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Quark coupling strengths

" Quark charged weak current couplings are described by the CKM matrix

STANDARD MODEL

Force carriers

b v u
P charm top ub
o O o O
electron muon W =
neutrinos down strange  bottom
Leptons Quarks - - .
‘s Vub
]
" The size of the CKM matrix elements VCKM — \Hl - ‘v‘cb $
determines how much quark transitions V%d \ﬁ -
S

are favoured or suppressed
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CKM quarks-mixing matrix

| - ‘S Vub “

" Cabibbo-Kobayashi-Maskawa (CKM) matrix: o
31 3 unitary matrix, can be parametrised Vekm = Ved - Vey 3
with 3 angles and one CP-violating phase in V%d \"cs -

the Standard Model

From unitarity of the CKM matrix, the unitarity triangles

Vid Vu!b + Vcdvc!b + Vg Vt!b =0

| m

Vid Vip
Vud Vi
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CKM quarks-mixing matrix

Cabibbo-Kobayashi-Maskawa (CKM) matrix: o
31 3 unitary matrix, can be parametrised Vekm = Ved - Vey 3
with 3 angles and one CP-violating phase in V%d \"cs -

the Standard Model

From unitarity of the CKM matrix, the unitarity triangles

Vid Vu!b + Vcdvc!b + Vg Vt!b =0
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INTRODUCTION

Fantastic beasts: Semi-leptonic decays

Charged current, tree-level (focus on b-hadron) semi-leptonic decays

" Large branching fractions, systematics often are the real challenge

Theoretical uncertainty controllable, depending on  Lattice calculation
Improvements
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Useful to measure CKM matrix elements

Useful for many (direct) measurements of size of the CKM matrix elements

IVuo| = (3.82% 0.24) x 10 3
New [Vub|/|Veh|

\/ _ measurement!
CKM —

PAPER-2020-038,
arxiv:2012.05143
submitted to PRL

vi| = Before LHCb First [Vch]
measurement at a
hadron collider!

Phys. Rev. D101 (2020)

072004

+ differential

decay rate shape
JHEP 12 (2020) 144

Vep| = (41.0% 1.4)! 10 °

) ) ) ) | ) ) ) ) ] ) ) ) )
0 0.05 0.1 0.15
Fractional uncertainty
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INTRODUCTION

Exclusive |Veo| and [Vus | determinations

Most frequently used semi-leptonic decay to measure |Vub]:
|-

Ground state such a pion: useful to
control theoretical uncertainties

(\I"I_| B I T T T T l T T T T l T T T T l T T T T I T T T T I ]_
%) 10/~ Iv I1=[3.67 =008 (exp) = 0.12(theo) | x 10°  + Average Belle + BaBar |
(O] - ub —4— LCSR (Bharucha)
coo —  Fit prob.: 47% = BCL fit (3 + 1 parameter) n
g T g - Data & LQCD (FLAG) & LCSR -
q (\-18- : J# 1
= 4 1
e B
= i
s} B
m -
o R
2— Wala¥W:\4 —
B
O B | 1 1 1 1 | 1 1 | | 1 | |
_ _ 0 5 10 15 20 25 ,
Differential q? [GeV]
decay rate

d (B™! 1ty ") [(GEIVun IR |
dop 24! 3

component encompassed by
form factors
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Exclusive |Veo| and [Vus | determinations

" Measure differential decay rate of each decay mode
|-

Differential
decay rate A (BO N D! ,U+! ll)

*considering
lepton mass

GZ | Veo|?"ew |?|#l¢*

QCD component encompassed by form factors

Helicity amplitudes
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Inclusive |Vcp| and |Vub | determinations

" Forget about the Form Factors, just measure b! c¢!I" or ! !"

" Measure total semi-leptonic branching ratio, distributions of lepton energy and
hadronic invariant mass spectra

" |VxDb| extraction based on Operator Product Expansion

(B! X !1*")" |vcb|2.#s)+ O(#2)+ ...

Perturbative expansion

" Experimentally very difbcult, especially
for Vub transitions: large Vcb
background to be excluded

g% (GeV?)
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Veo| and |Vub | status and history

(Y ear Exclusive B—mlv Inclusive
UL LA B LR B B
2004 . .
2008 S .
2010 —_——— .
2012 S e— ——
2014 e ——
B—'>1:v

2017 ——

" I A R T T B | R

45 5 55

25 3 35 4 3
IV, [x10

Not a new discrepancy!

" Vcb: measurements from ALEPH,
OPAL (excl. only), CDF (incl. only)
DELPHI, CLEO, BaBar, Belle and
LHCDb (excl. only)

" Vub: measurements from CLEOQO,
BaBar, Belle and LHCDb (excl. only)
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And where to find them

B-factories: BB produced in pair: clean environment and constrained kinematics

Belle
Detector 4" '

BaBar

Detector 3 Q p051trons >

_ \ v = ar
. s X
| > / — /{_/
e"' ’ ‘ Py A

' l

*

tag side signal side
T D

Btag leg U

B Muon/hadron detector | Tracking chamber . t
Magnet coil B Support tube . V

B Electron/photon detector 1 Vertex detector °

B Cherenkov detector
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And where to find them

" Single-arm forward spectrometer at LHC collider
" ~25 KkHz bb pairs, ~500 kHz cc pairs produced in the forward region

Large samples of semi-leptonic decays

" All hadron species
are accessible!

Magnet

B decay ISignal candidate

D decay
4 .
K ... final state
.‘%’ hadrons and leptons
m

...........

g

p pp collision

Underlying event
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AN0 WNere 1c 1A TNALY

Tracking system: excellent track & vertex reconstruction

P S L O A L LA I B
1.0 3 . .
§ 1.02 |LHCb E Tracking efbciency > 96%
£ 0.9 | p/p = 0.5-1.0%
W .96 E
0.9 =
0.9 £
0. ——Data 2015 -
8-3 —- Data 2012
20 40 60 80 100120140160180200 " IPX~20#m
p [GeV/c]

decay time resolution~ 45fs
JINST 14 (2019) P04013

Signal candidate

D decay
¢ |
K ... final state
’%’ hadrons and leptons
T

he forward region

gcaL HCAL
SPD/PS M3
2

RICH2 M

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

Underlying event

pp collision



https://arxiv.org/abs/1812.10790
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Particle identibcation
Distinguish between

— T T T T T T T T T T T T

: . ) LT ] .
Tracking system: excellent track S 14p e T muon, electrons, pions,
. — 12 - s =13 TeV 2017 validation .
AR 0 A A A A AR § 3 e AUE-9>s kaon and protons
g 1.02- LHCb - e
[ = 08F K - K - . o
£ 0.9 : = o6k -~ E
W 0.96% " . = E - . .
0.9 . - 04F ~_ 31 Kaon ID efpciency ~95%
Y . Dala 2015 2 02 Y _==~7+ Pion mis-ID fraction ~10%
' E S SR === s un - SR 1x10° i ~Q70
8:3 - Dala2012 0 m = = ~e=enx10” Muon ID efbciency ~97%
20 40 60 80 100120140160180200 JINST 14 (2019) P04013 Momentum (MeV/c)

p [GeV/c] de

EcaL 1CAL
SPD/PS

JINST 14 (2019) P04013

AN
ST
(=

J
[ o
ha s —

# ok ;5#" E
B decay Signal candidate / A fgﬁ"
D decay =

¢
K ... final state
‘% hadrons and leptons
T

-
.......
st

Underlying event

pp collision



https://arxiv.org/abs/1812.10790
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And where to find them

" Single-arm forward spectrometer at LHC collider

n Measurements shown here use a subset of the dataset collected!

LHCb Cumulative Integrated Recorded Luminosity in pp, 2010-2018
2018 (6.5 TeV): 2.19 /fb

Larg

2017 (6.5+2.51 TeV): 1.71 /tb + 0.10 /fb
2016 (6.5 TeV): 1.67 /fb
2015 (6.5 TeV): 0.33 /fb
2012 (4.0 TeV): 2.08 /fb
2011 (3.5 TeV): 1.11 /b
2010 (3.5 TeV): 0.04 /fb

T TIYPRCNE STTTCIRIRI R I
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L N I N

" AlNE
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.................................................................................
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Integrated Recorded Luminosity (1/fb)

VAR T N L R

2010 2011 2012 2013 2014 2015 2016 2017 2018

K ... Inal state

hadrons and leptons

..........

Underlying event

p pp collision
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Adding some strangeness to the puzzle -

" Experimentally complementary (e.g.
different background composition)

" Heavier spectator quark is an Veb, Vub
advantage for Lattice QCD
calculations

" Lots of recent interesting theoretical work

Phys. Rev. D 100, 034501 (2019) PRD 99 (2019) 114512
"""" HPQCD 14 (NRQCD) —— | ' ' ' ' |
,| RBOMUKACD 18 I()I;‘_{e'&rqiabégl-llzgr; ------- - B! Dip!
| This work (Fermifab/NR; — ; | ki, (1) (HISQ,HPQCD) —o—
| h (1) (NRQCD,HPQCD) O
o 2|
< B! D'l
= ha, (1) (HPQCD) —o—
1+ ha,(1) (NRQCD, HPQCD) S
: ha,(1) (Fermilab,Fermilab/MILC) —o—
0 0.75 0.80 0.85 0.90 0.95



https://journals.aps.org/prd/pdf/10.1103/PhysRevD.99.114512
https://arxiv.org/pdf/1901.02561.pdf

IMwb|/ [Veb] MEASUREMENT PAPER-2020-038. arXiv:2012.05143 18

Measuring |V | using BJ ! K' p*!, decays

" Different spectator quark with respectto B° 1 | Ta
|- -

B(BY! K' u* )
B(BY! Ds u* )

d (B2! K' pu*uyy)ldg?
d' (BY! Dg p*uy)ldg?

Experimental measurement: yields & Theory input
precise efficiency measurement

Theory input : Complementary approaches, decay rates predicted as a function of Q2
B! K'u* u LCSR(precise at lowq?) & LQCD(precise at high g?2)

" BJ — D p*!, LQCD(precise over full g2spectrum)


https://arxiv.org/abs/2012.05143
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Hadronic form factors

" Theory input : Complementary approaches, decay rates predicted as a function of @2
" B2l K'u*!, LCSR(precise at lowq?2) & LQCD(precise at high q2)

" BJ — D u*!, LQCD(precise over full g2spectrum)

JHEPQ08(2017)112
G_\ 1 1 1 1 I 1 1 1 1 I 1 1 1 1 I 1 1 1 1 I 1 1 1 1 : ('\] ' T T I T T T T I T l_
& [JMILC 2019 [ |UKQCD 2014 ] > 16 Monahan et.al
3 07 [JHPQCD 2015 ]LCSR, Khod. & Rus] & Bailey et.al.
~ 14
écz)_ 0.6 é McLean et.al.
N’ o |
5 gl ’ By = D u' !y
S 0.5 = [
—_ | -] 1
© - N L
AN B =] -
“—=0.4F c L
. = 0.8}

0.6 -
0. o LACD calculation
t for full g2

0.1 0.2
L Phys. Rev. D 101, 074513 (2020)
O 1 1 1 1 I 1 L 1 1 I 1 1 1 1 I N 1 1 1 I 1 1 1 1 O - 1 1 L L I 1 1 1 1 I
0 5, = 10 15 20 0 5 10

? [GeVicY q? [GeV?]

Two BRs in two g2regions
Phys. Rev. D 100, 034501 (2019)



https://link.springer.com/article/10.1007%2FJHEP08%282017%29112
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.101.074513
https://arxiv.org/pdf/1901.02561.pdf
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Typical semi-leptonic signatures
Not reconstructable neutrino

Primary Vertex
(pp collision)

" Partial reconstruction ! unconstrained kinematics: (with a single missing particle
we can solve for the missing 3-momentum, with a quadratic ambiguity)

*Partial reconstruction ! large backgrounds: need to fully exploit vertex topology
Information, track isolation, available kinematic information
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Selection: isolation

Underlying event

pp collision

PAPER-2020-038, arXiv:2012.05143

|
0o -
"n o

More dlfflcult for neutral partlcles

0.06[

n ' K +/ .
< 0.05F g s LHCb_‘
o H H(! KX)ux " ]
o , S b -
004E _Bg 1 K* /J ’ ﬂ" E
0.03F ' -
0.023— —f
0.0lf— —f
O:I | | :

10.6 10.4 10.2 0 0.2

multivariate algorithm (MVA) is trained to determine if a given track originates
from the candidate, or from the rest of the event


https://arxiv.org/abs/2012.05143
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Neutrino momentum reconstruction

" Unconstrained kinematics:
longitudinal neutrino (or B)
momentum component known
up to a two-fold ambiguity

" Using linear regression predicton T o
Correct solution in 707 of the cases .
| | | j —b &+ \/ b — 4ac
— Regression p =
107" | ; I 2a ’
S i ---- Random
E
2 2
§ 107 ¢ d = |2p||,X,umXp| )
;% [
2
: b=4p| x, (2P P, xu — Mmiss);
Z
1072 ¢ . 2 1 2 2 2 2
: C = 4p_L(p||,Xu, + mBg) — Immissl )
: - ' - - ' 2 2 2
-100 =50 0 50 100 150 200 mmiss = mBO —_ mXN'

JHEP 2 (2017) 021 Aq*/q* [%)



https://arxiv.org/abs/1611.08522
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Signal/background separation

Use the corrected mass
distribution to measure the
sample composition

v,
.
.
.
.
.
.
G
G
G
.
.
.
.
.
3
.
«
5
.
.
‘e
‘.

Mecorr = M[Z)p + 1o [+ |pr | ST P

expected hadronmass - );y
More missing mass when no mass Is missing

-

60000 4 Data TR
§ ~+ Total * LHCD 1
BY" D\t 13

= 50000— = Ky 2 fol
- On o+ i
54000 —B" D, !, E
30000 E
g .
3 20000 3
© 3
< 10000 =
@) .

PAPER-2020-038, arXiv:2012.05143

3000 4000 5000 6000
Meorr [MEV/ 7]


https://arxiv.org/abs/2012.05143
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= < T ; UL L L L
Data Yields TR B e e
2 0.6 -
Zog i Fittemplated from simulated
TL0.4f
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" Vcb dominant background = odf E descpribe the data
(b->c(->K) "# X), followed by 02 E
Bs! K*"# and combinatorial oaf : :
o i
Low e igh
NBg! K ! H—HH(IOW) = 6922 + 28t NBSO! K ! U—+!u(high) = 16399 + 37(
$1600F | Data | oLy~ S2soo Ll -
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https://arxiv.org/abs/2012.05143

|Vub|/ |Vcb|
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Systematics and Branching Fraction

B(B2! Ku!)
B(BY1 Do) L7
Uncertainty All low ¢° high of
Tracking 2.0 2.0 2.0
Trigger 1.4 1.2 1.6 0 Lot —
Particle identification 1.0 1.0 1.0 B(BS 'K H '”) External innuts
| (Meorr ) 05 05 05 - f
Isolation 0.2 0.2 0.2
Charged BDT 0.6 0.6 0.6 B(BY! K' pu*!,)
Neutral BDT 11 11 L1 S , =
o migration — 2.0 2.0 B(Bg I Dg p.+ | U)
Efficiency 1.2 1.6 1.6 _
Fit template 23 48 3.0 Measured yields and
Total 4.0 A3 450 efficiencies from simulation
B(Ds! KKT) 2.8 2.8 2.8

" Systematic can be reduced with larger
data (and MC) samples

B(B2! K'p*!y)=(1.06% 0.05(stat) £ 0.04(syst) + 0.06(ext) £ 0.04(FF))" 10" *


https://arxiv.org/abs/2012.05143
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Vub |/ [Vep|(low) = 0.0607+ 0.0015(stat) + 0.0013(syst)+ 0.0008(Ds) + 0.0030(FF)

N

IVubl/ [Vecbl MEASUREMENT
Results
\Mub |/ |Vep|(high) = 0.0946+ 0.0030(stat)
| | T T T T
LHCDb
B:" Ku'v, = LCSR (Khod.& Rus.2017
P <7 Ge\/’*/c4
B: " K'u'v, e~ LQCD (MILC2019)
gP>7 Ge\}Z/C4
A — pu'v, -~ LQCD (Detmold2015)
q2 > 15 Ge\?‘/c4
| Vub |ech/| Vcb |eXC|(PDG) |
l 1 ] 1 1 l 1
0 0.1 0.2
Vol Vel

0.0024
0.0025

|Vub| [103]

2
2

(syst) + 0.0013(Ds) = 0.0068(FF)

i O ] ]
i = > ]
6 E 2 LHCD -
i = & ]
5[ W = -
: Incl z = \flc
“Fiveercuse & TS
. ageasoedIt
EEE:KEIiZZEEﬂE:””””7
2r .
- | B o

35 40 45
|Vcb| [103]

Discrepancy between measurement at low g2 and other measurements

Need to measure the full g2 shape


https://arxiv.org/abs/2012.05143
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D|gress|0n about baryons Nature Physics 10 (2015)
" Ea:)r;:onilc ef]uivalent of ) , )\ [ , 7
. . lJ. L !g u R Vub R uj Pty S Vb 5 e
b g > u b vy
" LHCb strategy: measure the (r)atio of k k
branching fractions of the I Jbaryon h -
into P Ty and ! ¢ ' T
/F\:; =1.470% 0.115(stat) £ 0.104(syst
V2 B(! 01 2 W. Detmold, C. Lehner and S. Meinel
Vool _ BC o ° pp Ty) ReF arxiv:1503.01421

o +
2| Ven|> B(! ol Lo )
Belle measurement arXiv:1312.7826

B(!p! PW Tp)gz> 156ev2ics _ N( D! P )
B' B! 'l Tgs7aevees N DI 1S( pK! " )p' 1)
LAY e pKE T ),

world average #21 pu 1))
Vep| = (39.5+ 0.8)! 10 3

B('f ! pK'"™)

Similar tools: BDT to remove additional tracks that could vertex with a signal candidate,
Efbciency from simulation with data-driven corrections


http://arxiv.org/abs/1312.7826
http://arxiv.org/abs/1503.01421
http://arxiv.org/abs/1504.01568
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Digression about baryons Nature Physics 10 (2015)
" Baryonic equivalent of
B!l 1p" I New physics right-handed current (V+A)?
Need to use something different than
purely vector current ( B°! Ip", )

N(Ip! pp Tp)=17687+ 732 (L=21fb" )
T Y N 8 | | |

:
|
Al8m0 T T T T T T T T T cb i T T T | T
RS B Combinatorial LHCb — ! E inclusive :
> 15000 [ Mis-identified x T- ' N Bl _
> e
S — et = o [ Ap—puv (LHCb) 7
Q 12000 ~" 6 1 [ combined —
— 1 B
= :
> 9000 5
Q
S 6000 4
9
&
S 3000 3
|
! ! ! ! ! - | ! !
000 2000 5000 24 02 0 0.2 0.4
Corrected pu™ mass [MeV/c?] SM €n

IVup| = (3.27+ 0.15(exp)+ 0.16(theo) + 0.06(|V,]) ! 10 °

" Does not support a right-handed coupling of signibcant magnitude


http://arxiv.org/abs/1504.01568
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Results

Vo |/ [Vep|(low) = 0.0607+ 0.0015(stat) + 0.0013(syst)+ 0.0008(Ds) + 0.0030(FF)
Vub|/ [Ven|(high) = 0.0946% 0.0030(stat)) gose (Syst) = 0.0013(Ds) + 0.0068(FF)

T 1 — T dg' - O T ]
LHCDb = 6 E E LHCDb -
— - O &) -
0 n = n =

Bs " Ku'v, = LCSR (Khod.& Rus.2017) <> i — -
P<7 GeVict — Tr >8 ~° :
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Discrepancy between measurement at low g2 and other measurements

Need to measure the full g2 shape
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Differential decay rates

" Very good Prst results with semi-
leptonic b-decays at LHCDb

" Extract |Vcb| from
measurement of decay rate as a

form factors, depending on w
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https://arxiv.org/abs/2001.03225
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|Veo| and hadronic form factors measurement using Bs decays

Fitto M., and Py distributions to extract |Vcb| and form factors .
2D template to model the data, including efpciency

dNops o d! (IVeol, Pa, )
dp! ndorr dIO! ndorr

| !(p! ,Mcorr)

Constrain form factors from lattice QCD [ PRD 101 (2020) 074513,
PRD 99 (2019) 114512].

Normalisation N contains measured B reference yields, input branching
fractions, relative b-hadron production probabillities fs/fd and Bs lifetime


https://journals.aps.org/prd/abstract/10.1103/PhysRevD.101.074513
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.99.114512
https://arxiv.org/abs/2001.03225
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|Veo| and hadronic form factors measurement using Bs decays

" FittoM.,.. and p distributions to extract |Vcb|and form factors .
2D template to model the data, including efPciency

dN gps d! (|Veo|, ha,,...)
= N I I(p ,M
dp! dM corr dIO! dM corr (p' corr)

Need to know the number of Bs produced

&y Data
pp! bbX cross section ':' —1sspata LHCD

measured, but limiting
|Vcb| precision (5-8%)

Reference decays:
Bo! DID! KK$]"#

Candidates per 2 Me¥

P oo s
‘ f
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production fraction fs/fd of Y. N
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Results

" Analysis uses inclusive sample of Ds" Pnal state (Ds* partially reconstructed)

" Need form-factor parametrisation to determine |Vcb|. General model from Boyd,
Grinstein and Lebed (BGL, PRL 74 (1995) 4603).
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Vep| = (42 .3+ 0.8(stat) + 0.9(syst) + 1.2(ext)) ! 10 °


https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.74.4603
https://arxiv.org/abs/2001.03225
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Different hadronic Form Factor parametrisation

Compared to the model from Caprini, Lellouch and Neubert (CLN, NPB 530 (1998)
153). No signibcant difference found

Vep| = (41.4+ 0.6(stat) + 0.9(syst) = 1.2(ext)) ! 10 ° BGL
Vep| = (42.3+ 0.8(stat) + 0.9(syst) + 1.2(ext)) ! 10 > CLN
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https://www.sciencedirect.com/science/article/abs/pii/S0550321398003502
https://www.sciencedirect.com/science/article/abs/pii/S0550321398003502
https://arxiv.org/abs/2001.03225
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Shape of the differential decay rate

" Additional measurements supporting the hadronic form factors

" Measurement of w distribution for Bs ! Ds*"# decays

" Independent data set. Fully reconstruct the Ds* ! Ds%by selecting the soft photon in
a cone around the Ds [3ight direction.
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Shape of the differential decay rate

for Bs#K "

" Unfold efbciency and resolution using simulated events

(1/ N gcr)]Ir) (dN ggrfr/ qu nf)
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Approximate w, the energy of the Ds* in the Bs rest frame, with linear regression as
[JHEP 02 (2017) 021]

Fit the corrected mass in bins of the approximate w

, 50000 agreement between measurements!
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Results

First measurement of w distribution
for Bs! Ds*"# decays

First measurement of |Vcb| at a
hadron collider using both Bs | Ds"#
and Bs! Ds*"# decays

IVep| = (41 .4+ 0.6(stat) = 0.9(syst) + 1.2(ext)) ! 10 °

IVep| = (42.3 % 0.8(stat) = 0.9(syst) + 1.2(ext)) ! 10 ?

" |Vcb| in agreement with both
Inclusive and exclusive determination
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SUMMARY

Conclusions

" LHCDb has just started contributing to the |Vub| & |Vcb| picture! Larger samples,
additional b-hadron species, additional observables are foreseen

" Progress in experimental techniques and theory go hand-in-hand
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