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The CKM matrix

* |In the Standard Model, the transitions between quarks of different flavours
are mediated by a W boson

* The mixing between the six flavours is encoded in a 3x3 matrix: CKM
matrix (3 angles and 1 phase)

‘/:ud ‘/118 Mlb .
VCKM — ‘/;:d ‘/;:S ‘/(:b — - -
Via Vis Vib . I

* Hierarchical structure and almost diagonal
* Mixing between different quark generations suppressed
* Suppression of tree-level b — c¢ transitions (V,., ~0.04)
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Status so far

[CKM fitter]
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* CKM paradigm tested to a very high [ (ememanest LAY
precision by several independent o[- 4§ A
measurements ‘ :

* B decays are exploited in many oS¢ Am,

[ ¢ 3
w F /?\/\
ays = 0.0 ’ -

* CKM angles from CPV measurements -« ; i

are getting more and more precise ooF | Ve o .

* |V:4] and |Vis| are constrained by K f j

oscillation measurements (limited by
theory uncertainties)
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standing puzzle p
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http://ckmfitter.in2p3.fr/

New physics in the triangle

* The triangle is built assuming unitarity. No other flavour changing
coupling apart from W exchange

* New Physics could violate unitarity

* Need to over-constraint all angles and sides with independent
measurements to check if the SM holds

* The side opposite to 8 is proportional to |V, 4]/|V.;| — high priority
of heavy flavor physics program

* | will present a measurement of the CKM matrix element |V, |
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*Caprini, Lellouch, Neubert (CLN) [Nucl. Phys. B530 (1998) 153]
**Boyd, Grinstein, Lebed (BGL) [PRL 74 (1995) 4603, PLB 353 (1995) 306]

Measuring |V .|

* Semileptonic B mesons decays can be used to measure |V p|
* Two possible approaches: exclusive vs inclusive

e Exclusive
» Decays involving one specific meson (D, D™, Dq, ...) in the final state

» Strong part of the decay is described in terms of scalar functions, the so-called form factors
(FF) — different parameterizations available on the market (CLN*, BGL**%, ...)

* Inclusive

* Analyze all possible final states
* Based on Operator Product Expansion (OPE). Accuracy depends on how many terms are
included in the series expansion

» Take home message: exclusive and inclusive determination of |V, | are
complementary and have different advantages and disadvantages, both for

theory and experiment



w = (m5 + mlz)(*) — q%)/(2mgmy ), where g2is the di-lepton momentum transfer

Form factor functions

dIr'(BY - D*uv) _ 3mymi.Ge 2 @ 4.0, 69 x)
dw dcosp dcosb,, dy 16(47)? IEW )05 UD; )

3 FF functions

2

* In the massless lepton limit, A(W, Hﬂ, HD,)()‘Z is decomposed in 3
form-factor functions: i, (w), R, (w) and R, (w)

* These form-factor functions can be expressed in different
parameterisations: CLN or BGL

* Different parameterizations could lead to different |V, | values
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Vw +1 -2
Vw +1+4/2

CLN parameterisation

* Uses dispersion relations and reinforced unitarity bounds based on Heavy Quark
Effective Theory

* In the vector case, the form factors functions depend on three parameters:
p>, R1(1) and R,(1)

h h(u*) == Pjis 1 — @ + (5 @ D 23@ 91)2°
(w) m) 0.12(w — 1) + 0.0 (u'—l
Rg(u,r) + 0.11(w — 1) — 0.06(w — 1)*.

* hy,(1) needs to be calculated. It is an external input from lattice QCD (LQCD)
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WFI1-+2
Vw +1+4/2

Z

BGL parameterisation

* The BGL parametrization follows from general arguments based on dispersion relations, analyticity, and
crossing symmetry. Form factors are expressed as series expansions (details in backup).

* |In the vector case, 3 series for 3 form factors, which are
1 .
f(w) flz) = Z bik',
h — v v o ]
A (w) \/mBmD*(l + ,w) ) P1+(4),C)f(~)
N
g(w)
flw)”

1 “N
- 1-<z>¢g(z>‘
w—r Fi(w)

" w1 il Df ()= P )

Blaschke factors and outer functions, see backup for definitions |‘/

Ri(w) = (w+ )mpmp-

* The series coefficients are parameters to be determined, either experimentally or from calculations.
Coefficient ag and ¢ fixed from h44(1). The other parameters need to be determined.
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*[Nature Physics 11 (2015) 743]

Inclusive vs exclusive

[HFLAV 2019]
e b-factories perfomed several g 22 _ AAMABLRGANLARARL Y HLME 'szz'mcom'ours '_
measurements with B®/B~ Y S | E
decays S
* First step into the field by LHCb: 325 B - glObal?tinKs E
|Vub |/|Vcb| with A(I)) decaVS* 3:65— . . —E
 Different systematic uncertainties 34 z— L - .~ 3 sigma di{Screpancv—i

* Independent information 3:235_ E

* Also BY decays can be exploited 2.85— m
for |Vub|(BSO — K(*)MV) and 2'6:_...|....|....|....|....|....|....|....|E.F(.X?)|=.7.’7.%.7|_:
|Vcb | (Bbp R Dsg*)'uv) 35 36 37 38 39 40 41 42 lv::j [104_1%

Long standing discrepancy calls for new measumrents of |V |!
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https://www.nature.com/articles/nphys3415
https://hflav-eos.web.cern.ch/hflav-eos/semi/spring19/html/ExclusiveVub/exclVubVcb.html

The LHCb detector

. Exploit,thé‘l”arge productidh'QfBSO mesons at the LHC

Approximately 1.8x101° and 3.6x101° BY
N\ mesons produced/fb! in the acceptance in Run |
seBgaL "N s MR and Run II, respectively.
| Mok L =l [PRL 118 (2017) 052002, PRL 119 (2017) 169901]
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*[PRL 119 (2017) 101801]

The experimental challenge

‘ Meorr = \/ m?(Dgpt) + pi(Dypt) + pu(Dy p™)

* Due to unreconstructed neutrino, <10°
cannot have clear B peak (unlike b- Cagl T ]
factories) = | LHCb ¢ Data
- . D)
 Difficult to separate signal from background S 25+ B Dy, |3
* LHCb aIrea.dy overcame this challenge 0L TR | =
by employing the corrected mass™ =L . 12
o5k Physics backg. ||
z o 3
- _ O i . Combinatorial —
T\ p1(Ds 1) = 10k 115
----------- o — Fit =
"""""""" S| IS
i -
p——— T 4 5 6 7 8

primary vertex

m,... |GeV/c?]
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https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.119.101801
https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.119.101801

The experimental challenge

* Initial collision energy not know with
good precision and LHCb is not a 4
experiment — not possible to close the
kinematics of the decay and reconstruct 107}
the neutrino 4-momentum

— Regression

---- Random

* The di-lepton momentum transfer 102 }
squared (g%), commonly used by
experimentalists, can be known up to a
2-fold ambiguity
* MVA based techniques yield the correct Ty . 3 4o Th 9%
solution ~ 70% of the cases Aq¥q? [%]

Normalised entries

1072 ¢

120 (LT0C) 20 d3HTr



https://link.springer.com/article/10.1007/JHEP02(2017)021

New tools

primary vertex

* New idea: exploit p, (D;) w = (m3 +m?., — q%)/(2mgmpe)
* Fully reconstructed variable
* Highly correlated with recoil w

° Ca N Obtain | VCb | from a | LHCb Simulation . LCb Simulation

=
measurement of the decay & =
rate as a function of w (i.e. g?) 1
1.2

1.15
1.1
1.05

Fraction relative to maximum
Fraction relative to maximum

p (D) [GeVic] | p (D7) [GeVic]
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Sensitivity to form factors

* Form factors are functions of w — possible to measure them using
p, (Ds)

1
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*[PRL 118 (2017) 052002, PRL 118 (2017) 052002]
**[PRD 100 (2019) 031102]

Strategy & dataset

X103 g)glt?)ata LHCb
* Imprecise knowledge of the collected AR AR AN R
integrated luminosity and pp = bbX

cross-section™ would limit precision on

|Vcb| at 0(5'8%)
e Systematic uncertainty from this could be

greatly reduced by using a normalisation

channel: B = D™ yv reconstructed in
the same visible final state [KKm|u

[¥002Z0 (020Z) TOT ayd]

Candidates per 2 MeV/c?

\\\\\
\\\\\\\
\\\\\\\\
\\\\\\\\\

* Need to plug in ratio of hadronization Y N
fractions (f./f,)** 1800 1850 1900 1950 2000 2050
S

[MeV/c?]

* Precision: 5% — 2.5% uncertainty on |V, | MK

Fabio Ferrari Physics with semileptonic B decays at LHCb 15


https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.118.052002
https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.119.169901
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.100.031102
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.101.072004

Signal and backgrounds

* The 2D plane (M py —
p,(Dg)) is also useful
to separate the signal
modes from the
backgrounds

* Simple 2D cut rejects
most of the
backgrounds while
preserving the signal

e Dot-dashed cut used to
asses the systematic
uncertainty related to
this choice
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*[McLean, Davies, Koponen, Lytle (HPQCD collaboration), PRD 101 (2020) 074513]
**[McLean, Davies, Koponen, Lytle (HPQCD collaboration), PRD 99 (2019) 114512]

Differential decay rate

* Analyse inclusive sample of D; u (D~ partially reconstructed)

e 2D fit of m,,,,- and p, (D, ) to determine |V, | and form factors
* Use 2D templates built from simulation, accounting for efficiency e(mcorr, pl(DS_))

dNobs  _ APVl sy, )
dmCOTT‘ dpJ_ (DS_) dmCOT'T'dpJ_ (DS_)

* Constrain form factors from lattice QCD""" to gain precision on |V, |

g(mcorr» P1 (DS_))

* Factor k contains measured BY reference yields, input branching fractions,
f/f,and BY lifetime


https://journals.aps.org/prd/abstract/10.1103/PhysRevD.101.074513
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.99.114512

[PRD 101 (2020) 072004]

Results

* Need to choose form factor parameterisation to determine |V, |
* General model from Boyd, Grinstein and Lebed (BGL, PRL 74 (1995) 4603)

Vep| = (42.3 + 0.8 (stat) + 0.9 (syst) + 1.2 (ext))x1073

><.10|3.......... x10°
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https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.74.4603
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.101.072004

[PRD 101 (2020) 072004]

Comparing different parameterisations

* Perform fit also using Caprini, Lellouch and Neubert parameterisation
(CLN, NPB 530 (1998) 153) = no significant difference found

Vep| = (41.4 + 0.6 (stat) + 0.9 (syst) + 1.2 (ext) )x1073

Background
subtracted data
with fit
projections
overlaid
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https://www.sciencedirect.com/science/article/pii/S0550321398003502?via=ihub
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.101.072004

[PRD 101 (2020) 072004]

Systematic uncertainties and BR measurement

« Dominant uncertainty: external inputs, 3% relative on |V, | (mostly due to f./f,)

e 2nd dominant: knowledge of D(_S) — KKm Dalitz stucture, 2% relative on |V, |

* Additional result of the analysis, first measurement of relative BR

B(B? — D; u*v,)
B(B° - D u*v,)
B(BY —» D utv,)
B(B° — D* putv,)

= 1.09 & 0.05 (stat) £ 0.06 (syst) £ 0.05 (ext)

= 1.06 & 0.05 (stat) & 0.07 (syst) & 0.05 (ext)

B(B, = Dy p*v,)

B(Bg = D;_N+Vu)

= 0.464 £ 0.013 (stat) £ 0.043 (syst)
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=
=

Compatible within 0.10
and 0.70 with
predictions from
Bordone, Gubernari, van
Dyk and Jung

[EPJC 80 (2020) 347]
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https://link.springer.com/article/10.1140/epjc/s10052-020-7850-9
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.101.072004

[arXiv:2003.08453]

Complementary measurement: shape of the BY —
D™ u*v, differential decay rate

* Completely independent dataset

p—
=
o

e Different approach: fully
reconstruct the D;~

* Challenge: reconstruct the photon
in D;~ — Doy in a cone around
the Dg flight direction

* Fit m(D; y) to subtract
background from random
photons
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"
7
,
,,,,,
“,
",
",
"
,,,,

",
'
,,,,,
"y,
"
1y,

LHCb -
1.7 fb1 @ 13 TeV

"y
""""
ey
",
Ty,
I
N
I
I
,,,,,

2100

2150 2200
m(D,y) [MeV/c?]


https://arxiv.org/abs/2003.08453

*[JHEP 02 (2017) 021]

Building the differential decay rate

* Approximate w employing an MVA based
algorithm™

* Fit corrected mass in bins of approximate
w

* Main backgrounds: B - DX~ 1% v_ and
By — Ds;(2460) u*v,

s data

BN B > D, v,

B 5 oD,
H, > D, X,
combinatorial
B - D_l'v,
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[arXiv:2003.08453]

L2 4000
% 3500 LHCb

3000 10<w<1.11
-
¢q 2500

1 1 1 1 1
3500 4000 4500 5000

Mo [MeV/c?]
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https://arxiv.org/abs/2003.08453
https://link.springer.com/article/10.1007/JHEP02(2017)021

Systematic uncertainties

* Dominated from the w bin

L] L] L] L] 1 2 3 4 5 6 7

simu |at|0 n StatIStICS fo r the Fraction of Ncuol}f;’i 0.183 0.144 0.148 0.128 0.117 0.122 0.158
te m p | ates Uncertainties (%)

Simulation sample size 3.5 3.0 2.8 3.1 3.4 3.0 3.7

¢ ACCOU ntS fOF more tha N Sample sizes for effs and corrections 3.6 3.2 3.0 2.8 2.8 2.7 2.8

o) . S VD uniolding regularisation U.o 0.0 U.1 u.7 1.2 u.0 U.0

6OA) Of the tOtal SyStematIC Radiative corrections 0.1 0.2 0.1 0.3 0.4 0.2 0.2

H Simulation FF parametrisation 0.3 0.1 0.1 0.1 0.2 0.4 0.2

unce rta | nty Kinematic weights 24 1.0 1.1 0.1 0.2 0.1 0.9

Hardware-trigger efficiency 0.3 0.3 0.0 0.2 0.2 0.3 0.1

Software-trigger efficiency 0.0 0.1 0.0 0.0 0.1 0.0 0.0

D7 selection efficiency 0.5 0.2 0.3 0.3 0.2 0.1 0.3

Di~ weights 0.0 2.3 0.8 2.9 2.0 0.9 0.4

Total systematic uncertainty 5.6 5.1 4.4 5.2 5.0 4.2 4.8

Statistical uncertainty 3.4 2.9 2.7 3.1 3.2 2.9 3.4
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[arXiv:2003.08453]

Results S
§5 3 LHCb E
s o -
. . . . %f 25? _%__ _4_1—P— 3
* Unfold efficiency and resolution using 2 L, M
simulated events corrected with data- S osE T . J
driven techniques b T :

’ [:::] Fit with CLN parametrisat
05 | | | |

* Fit differential decay rate with both CLN » R R R T R VR

Wun
and BGL parameterisation qgsf
: = b LHCb E
* Good agreement with form factors 3 — -
measured in |V, | analysis (coloured m» s == :
shaded histograms) = = —
- 1F — gzi parametrisation arXiv:2001 03225 —
- I|:| CLN pTranlletrilsali(:n all‘XiVI:ZOCIll .0I3225I L I—
Ojlll IIL1||I|12 1.3 14
w


https://arxiv.org/abs/2003.08453

Conclusions

e LHCb proved that BY — Dg*)uv decays are a
viable option to measure form factors and |V, |

* First measurement of the shape of the BY —
s~ utv, differential decay rate

* First measurement of |V, | at a hadron collider,
using By = Dy u*v, and B§ = D;

[PRD 101 (2020) 072004]
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k —

u*v, decays

BaBar [PRL 123,091801 (2019)]

Vis|con = (41.4 & 0.6 (stat) & 0.9 (syst) & 1.2 (ext)) x 107
Vis|BoL = (42.3 0.8 (stat) £ 0.9 (syst) & 1.2 (ext)) x 107

LHCb [LHCb-PAPER-2019-041]

e Results are in agreement with both exclusive

and inclusive determinations

—Exclusive average (HFLAYV 2019) |
------- Inclusive average (HFLAV 2019) |

|
CLNl-LH

]

am.qg«—g

10 20

* Need for more measurements to solve the |V |

puzzle
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https://journals.aps.org/prd/abstract/10.1103/PhysRevD.101.072004

Backup
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[PRD 101 (2020) 072004]

Decay rates

* 4-D decay rate for vector case

d*T'(B — D*uv) 37”BmD*G “ 0,06 )l A can be decomposed in
{ ./4 U D .
dw dcos 0, dcos 0p dy 16(4 I EW X terms of 3 helicity

amplitudes that in turn
depend on 3 form factors

* 1-D decay rate for scalar case

dw _ 4871’3 “B D /EW / ' function of 1 form factor

* w if the 4 -velocity defined as: (m% + mD(*) q?)/(2mgmy»),
where g* is the square of the uv invariant mass
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https://journals.aps.org/prd/abstract/10.1103/PhysRevD.101.072004

[PRD 101 (2020) 072004]

Blaschke factors and outer functions

For outer functions and Blaske factors we follow Gambino’s
arXiv:1703:06124 with proper changes for B?

he(z) = 47‘ ni (14 2)(1 = 2)*2
OIE = A 3T (0) [+ 1) (1 = 2) + 2v/r(L + 2)]°
B 47‘ nr (14 2)(1 — 2)5/2
LN m \| 6mx], (0) '(l+1)(l—:)+’ﬁ(l+:)]
/ n, ) 2’1 2(1 4+ 2)’(1 = 2)71/2
~\ 3axT(0) ( 1— 2) + 24/r(1 + 2)|4
~ Z=—2p Res. type Mass (GeV) y funcs. in zero
- F A :
Przp-(2) = E =22y T - 6.329(3)
I 6.920(18) BT S
Y e s s oo . 5131107 GeV
Vie —mE+ i =1 g 7.280
| 1+ 6.739(13)
ty = (mp £ mp-)* 1+ 6.750 e
1+ 7 145 3.894 - 107% GeV
Cip)= 2.02159 (2.52733) 1+ 7.150

=26
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https://journals.aps.org/prd/abstract/10.1103/PhysRevD.101.072004

[PRD 101 (2020) 072004]

Relation between CLN FFs and BGL series

g(w)

f(w)
w—7r Fi(w)
)

Ri(w) = (w + 1)mpmp-

w—1 mp(w—1)f(w)

Ry(w) =
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