak at
the B_mass

» Resolution improved by rejecting events with a large corrected mass uncertainty
(>100 MeV/c?)
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Signal and normalization fits

LI600E | Daa w1 Losoof
% 1400 —+— Total HCl]) — % u
> 1200 [ B > K pty, 2167 3 So000f
= F—— H,—> H(—> KX)uX'|, 1 < -
TI00F— BY 5 kv, 1 Tis00f
g so0f 15 f
S 600 F 4 S1000fF
2 400f 1 2 _f
< - ] < 500
“ 200F T
0 T ety ! Mt .! - - L ___ H 0 2 . - e
3000 4000 5000 3000 4000 5000
m.., [MeV/c?] Moy [MeV/c?]
N(BY — K~ putv,)ow = 6922 + 285 N(BY — K~ ptvy)high = 6399 + 370
B} = Ds vy
* The largest systematic uncertainty is 60000 T Bar
from the fit templates ";;50000;_:}??%;%
140000 — Bi—=D, v,
- First observation of the decay B - Ku*v o000 B0 wvm DX
I3 N
%20000:— B, —~D; DX
E]OOOOE——MisID
30(-)0 4000 5000 6000

m,,, [MeV/c?]
N(B? — Dy ptv,) = 201450 + 5200
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Extraction of |V |/|V,,| THRCL

[Phys. Rev. Lett. 126 081804]

* The obtained values are  B(B'»K pu'v,) _ Vi FFx
BB=Dsprv,)  [Valt T g
o~ Theory

Experiment

B(B? - K~ utvy,)
B(BS — Ds ptvy)
B(BY - K—u*v,)
B(B3 — Ds pitvy)

= 1.66 4 0.08(stat) + 0.07(syst) 4 0.05(Ds) x 103

* q*>7 GeV?/ct:

© q?<7 GeV?/c*: = 3.25 £ 0.21(stat) "% S (syst) £ 0.09(Ds) x 107°

\Vubl/\ﬂbhbw} = 0.0607 + 0.0015(stat) + 0.0013(syst) £ 0.0008(D,) £ 0.0030(FF)

Viol/ Vo igny = 0-0946 & 0.0030(stat) 9055 (syst) + 0.0013(D,) + 0.0068(FF)

— T T T T " - - T T a F o v T i
LHCb = ofF z Z LHCb -
0 —_ . —_g : g g -
By - Kutv, - LCSR (Khod.& Rus.2017) Discrepancy related to the > sk = = E
2 <7 GeVHch : ) ; = °r 3 5
i = difference in the theoretical - > > 2 ]
By - K u'v, ~s— LQCD (MILC2019) leulati Frehe f £ A |V,,| Inclusive @> 7 GeV l E
& > 7 GeV/ct calculations of the form factors. B
A) = puv, e LQCD (Detmold2015) 5 ! Nl
g2 > 15 GeV¥ ¢t 3-_Ab -»tha-qb 15 GelV” :
A\ |V PDG) = - ]
| ub |cxcl | cb |cxcl( ) 2 N ]
L 1 L L L 1 1 L L L L | 1 [ n n " i 1 n L I I 1 I
| Vo I/ Vo | V| [107]
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Recent LHCDb semileptonic results

« Measurement of the ratios of branching fractions R(D*) and R(D?)
[Phys.Rev.Lett. 131 (2023) 111802]

» Test of Lepton flavour universality using B? - D*t*v decay with hadronic t

channels
[Phys. Rev. D108 (2023) 012018] ) sesss)> mmmmmdP Arnau's talk

« Observation of the decay A% —= Ac* v
[Phys. Rev. Lett. 128 (2022) 191803]

- Measurement of |V | with B - D_“u*v decays
[Phys. Rev. D 101 072004]
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|V |: with B - D_"p*v decays

[Phys. Rev. D 101 072004]

Signal: B° - D ®p*v where D_— ¢(— K*K)m, y or m°not reconstructed

Normalization: B° - D®-ptv

Both channels reconstructed in the same final LT RN I AR AR D17
states > 40 I
S 35 3

s | ]

Extract [V_ | from 30 |
2. 25 L

A C | ]

. _ 20f ]

R* = B(Bg — Di_ﬂ-l_p“) R = B(BE — Diﬁ"‘vﬂ) é 15| I E
B(B" — D" uty,) B(B"— D putv,) 'c% 1o} i :

O 5 N

%00 1850 1900 1950 2000 2050
2

. M- [MeV/c?]

external input:

- hadronization fractions f /f, [PRD(2019)031102]

* branching fractions [PDG]
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IV _|: with B ° - D _“p*v decays

[Phys. Rev. D 101 072004]

* Due to the undetected neutrino we cannot determine precisely the g2
— use variable p,(D_) with respect to B flight distance:

* high correlated with hadron recoil w
» fully recostructible

LHCDb Simulation

1
Ds()+p > s _
=

I = 14
13
1.2
1.1

! 05 — 1 1.5 2 25

p (D7) [GeVic]
LHCb Simulation
¢ A1 : r - = 1450
d'T'(B — D*pv) 3mym,.Ge Vool A(w.0,.0p. )2 2 14
— 'r,-}q 7 b '“-".1 s Vs ){ -

dw dcos 8, dcosp dy 16(4m)s BV g o
1.25
. 2 2 2 2
w = vg-vp- = (Mmz+mp. —q°)/(2mpmp-) L15
1.1
1.05
|

« 2-D template fit to M___and p,(D ) identify the S ‘;fl(D;_) (Gev/el

signal yields and provides a simultaneous
measurement of the ratios R® and the form factors
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><|I.{|J.:1J LI

IV _|: with B ° - D _“p*v decays

[Phys. Rev. D 101 072004] '
35 B!—Dutv, L LHCb-
300 1BI—=D; v, E

FF Parametrizations used:
* CLN and BGL

Candidates per 0.1 GeV/c?

25

20
15
L0

=T

E 7 Phys. bkg.
- [l Comb. bkg.

45 5 5.5

Candidates per 0.115 GeV/c

M. [GeV/c?]

15 25

The results are

p L(D;) [GeV/c]

\Vep|cin = (41.1 & 0.6(stat) & 0.9(syst) 4 1.2(ext))x10~>

|"
— _3 ALEPH [P 395, 373 (1997) f
|Vcb|BGf_ = (423 + 0.8(5tar) + U.Q(syst) + 1.2((—:'}(1‘))}(10 tlL,lL;é)nll]J]l{lL,[;iﬁﬁ,(lglgg”w -
. First measurement of |V _ | using B_and in a Bala [PRD 75, 012002 2009 Raa
. . Cb S BaBar [PRL 104, 011802 (2010)] HT“—“
hadronic environment CLEO [PRL , 01846 (2002 |
OPAL [PLB 482, 15 (2000)] ""|_"

OPAL [PLB 482, 15 (2000)] —
DELPHI [PLB 510, 55 (2001)]
DELPHI [EPJ €33, 213 (2004)]
BaBar [PRD 77, 032002 (2008)] e |

« Compatible with world average for both inclusive
and exclusive determinations
« Confirms trend that parametrisation is not

BaBar [PRL 100, 231803 (2008)]
BaBar [PRD 79, 012002 (2009)]

Belle [PRD 100, 052007 (2019)] oY
responsible for inclusive vs exclusive disagreements | i oo, w |”¢r-
—Exclusive average (HFLAV 2019) |
« New f/f, — V_ (arxiv:2103.06810] ”IL’(HTLAVM o .ll .
|Vep|con = (40.8 + 0.6(stat) + 0.9(syst) + 1.1(ext))x10 > 10 20 30 40 3
Veolger = (41.7 =+ 0.8(stat) = 0.9(syst) + 1.1(ext))x10~ V.| [107]
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Conclusion

Broad SL physics program at LHCDb

Successful Runl and Run2: 3+6 fb!, still many analysis ongoing

Upgrade Phase I:

* 10 times more data (20 times more hadronic events)

» Complementarity with Belle

* Synergy between LHCDb, ATLAS and CMS on some important channels

Strong program beyond flavour exploiting unique acceptance

Original LHC b Upgrade Iy rrc b
2009-2018 &ﬂ 2022-2032 &ﬂ

Upgrade Il

LﬁCb
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