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The CKM Matrix

Vud Vus Vub
VCKM — Vcd Vcs Vcb
Via Vis Vi

® Describes the quark flavour changing transition
couplings
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The CKM Matrix

Vud Vus Vub
VCKM — Vcd Vcs Vcb ; VV]L — [3
Via Vis Vi

® Describes the quark flavour changing transition
couplings

3 >|< X
= VudVur T VeaVer T ViaVip =

® Its unitarity translates into the unitarity triangle
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The CKM Matrix

Vud Vus Vub
VCKM — Vcd Vcs Vcb ; VV]L — [3
Via Vis Vi

® Describes the quark flavour changing transition
couplings

3 >|< X
= VuaVr T VeaVer T ViaVip =

® Its unitarity translates into the unitarity triangle

© V , and V_, both connect / and its opposite side
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Motivation

sin 23

4 These measurements can allow:
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Motivation

4 These measurements can allow:

o Constraining the Unitarity Triangle of the CKM matrix

o Improving precision on not well known CKM elements

@ Probing New Physics

o Helping to resolve tension between exclusive and inclusive
measurement
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Measurement strategy for |V

Semi-Leptonic Decays
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Measurement strategy for |V | and |V, |

Semi-Leptonic Decays

4+ Inclusive decays :

® Final hadronic states not reconstructed : B —> X, [ 7

-
® Experimentally challenging and theoretically cleaner than exclusives

© BR= |V, [T - wle) D)+ Um, ,+a+...]
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Measurement strategy for |V | and |V, |

Semi-Leptonic Decays

§< (u]c)

ARV

4+ Inclusive decays :

® Final hadronic states not reconstructed : B —> X, [ 7

® Experimentally challenging and theoretically cleaner than exclusives

© BR= |V, [T - wle) D)+ Um, ,+a+...]

Heavy quark expansion

+ LEixclusive decays :
® Final states fully reconstructed : B— (x|p|D*|K) [ 7,

®© Experimentally clean and theoretically challenging

® BR x|V, 05 * f(g*)? with f: form factor
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Measurement strategy for |V | and |V, |

Semi-Leptonic Decays

§< (u]c)

ARV

Leptonic Decays

4+ Inclusive decays :

® Final hadronic states not reconstructed : B —> X, [ 7

® Experimentally challenging and theoretically cleaner than exclusives

© BR= |V, [T - wle) D)+ Um, ,+a+...]

Heavy quark expansion

+ LExclusive decays :
® Final states fully reconstructed : B— (x|p|D*|K) [ 7,

®© Experimentally clean and theoretically challenging

® BR x|V, 05 * f(g*)? with f: form factor

fg : B-Meson deeay constant
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Measurement strategy for |V | and |V, |

w1l VeS

+ LEixclusive decays :

® Final states fully reconstructed : B— (x|p|D*|K) [ 7,

®© Experimentally clean and theoretically challenging

® BR x|V, 05 * f(g*)? with f: form factor
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|V .| and |V, | measurement @ LHCb

Side View ECAL HCAL
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|V .| and |V, | measurement @ LHCb

v Large samples of B¥” mesons and heavier b

-hadrons like BY, B, and Ag
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|V .| and |V, | measurement @ LHCb

v Large samples of B¥” mesons and heavier b

-hadrons like BY, B, and Ag
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|V .| and |V, | measurement @ LHCb

v Large samples of B¥” mesons and heavier b

-hadrons like BY, B, and Ag

Side View ECAL HCAL NTRLE
SPD/PS M3 _
RICH2 M| M2
T3
T
TI T , . :
X Dirty hadronic environment and
unreconstructed v — large background
x Luminosity and bb production rate cannot
% = be determined precisely = large

uncertainty of measured absolutes BFs
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Semileptonic analysis @ LHCDb

X, mass obtained with a reconstruction technique using the

visible decay products X,/ and kinematic constraints

X, - X U q
_ 2 2 b g={c,u} .
corr(Xb) \/M(X(ulc)l) T pJ_(X(ulc)l) T pJ_(X(ulc)l) pLX.]) |
P 0
p,(D)
p(X,)
p_L(Xq)
/) p,(v)
R / F(Vz)
(Xb)& 8V e
O
> - <

PV

ths Rev ett.80: 660 665( 1998) ﬂ
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Semileptonic analysis @ LHCDb

X, mass obtained with a reconstruction technique using the

visible decay products X,/ and kinematic constraints

X, — p
_ 2 2 b Ag={cu) .
COrr(Xb) \/M(X(ulc)l) +pJ_(X(u|c)l) +pJ_(X(u|c)l) LX) I
L 10
p.(D)
PX,)
p, (X))
Two fold ambiguity wrt g* leads to a degraded resolution q p W)
= Regression algorithm and unfolding needed to access to the true g* e
P
F(Xb)sv —

7(») 7(»)
> - ¢
‘PV

‘i Phys.Rev.Lett.80:660-665,(1998) |
I — e ————
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Semileptonic analysis @ LHCDb

X, mass obtained with a reconstruction technique using the

visible decay products X,/ and kinematic constraints

COrr(Xb) = \/]w()((ulc)l)2 + pJ_()((ulc)l)2 T pJ_(X(u|c)l)

Two fold ambiguity wrt g* leads to a degraded resolution

= Regression algorithm and unfolding needed to access to the true g*

Normalisation decays used to cancel the bb-production uncertainties and reduces the

systematic ones = Imported input : BFs Normalisation, fragmentation fraction, ...

A101s Calllet - Status of V b and V h measurements at LHCb

0.8)
Xb g={c,u} lv .
pLXD) "
e P ()
Pl(l)
PX,)
4 _L(Xq)
) p.(w)
3(1/1)
— o’ —»
p(Xp) .~ SV

— ,/' —
P .- p(p)
PV

2 ths Rev. Lett.80: 660 665( 1998) u

22


https://doi.org/10.1103/PhysRevLett.80.660

PubliShed ‘ V(M|C)b ‘
measurements at
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|V, | from B? - D!V~ (- [KK], 77) p v, decays

><103
® First | V., | measurement from BO decays W BOHDS“ G jl[‘ HCb- =
S s0bl BI-D —I‘“:U
i S 255_ Phys. bkg. - 1E
e Dataset : 1 fb™' @ /s =7 TeV + 2 b~ @ /s =8 TeV S ™ WComb. bk fliS
: : 0 (*)— _ S 15F 1l e |
® Normalisation mode : B* - D" "( = [KK], 7)) p v, =N 1E
= N 1
0 S sk 1
® Signal extraction : 2D fit wrt M. (B;) and p,(D;") o e e
Mo [GEV/C?]
3 ()
Results : mf | s LHCb-
> 20F —~— E
— =3 3 1sE = E
= 14f H :
-3 5 12F E
| Viplgg = (42.3 £ 0.8, * 0.9SyS + 1.2.,)X10 > 10 :
5 8 =
'é - E
S — :

CLN and BGL in mutual agreement

05 1 1 5 > 25
p (D7) [GeV/e]
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|V, | from B? - D!V~ (- [KK], m ),u v, decays

® First |V

., | measurement from BO decays

® Dataset:lfb_l@\/s=7TeV+2fb_1@\/§=8TeV

® Normalisation mode

® Signal

extraction : 2D fit wrt M

Results :
V., \CLN = (414
V., \BGL = (42.3

Agreement with inclusives and exclusives measurement
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ALEPH [PLB 395, 373 (1997)]
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BaBar [PRL 104, 011802 (2010)]
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BaBar [PRD 77, 032002 (2008)]
BaBar [PRL 100, 231803 (2008)]
BaBar [PRD 79, 012002 (2009)]
Belle [PRD 100, 052007 (2019)]
BaBar [PRL 123,091801 (2019)]
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—Exclusive average (HFLAYV 2019)
------- Inclusive average (HFLAYV 2019)

CLN
BGL

CLN
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|V | from AO — p U v, decays

® Dataset : 2 fb~1 @ \/E = 8 TeV

® Normalisation mode : Ag > AT(>pKn7)u v,

® Signal extraction : Fit on M (BO) wrt the :

corr

> D U System

» p K nu~ system but only for the normalization mode

Results :
‘ Vub
| Vcb

= 0.083 = 0.004,,, 0.004.,

— V_, coming from the normalization mode

Form Factors have been estimated by Lattice QCD
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Signal fit
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|V | from AO — p U v, decays

® Dataset : 2 fb~1 @ \/E = 8 TeV

© Normalisation mode : Ag > AT(>pKn7)u v,

. : : : . G
® Signal extraction : Fit on M, _(B)) wrt the : Inclusive 2014
> p //t SyStem ® PDG 2014
- L . . Exclusive ' ¢ ' ar}%gfcl/g()%%g%3
» p K n"u~ system but only for the normalization mode  (B—alv) o ENALMIC
arXiv:1503.07839
ReSU]-tS . LHCb Detmold, Lehner, Meinel
- O , using RBC/UKQCD confi
(A%%puv) ( garXiV:150(3201421 .
V.|=(327 £ 0.15... + 0.16,.. + 0.06 x 1073
‘ ub‘ ( exp theo HOTm) 0.003 0.0035 0.004 0.0045 0.005
V. |

— Using the world average |V, | =(39.5 £ 0.8 ) x 107 using exclusive decays

Not in agreement with inclusives measurement

- - o ¢ a=
o7 —— o o\ ‘o lelr v o g o DO - — o
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[V |/|V.,| from BY - K u v, decays

q° <7 GeVZ/<!

|

. . 0 &: 1600 ;_ +I Il)ata; | | ; g
® First observation of the B — K u v, decay > 1400 f—— Total I 1E
S 100 [ B: K pty, Ii 1E |
1 = ;—HeHCHKX)uX 1 =
® Dataset : 2 {b @\/E=8TeV = 00— B S kuy, 1E
% 800 B— ctc(— ,u,u)KX al e
5 eoop  MsID =
© Normalisation mode : BS — D (= KKrn™) ,M+1/ﬂ g 100 Combinatorial ..-J"
~ 200
® Signal extraction : M. (BY) in two g* regions § 7 GeV?*/c* ( B
m.,. [MeV/c?]
2 2 4
Results : g7 <7 GeVijch
2500
HCb
[ Vas 11 Vep | sk 27 Geve = 0:0607 £ 0.0015,, + 0.0013 £ 0.0008,,,, + 0.00304,, 5000 7 !

1500
= 0.0946 + 0.0030 +0.0024 + (0.0013 + 0.0068,;..

[ Vi I/ CblLQCD g>>7 GeV? stat. = o, 0025gys ~ norm

1000

500

IIII

Candidates / (40 MeV/c?)

Form Factors has been estimated by
LCSR at low ¢* and LQCD at hlgh q° OTT3000 400 5000

Mgy, [MeV/e?]
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[V |/|V.,| from BY - K u v, decays

T 1 L =
acll
. . LHCb ||g
® First observation of the BY — K u v, decay e
B > Ku‘v, - LCSR (Khod.& Rus.2017) || [2 |
q <7GeV2/c4 s
® Dataset : 2 fb~! @ \/E =8 TeV B A - Lecp ety
q*>7 GeV</c* 1=
0 A = puv, -+ LQCD (Detmold2015) || = |
© Normalisation mode : By — Dy ( — KKz™) u™v, > 15 GeVIe - |
| Vub | excl/l Vcb | eXCI(PDG) ]
® Signal extraction : M. (BY) in two g* regions § 7 GeV?*/c* — T o o
|Vub |/|Vcb|
" 5 T 1o | I
O LI = = -
Results : = °F E £ LHCb -
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—_— 5_ -] _8 —
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= ub S : | =
[ Vas |/ 1 Vs | oep, g257 Geye = 0-0946 £ 0.0030,, = * 88§g‘sys 0.0013_ =+ 0.0068.., X ]
A .
2 h
; | | ]
|V | at low q not in agreement with the incl/excl averages > 20 15
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Future Run 2 |V, ,,| measurements at LHCb

@ Extracting |V | and a part of the BT — p! BCL Form Factors from Bt — pu v, n 10 g* bins
— Expecting > 50 times higher signal yield wrt Belle [Phys. Rev. D 88, 032005 (2013)]
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Future Run 2 |V, ,,| measurements at LHCb

@ Extracting |V | and a part of the BT — p! BCL Form Factors from Bt — pu v, n 10 g* bins
— Expecting > 50 times higher signal yield wrt Belle [Phys. Rev. D 88, 032005 (2013)]

e Extracting |V ,|/|V.,| from BI — D™ p# v, by normalizing to BT — Jly u v,

— First CKM matrix element determined from B

A101s Calllet - Status of V b and V h measurements at LHCb

32


https://doi.org/10.1103/PhysRevD.88.032005

Future Run 2 |V, ,,| measurements at LHCb

@ Extracting |V | and a part of the BT — pY BCL Form Factors from BT — p'u v, n 10 g* bins
— Expecting > 50 times higher signal yield wrt Belle [Phys. Rev. D 88, 032005 (2013)]

e Extracting |V ,|/|V.,| from BI — D™ p# v, by normalizing to BT — Jly u v,

— First CKM matrix element determined from B

® Extracting |V, | from AO — AT u

— First determination of |V | from a baryonic semileptonic decay

A101s Calllet - Status of V b and V h measurements at LHCb

33


https://doi.org/10.1103/PhysRevD.88.032005

Status of |V, |
measurements from

B) — K i v, Run 2 dataset



8000

Analysis overview
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® Normalisation channel : Bt — J/y K* 45

= Absolute measurement of |V ,| & high statistics

® Dataset : Full Run 2 ~ 5.67 fb~! (factor 6 increase wrt Runl analysis)

= Possibility to increase the number of g* bins from 2 (Runl) to ~ 8 - 10

IV, [* dT/dg* (ps'GeV2c4)

® FF parameterization : T:;
02 _
= FF schemes taken from FLAG 2024 and test others when available
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Current M. . plots
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Conclusion

® |V | measurements @ LHCDb are still in disagreement with the inclusive

average, but not for the |V, | results
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Conclusion

® |V | measurements @ LHCDb are still in disagreement with the inclusive

average, but not for the |V, | results

® Measurement uncertainties mostly lead by the theory
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Conclusion

® |V | measurements @ LHCDb are still in disagreement with the inclusive

average, but not for the |V, | results

® Measurement uncertainties mostly lead by the theory

® Need to be caretul when using different FFs in a single analysis
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Conclusion

® |V | measurements @ LHCDb are still in disagreement with the inclusive

average, but not for the |V, | results

® Measurement uncertainties mostly lead by the theory

® Need to be caretul when using different FFs in a single analysis

® Waiting for Belle 2 new results !

A101S Calllet Status of V b and V h measurements at LHCb

40






Form Factors used in B — K y v, from Run 1

MILC 2019) | |UKQCD 2014
HPQCD 2015(JLCSR, Khod. & Rus.
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B— D" u v, analysis theory : CLN

with r = mp /mp and

H_jo(w) = Zémf'x) (1= r)(w+ 1)(w? = 1)1/ ha, (W) = hy, (1)[1 = 8p*z + (53p> — 15)2°
X hy (W)L o(w). — (231p* = 91)2°],

R, (w)=R;(1)=0.12(w—1) +0.05(w — 1)?

g 1-2 2 —1
oy = Y2 r o e Ol Ryw) = Ry(1) = 0.11(w = 1) — 0.06(w — 1)2
l —r w—+ 1
d*T’'(B — D*uv - (w—1)(1 = Ry(w))
( pv) Hy(w) =1+ 1_r2 . VwH1-+2
dwd cos 6,d cos Opdy 7=
, Vw142
3mBmD*G
2
ki(g,meD’)()
6 i H;(w) D* — Dy D* — Dz°
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B— D" u v, analysis theory : BGL

B 1 =~ = (1+2)y/(1-2)
Hyjo(w) =2 VgD (1= (w+1)(w?=1)1/4 1(2) = P1+(z)¢f(z)nz_;b”z P& = Bz O (1 + ) (1= 2) + 20/7(1 + )
meg —+ m p« 1 _
X by, (W) H j0(w), 1) = 5 9 ;anZ” Pz = 1or =D
| . =0l +r(=-2)+2y/r(1+2)
ith r = * = c,7" 4r n; 1+ 2)/(1=2)°
Wit o /mB and 1) P1+(Z)§b}"1(z); " Pr&) = 6w~m<0>[(1+r(><1_i>+(z¢;31+z>]s
- V1 =2wr+r? w—1
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16(47 )4 ’7EW| cb| A( DsX)| — —
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W= vy vpr = (my + my — ¢)/ 2mympy.) w— 1 mp(w—1)f(w)
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B — D™ p vy, analysis theory : CLN

dI'(B —» Duv) GFmD
dw 487
X |[Vep[?(W? = 1)21G(w)[?

(mp + mp)*Ngw

G(z) = G(0)[1 — 8p?z + (51p* — 10)z> — (252p — 84)7°]
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B — D™ p v, analysis theory : BGL

d['(B —» Duv)  Ggmy,
dw 4873
X |Vep|*(W* = 1)°72|G(w)|?

(mp + mp)*Ngw

If QP = mp/my
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